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On the Composition of LiNiy sMn, ;0, Cathode

Active Materials

Pirmin Stiible,* Valeriu Mereacre, Holger Gefiwein, and Joachim R. Binder*

LiNi sMn; 50, (LNMO) cathode active materials for lithium-ion batteries have
been investigated for over 20 years. Despite all this effort, it has not been pos-
sible to transfer their favorable properties into applicable, stable battery cells. To
make further progress, the research perspective on these spinel type materials
needs to be updated and a number of persisting misconceptions on LNMO
have to be overcome. Therefore, the current knowledge on LNMO is summa-
rized and controversial points are addressed by detailed considerations on the
composition and crystallography of LNMO. The findings are supported by an

worthy structural damage.l! A charac-
teristic advantage over state-of-the-art
Ni-rich cathode active materials such
as  LiNigsCog,Mny,0, (NCM-622) or
LiNiggCop;Mny,0, (NCM-811) is that
LNMO is cobalt free and the redox
capacity of nickel is used in its entirety.
The latter could become more important
considering rising nickel prices. Based on
realistic full cell capacities of 120 mAh g™

in-situ high temperature X-ray diffraction study and the investigation of four
different types of LNMO materials, including Mn(lll) rich ordered LNMO, and
disordered LNMO with low Mn(lll) content. It is shown that the importance
of cation order is limited to a small composition range. Furthermore, new
evidence contradicting the idea of oxygen defects in LNMO is presented and
an enhanced classification of LNMO based on the Ni content of the spinel
phase is proposed. Moreover, a balanced chemical equation for the formation
of LNMO is presented, allowing for comprehensive calculations of key proper-
ties of LNMO materials. Finally, suitable target compositions and calcination

programs are suggested to obtain better LNMO materials.

1. Introduction

LiNipsMn; 50, (LNMO) materials have excellent properties as
cathode active materials for Li-ion batteries, such as a theo-
retical capacities up to 146.8 mAh g and a high nominal
voltage of 4.7 V (vs. Li/Li*). According to LiNi'lysMn'V;50,
2 NilYysMn'Y, 50, + Lit + €7, LNMO can be fully delithiated
and lithiated during charging and discharging without note-
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for LNMO and 170 mAh g! for the NCM
materials, 43.8 Ah per mol Ni is obtained
for LNMO, whereas NCM-622 and NCM-
811 only yield 275 and 20.7 Ah mol™,
respectively. The specific energy density
of LNMO vs. graphite full cells is like-
wise highly competitive. For LNMO, up to
464 Wh kg are expected, which exceeds
the energy densities of corresponding
NCM-622 and NCM-811 cells, yielding 416
and 448 Wh kg, respectively.?l Despite
these favorable features, commercializa-
tion of LNMO cathode materials never
succeeded. Up to date, it was not possible
to build competitive cells with graphite anodes, as the degrada-
tion of these full cells has not been brought under control.>
The problem, however, is not the stability of LNMO itself, but
the dissolution and disproportionation of Mn(III) from LNMO,
which leads to continuous decomposition reactions on the
anode side and ongoing loss of cyclable lithium.>>¢ LNMO
is nevertheless a very stable cathode material, which does not
tend to decompose or release oxygen during cycling.”!

There is scientific consensus that LNMO crystallizes as an
ordered or disordered spinel phase in the space groups P4;32
or Fd3m, respectively, or as intermediate, partial ordered
phases. The term “order” refers to the distribution of transition
metal cations on the octahedral sites of the spinel structure. In
the ordered structure, Mn and Ni predominantly occupy the
Wyckoff positions 12d and 4a, while in the disordered structure,
they are statistically distributed over the 16¢ octahedral site.[®*]
Whether an LNMO material is predominantly ordered or disor-
dered is commonly associated with the calcination temperature.
Temperatures below 730 °C are reported to favor the formation
of the ordered phase, whereas at higher temperatures disor-
dered crystal structures are reported to occur.ll%!

LNMO phases with the composition LiNiysMn;s0, where
Mn is Mn(IV) exclusively, are reported to be obtained by cal-
cining LNMO materials at 700 °C.MM Increasing calcination
temperatures however, lead to a partial reduction of Mn(IV) to
Mn(I11), which becomes obvious from an increasing Mn**/Mn*"
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redox plateau around 4 V in the charge and discharge voltage
profiles. In literature two different explanations for the for-
mation of Mn(III) in LNMO are discussed. According to a
common notion, oxygen is released from the LNMO phase,
leading to the composition LiNijsMn;sO, 5 or, more pre-
cisely LiNigsMnis_,sMnj50,_s, where & is roughly 0 to 0.7 A
prominent and frequently cited work advocating oxygen defects
in LNMO was published by Pasero in 2008.12 The idea of
oxygen defects in spinel materials, however goes back further
and was already advocated for LiMn,0, (LMO) cathode active
materials.¥l Pasero found a reduced occupancy of the oxygen
site of LNMO when refining neutron powder diffraction pat-
terns of materials heated to temperatures above 650 °C under
vacuum. These results, however, may not be representative for
common LNMO materials calcined at ambient pressure and in
oxygen containing atmospheres. Accordingly, in the same study,
Pasero found full oxygen site occupancy in LNMO for a sample
calcined in air. Since then, not a single neutron diffraction study
found conclusive evidence for oxygen defects in LNMO spinel
phases[!%1M16] even though a reduced site occupancy factors
(s.0.f.) should be clearly evident, based on the high neutron
scattering contribution of oxygen, and the fact that some very
Mn(III) rich samples were investigated. To the best of our knowl-
edge, there has never been any further direct proof of oxygen
defects in the crystal structure of LNMO. A main experimental
evidence for oxygen defects in LNMO, which is repeatedly cited,
is thermogravimetric analysis (TGA).101213771 The central weak-
ness of this method, however, is, that, although it is proven
beyond doubt that the LNMO samples lose and absorb oxygen
during heating and cooling, it is by no means proven that this
oxygen loss is related to oxygen defects in the spinel phase.

An alternative explanation for Mn(III) in LNMO materials
is advocated, for example, by the research groups of Dahn,!®l
Cabana,™ or Casas-Cabanas."® It is argued that the formation of
the ubiquitous Ni-rich secondary phase, which Cabana identified
as a Li containing rocksalt phase with a Ni:Mn ratio of 2:1,l has
to be taken into account. The metal to oxygen ratio (M:0) in the
rocksalt phase is 1:1 or close to it, while the spinel phase has a
M:O ratio of 3:4. The rocksalt phase hence is nickel-rich and poor
in oxygen compared to the LNMO phase. Thus, secondary phase
formation leads to a Ni-loss in the spinel phase and oxygen loss
during phase transformation, for example, according to:

LiNi;sMn;sO, = n LiNiys_,Mn; s, O,
+m Li, (NiggyMn,s), 0+k O, (1)

The loss of Ni(II) has to be compensated by the reduction
of Mn(IV) to Mn(Ill), according to LiNils ,Mn!%  Mnlo,.!
This consistently explains oxygen release, Mn(III) in LNMO and
the formation of the secondary phase, without requiring oxygen
defects in the spinel phase. Zhong and Dahn, who reported a
comparable equation in 1997 noted that such reactions can be
balanced,™® which, however, was still pending for LNMO. Even
before that, in 1993 Feltz published a detailed study with very
similar findings on LNMO-related spinel phases Li,NiMn, ,O,
(0 = z>2/3).129 The readership may have been limited due to the
German language of the publication. Translation, however, is still
worth the effort, as the impact of high temperature calcination on
these spinel phases is discussed in detail. A secondary NiO-rock-
salt phase is reported to form and a loss of Ni in the spinel phase

Adv. Energy Mater. 2023, 2203778 2203778 (2 of 20)

www.advenergymat.de

and oxygen release during the phase transition are described. In
addition, a full and balanced reaction according to Equation (2)
was presented anticipating the later findings on LNMO:

Li,NiMn,_,0, = 3_T” Li 5. Nis 3,Mng 5.0, +n NiO+ % 0, ()

3-n 3-n 3-n

But the work of Feltz addresses another important point. A
basic dilemma for the synthesis of LNMO materials is, that the
decomposition temperatures (often referred to as oxygen release
temperatures'%)) are close to or above the temperatures required
for crystal growth.?9 Feltz discussed this problem based on
the examples of Lij¢NiMn, 330, and LiysNiMn; O, in detail.
It is noted, that a phase separation is inevitably coming along
with the Equation (2) during high temperature treatment. It is
argued that this phase separation is partly, but not fully reversible
during cooling and further tempering steps. This finding is of
outstanding importance for LNMO, since it yields a conclusive
explanation why spinel phases like LNMO hardly can be obtained
phase-pure at desired primary particle sizes in the um range.

The fundamental work allowing for a more detailed under-
standing of the secondary phases in LNMO materials were pub-
lished almost 10 years ago. In 2013, McCalla presented a compre-
hensive investigation on the Li-Ni-Mn-O system.?22] Besides
the spinel phases, ordered rocksalt phases and Ni- and Mn-rich
layered structures were observed. The studies illustrate that all
crystal structures have a face centered cubic (fcc) packing of the
oxygen anions in common and can therefore be transformed
into each other by rearrangement of the cations, as shown in
Figure S1, Supporting Information. In the spinel phase, 1/2 of
the octahedral and 1/8 of the tetrahedral gaps are occupied by
cations (M:O = 3:4), while in the rocksalt and layered phases, all
octahedral positions are occupied (M:O = 1:1). Spinel phases are
reported to be accessible up to a Ni:Mn ratio of 1:3. Compounds
with higher Ni content, such as Li,(Ni; sMngs),_,O crystallize as
rocksalt (Fm3m) or layered (R3m) phases, depending on their
Li content.??~24 With Ni:Mn ratios of 2:1" or 6:1,°! neutron
diffraction studies indicate, that the LNMO secondary phases
are Ni-rich, but not pure Li,Ni;_,O phases. While the latter
crystallize as simple rocksalt phases (s-RS) with a small unit
cell (a = 415 pm) in space group Fm3m4 the work of McCalla
indicates that the quaternary rocksalt phases Li (Ni,Mn,_);_,O
tend to form superstructures of the MggMnOg-type,?! that is,
“ordered” rocksalt phases (0-RS). With higher Li contents in the
LNMO secondary phase, the cations again may separate into
lithium and transition metal rich layers, which leads to a dis-
tortion along the cubic <111> direction resulting in a symmetry
reduction of the side phase from space group Fm3m into the
subgroup R3m.[?>2% The relations of the unit cells are shown in
Figure S1, Supporting Information, including (simplified) for-
mulas for the unit cell transformation.

A persistent misconception in some studies on LNMO is the
assumption that cation order and Mn(IIl) content are firmly
linked to each other. We consider this assumption to be a reason
for the customary categorization into “ordered” and “disordered”
LNMO. As a result of typical calcining temperatures, “ordered
LNMO,” or “o-LNMO” usually refers to materials containing
spinel phases close to ideal composition LiNijsMn; 50,4 “Disor-
dered LNMO” or “d-LNMO,” in contrast ubiquitously refers to
samples with noticeable and varying amounts of Mn(IIl), and
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thus Ni deficient spinel phases. Experimental evidence that cation
order and Mn(III) content in LNMO are actually independent phe-
nomena, however, were brought forward by Cail™ and Aktekin'’!
in 2013 and 2019, and confirmed in our previous study.?%]

The finding of the independence of both properties gave rise
to the idea for this study, starting from the synthesis and investi-
gation of atypical LNMO materials, namely materials containing
Mn(III) rich ordered LNMO phases, and materials containing
disordered spinel phases with low Mn(III) content. The investiga-
tion of these compounds allows to reassess critically the role of
cation order for LNMO materials, but more importantly, in agree-
ment with the studies mentioned above, it becomes obvious that
there are systematic deviations between the spinel phase com-
position and the composition of the LNMO sample. Therefore
unspecified use of the term “LNMO” for both, sample and spinel
phase may lead to confusion. Within this study, we want to avoid
ambiguity by using the terms “LNMO material” when referring
to the sample and “LNMO phase” when referring to the spinel
phase. It is shown that LNMO phase in hardly any material
has the ideal composition LiNiysMn; 5O, The assumption that
oxygen defects according to LiNijsMn;sO, s exist in the spinel
phase seems convincing at first, as it can provide an easy expla-
nation for the Mn(III) related redox activity of LNMO. However,
from our point of view, this assumption has led to the current
situation, where a thorough discussion of the actual phase and
sample composition is still pending and we want to specifically
address this issue. We provide multiple evidence contradicting
oxygen defects and show that once this idea has been overcome,
crystallographic and electrochemical properties to a large extend
can be explained by the deviating Ni and Mn content in the spinel
phase. This finally enables to establish, model, and understand
fundamental relationships between compositions and crystal
structures for the spinel and secondary phase, and to understand
the resulting electrochemical properties of LNMO materials.

2. Experimental Section

2.1. Material Preparation

Pristine LNMO was prepared by a two-step spray drying syn-
thesis. The starting compounds lithium acetate dihydrate
(LiIOOCCH3-2H,0, 98%, Alfa Aesar), nickel acetate tetrahydrate
(C4H¢NiO4-4H,0, 299.0%, Sigma Aldrich) and manganese ace-
tate tetrahydrate (C,HsMnO,-4H,0, 299.0%, Sigma Aldrich)
were dissolved in distilled water. After complete dissolution, the
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aqueous solutions were mixed in stoichiometric ratios. Dried
precursor powders were obtained by spray drying the precursor
solutions. The precursor powders were then converted to the
corresponding spinel oxide by a two-step calcination process in
ambient atmosphere. In the first step, the precursors were cal-
cined for 10 h at 500 °C. After cooling down to room tempera-
ture, a second calcination program at 800 °C (10 h) followed.
Heating and cooling rates were 300 K h™%. The obtained material
was subsequently mixed with three equivalents of distilled water
and ground for 24 h in a planetary ball mill (Fritsch Pulverisette
5, 3 mm ZrO, grinding balls) and then spray dried again. The
obtained granules are hereafter referred to as pristine LNMO.
The calcining programs yielding samples 14 are specified in
Table 1. Before and after final calcination steps, the materials
were passed through a sieve with a mesh width of 50 pm.

2.2. Material Characterization

The particle morphologies were studied by scanning electron
microscopy (SEM) with a Zeiss Supra 55 FE-SEM using an
acceleration voltage of 4-5 kV. The LNMO granule powders
were fixed on carbon adhesive tape.

Nitrogen physical adsorption isotherms were measured with
a surface area analyzer Gemini VII 2390 (Micromeritics). Cal-
culations of the specific surface were performed according to
the Brunauer-Emmett-Teller (BET) theory. From each sample
about 0.8 g was used for analysis. Prior to the measurements,
the specimens and tubes were dried under vacuum at 120 °C.

Raman spectra were collected at room temperature with a
Horiba Jobin-Yvon LabRAM HR spectrometer equipped with
an Olympus microscope BXFM. A HeNe-laser with a wave-
length of 633 nm was used as an excitation source. The spectra
were collected from single granule particles by scanning sur-
face areas of 4 x 4 um in a range from 100 to 800 cm™.

The crystal structures of the LNMO and the secondary
phases were investigated by means of powder X-ray diffraction
(PXRD). The room temperature measurements were carried
out on an advanced laboratory diffractometer (Typ 5021, Huber)
equipped with a microfocus rotating anode X-ray generator
(Rigaku MMO007, Mo-K,, radiation, parallel collimated beam, @
=~ 2 mm) and a 2D Pilatus 300K-W detector, with a sample to
detector distance of 0.7 m.”’] Measurements were carried out
in an angular range of 7° < 26 < 47°. In order to reliably track
small changes in the lattice parameter, all samples, together
with a standard reference material (LaBg NIST SRM 660c) were

Table 1. Details on the calcination of the LNMO materials. The prefixes o- and d- stand for ordered and disordered. The numbers 49-43 represent the
Ni-content of the LNMO phases. The labeling is explained in detail in Section 4.1. The reason for using different calcination atmospheres is explained

in Section 3.2.

Sample Starting material Thermal treatment and atmosphere
1 oHRMO-E pristine RT —S0Kh 5 900 °C (10 h) —2KhT, 680 °C(20 h) —2Kh 350 -c 1%KRT ,pT o
2 d-LNMO-48 0-LNMO-49 RT —S0KR 750 o (0.5 h) —E0Kh_, 550 < 10K, 450 - 100K gy air
3 d-LNMO-44 pristine RT —8%0Kh" . 900 °C (10h) 600Kh" BT air
4 0-LNMO-43 d-LNMO-44 RT —S0KhY 5 600 °C (18 h) —2KM 5 RT Ar
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Table 2. Detailed information on the LNMO cell tests. All currents refer to
the theoretical capacity of 146.8 mAh g™'. After cell formation and standard
cycling (Steps 1 and 2), a rate capability test was performed (Steps 3 to 7).
Cycling stability was then tested over 200 cycles (Step 8). Step 5 consists
of two control cycles that are not actually part of the rate test.

Step Cycles Firstcycle # Lastcycle # Charge rate Discharge rate
[ (]

1 2 1 2 0.05 0.05

2 10 3 12 0.5 0.5

3 4 13 16 0.5 1.0

4 4 17 20 0.5 2

5 2 21 22 0.5 0.5

6 4 23 26 0.5 5

7 4 27 31 0.5 10

8 200 32 231 0.5 0.5

packed separated from each other, into a single glass capillary
with a diameter of 0.5 mm. Subsequently, a serial measure-
ment was carried out by translating the capillary position along
the capillary rotation axis. The capillary setup was optimized
to track small changes within a series of crystalline materials
while excluding common sources of error, such as sample dis-
placement or temperature fluctuations.?®! The crystal struc-
tures were refined by the Rietveld method®”! using the TOPAS
6 software. It was well known that the estimated standard devia-
tions (e.s.d.) obtained by this method tend to underestimate the
actual error range.l According to Bérar®! the e.s.d. were mul-
tiplied with a factor of 5 in order to obtain the estimated prob-
able errors (e.p.e.) which are specified hereafter.

In addition pristine LNMO was investigated by means of in
situ high temperature X-ray diffraction on a Bragg-Brentano
Diffractometer (D8 Advance, Bruker) equipped with a heating
chamber (HTK1200N, Anton Paar), a Cu-K, X-ray tube and a
silicon strip detector. The pristine LNMO material was loaded on
a corundum crucible and put the heating chamber at ambient
atmosphere. A total of 30 measurements were carried out in the
range of 15° < 20 < 74°, with a step width of 0.02° and step time
of 0.333 s per step, that is, the recording time for each pattern
was about 20 min. Heating and cooling rates of 600 K h™! were
applied. During the measurements, temperatures were kept con-
stant. Serial Rietveld refinements were applied to refine the lat-
tice parameters and phase fractions of LNMO and the secondary
phase. A uniform isotropic displacement parameter B = 0.5 was
used for all atomic positions and temperatures. Profile broaden-
ings were modeled using common parameters for crystal size
and strain broadening for both phases. According to Bérar,!l the
e.s.d. were multiplied with the factor of 3 in order to obtain the
estimated probable errors (e.p.e.) which are specified hereafter.

For electrochemical characterization, slurries were prepared
by mixing the additives carbon black (Super C65, Timical/
Imerys) and polyvinylidene fluoride (PVDF, Solef 5130, Solvay)
with 1-methyl-2-pyrrolidinone (NMP) with a dissolver stirrer.
Then the LNMO active materials were added and the final slur-
ries were obtained by mixing the components with a Speed-
Mixer DAC 150 (Hausschild) for at least 5 min at 2000 rpm. In
the next step, the slurries were coated on Al foil with a 200 mm
notch bar spreader and dried in air at 80 °C for at least 1 h
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before being transferred to a 110 °C vacuum chamber, where
the drying process was continued for at least 16 h. With final
cathode compositions of 80/10/10 for LNMO, carbon black
and PVDF, active material loadings of 3.8 to 4.2 mg cm™2 were
obtained. Before cell assembly, cathodes of 15 mm in diameter
were compressed by a hydraulic press with a force of 4 kN and
once again dried for at least 1 h in a vacuum oven at 110 °C.
CR2032 coin cells made of SUS316L stainless steel were then
assembled in an argon filled glovebox with lithium foil as the
anode. A stack of three separators (Cellgard 2325, Whatman
GF/C, Cellgard 2325) and 200 pL LP30 electrolyte (1.0 M LiPFg
solution in 1:1 v/v ethylene carbonate:dimethyl carbonate) were
used. Electrochemical measurements were carried out on a
LBT20084 battery tester (Arbin Instruments) by galvanostatic
charge/discharge cycling in the voltage range of 3.5 to 5 V.
Rate capability and cycling stability tests were combined. The
detailed testing procedure is listed in Table 2. From each mate-
rials four coin cells were built. For representative results of the
rate capability and cycling stability tests, the results of the worst
cell was omitted and the average capacity of the three best cells
was calculated, together with the standard deviation.

3. Results

3.1. Theoretical Composition of LNMO Materials

In the synthesis process LNMO precursor materials usually
yielding the stoichiometric LNMO composition LiNiysMn; 5O,
are calcined to obtain spinel type LNMO materials. As dis-
cussed before, this process is accompanied by the formation of
a secondary phase and the release of oxygen,[?% according to
Equations (1) or (2). As this reaction is not fully reversible due
to phase separation, even for slow cooling rates and prolonged
tempering steps, secondary phase residuals remain.?! Due to
the different M:O ratios of the LNMO and the secondary phase,
the overall oxygen loss is proportional to the remaining sec-
ondary phase fraction. Following the basic principles of stoichi-
ometry and three simple assumptions: a) the M:O ratio in the
spinel phase is 3:4, b) the M:O ratio in the secondary phase is
1:1, and c) the secondary phase can contain different Li contents
and different Ni:Mn ratios, a general formula for the LNMO
synthesis can be established according to:

Li,NiosMn, 5O, \:‘(l—z)LixNinnzO4
3 3
g ®)

+ n Li,(NiyMn,), ,0+ 3 0,

For the secondary phase, a defines the Li content and via
the parameters b, the Ni- and Mn-content can be specified. The
phase fraction of the spinel phase, the secondary phase fraction
and the oxygen release are determined by the turnover para-
meter n. The resulting LNMO phase composition is described
by the parameters x, y, and z. These parameters are calculated
according to Equations (4) to (6).

(4)
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)= 0.5-[nb(1-a)]

1-" (%)
3
15-[n(1-b)(1-a)]
“ " ©)
3

The formulas can be adapted for different starting material
compositions, yielding Equations (S1)—(S4), which are listed in
the Supporting Information. However, for varying the starting
composition, the stability ranges of the spinel phasel?"?2l should
be kept in mind. The practical application and relevance of
Equations (3)—(6) is discussed in Section 4.9.

3.2. Different Types of LNMO Materials

Apart from the chemical composition, LNMO materials may
vary with regard to cation order in the spinel phase. Accord-
ingly, we were able to synthesize four different types of LNMO
materials, which are listed in Table 3. Sample 1 (o-LNMO-49)
represents what would commonly be referred to as an “ordered
LNMO” material. It has a close to stoichiometric spinel com-
position LiNij4Mn, 5;0, and high degree of cation ordering.
Sample 2 (d-LNMO-48) was obtained by shortly heating a part
of sample 1 to 750 °C, which is above the order-to-disorder tran-
sition temperature (To_p). Thus a disordered LNMO phase
with a low proportion of Mn(IIl) was formed, which, to the
best of our knowledge, has not been prepared before. Sample
3 (d-LNMO-44) again corresponds to what would commonly be
referred to as standard “disordered LNMO” with an approxi-
mate main phase composition LiNi, 4Mn; 540, and hence sig-
nificant Mn(III) content. Sample 4 (0-LNMO-43) was obtained
by calcining a part of sample 3 under an argon atmosphere at
600 °C for 18 h. While this temperature allows for the forma-
tion of cation ordering in the LNMO crystal structure, the Ar-
atmosphere prevents oxygen uptake and the rocksalt to spinel
phase transition. Therefore a similarly high Mn(III) content
as in sample 3 is obtained. Hence, the main phase of sample
4 is a Mn(Ill)-rich (partially) ordered LNMO phase. Details
on the determination of the composition and cation order
are discussed below. However, the sheer existence of four dif-
ferent types of LNMO phases shows, that the classification into
“ordered” and “disordered” LNMO is insufficient. We therefore
use an extended classification of LNMO materials based on the

Table 3. General properties of the synthesized LNMO materials. Sam-
ples 2 and 4 represent uncommon types of LNMO materials, which have
been rarely or never investigated before.

Sample Mn(lll)-content  Spinel phase  Specific surface
cation order area (BET)
1 0-LNMO-49 Mn(l11)-poor ordered 1.0(1) m2 g™
2 d-LNMO-48 Mn(ll1)-poor disordered 1.2(1) m2 g™
3 d-LNMO-44 Mn(ll1)-rich disordered 1.0(1) m2 g™
4 0-LNMO-43 Mn(lll)-rich  (partially) ordered ~ 1.1(1) m? g™
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Ni-content of the spinel phase. A detailed discussion is given in
Section 4.1.

3.3. Particle Morphology

A common problem when studying LNMO materials is that
the electrochemical characteristics are determined by both
morphological and chemical properties. In order to exclusively
investigate the effect of the spinel phase crystal chemistry on
the material properties, it is therefore crucial to minimize
variations of the morphology, such as primary crystal size and
shape or the specific surface area.3233 In a previous study!?®!
it was shown how uniform morphologies for different calcina-
tion temperatures and cooling rates can be achieved through
multi-stage calcination programs. The same approach is pur-
sued in the present work. SEM images of the samples 1 to 4
are shown in Figure 1. All LNMO materials consist of porous
spherical granules with uniform secondary particle size distri-
butions. The average size of the granules is around 10 pm for
all samples, with individual diameters ranging from roughly
5 to 15 um. As listed in Table 3, the specific surface areas of
the materials are very close to each other with values between
1.0 and 1.2 m? g”.. Based on a mercury intrusion porosimetry
experiment conducted on an analogously prepared LNMO
material with a specific surface area of 1.2 m? g}, a porosity of
approximately 34% is expected for all samples.

The SEM images also confirm that primary particle sizes
and size distributions for samples 1 to 4 hardly differ. The
octahedral LNMO phase primary particles have edge lengths
of roughly 0.4 to 2 um. In good agreement with the Rietveld
refinements (see below), increased secondary phase fractions
are visible in samples 3 and 4. The granules samples show
extended surface regions which appear brighter in the SEM
images. As already confirmed by energy-dispersive X-ray spec-
troscopy,?34 these areas can be attributed to secondary phases,
which have a higher density due to the higher M:O ratio of 1:1
compared to 3:4 for the LNMO phase (rocksalt Lij 3Niy ,Mn sO
p=5.4g cm22 versus spinel LiNiy sMn; 50, p=4.45 g cm=3)),
The octahedral LNMO primary particles of sample 4 show addi-
tional damage. The edges and corners are rounded, which indi-
cates partial LNMO decomposition during the 18 h treatment
at 600 °C in argon. It also seems conceivable that these LNMO
particles have a closed secondary phase layer on the surface.
When the SEM images were acquired, sample 1 (o-LNMO-49)
showed a comparatively strong electrostatic charging and less
brightness and contrast, which can be seen as an indication of
reduced electronic conductivity of the fully lithiated state.>”!

3.4. Raman Spectroscopy

Raman spectroscopy is a sensitive method to probe the local
symmetry of the transition metal ions in LNMO materials,
and therefore to determine whether the spinel phase has a pre-
dominantly ordered (P4;32) or disordered (Fd3m) crystal struc-
ture. The Raman spectra of samples 1—4 are shown in Figure 2
and allow for a qualitative classification of the LNMO phases
as ordered, partially ordered, or disordered. All spectra were
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Figure 1. SEM images of the different LNMO materials. The aim was to achieve a uniform particle morphology for all specimens. Cation ordering
and Mn(lll) content deliberately vary. From the left to the right side, the secondary phase fraction increases and the Ni content in the LNMO phase

decreases.

0.5h
Air

600°C
18 h
Ar

Figure 2. Raman spectra of the four types of LNMO materials. Samples
1 and 2 (blue) have a low Mn(lll) content, samples 3 and 4 (yellow) are
rich in Mn(l11). The spectra of samples 2 and 3 displayed with pale colors
suggest a disordered LNMO crystal structure, while those of samples 1
and 4 indicate ordered and partially ordered structures. To the best of
our knowledge, Raman modes marked with an asterisk have not yet been
observed before.

(1) 0-LNMO-49 /,\ /A\ > 750°C

(2) d-LNMO-48

Raman Intensity [a.u.]

(3) d-LNMO-44

(4) 0-LNMO-43
T T T T T T
100 200 300 400 500 600 700

wavenumber [cm™]
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collected with identical measurement parameters. Samples 2
and 3 (d-LNMO-48 and d-LNMO-44) show very similar spectra,
which are fully consistent with the commonly specified prop-
erties of disordered LNMO.53%37) The Raman spectra of sample
4 (0-LNMO-43) in contrast, provides typical features of ordered
LNMO. In comparison to the disordered phases, Ty, and E,
modes at 160 and 410 cm™ exhibit higher intensities, and the
A;g modes of Mn*" and Ni** at 590 and 610 cm™ can clearly be
distinguished. The minor features at 218 and 240 cm™ charac-
teristic for ordered materials,l’”) however, are rather weak. As
an additional feature, the splitting of the band around 495 cm™
is observed. This, to the best of our knowledge, has not been
reported before and might be due to slightly deviating energies
of A; and E modes, which were predicted to occur around this
wavenumber.®® The Raman spectrum of sample 1 (o-LNMO-
49) likewise indicates cation order. However, notably sharper
peaks are observed. The spectrum reveals a total of 11 additional
modes which have not been observed in previous studies, and
which suggests that this LNMO phase might have the highest
degree of cation ordering reported so far. A high resolved rep-
resentation of the spectrum is shown in Figure S2, Supporting
Information. For all newly observed Raman bands, suitable
modes were predicted as a result of density functional theory
(DFT) calculations by Miwal®® and suggestions for the band
assignment are listed in the Supporting Information.
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Figure 3. Rietveld refinement of the Mn(lIl) rich disordered and partially ordered LNMO materials d-LNMO-44 (top) and o-LNMO-43 (bottom). The indi-
vidual contributions of the LNMO (cyan), ordered rocksalt (gold) or Ni-rich layered phases (purple) are set off vertically. Some 26 ranges of special interest
for the determination of the crystal structures of the secondary phases are highlighted. The broad reflections at 13° originate from the glass capillary.

A further remarkable feature of o-LNMO-49 is that the
Raman intensity is significantly higher compared to all other
spectra. A conclusive explanation, was given by Kunduraci
et al.?% who attributed this observation to the reduced intrinsic
electronic conductivity of samples containing Mn(IV) almost
exclusively. It is suggested, that the low conductivity allows for
an increasing penetration depth of the exciting photons, and
thus for a stronger Raman effect. However, regarding this, it
has to be noted that the reduced electronic conductivity is a
peculiarity of the fully lithiated state and not an intrinsic prop-
erty of ordered or close to stoichiometric LNMO phases.!3°]

Regardless of the uncertainties in Raman band assignment
and intensities, the spectra undoubtedly show that 0o-LNMO-49
has a highly ordered crystal structure and that a short tempera-
ture treatment at 750 °C yields a spinel phase with disordered
structure (d-LNMO-48). The Mn(III) rich d-LNMO-44, which in
contrast initially has a disordered crystal structure, can be trans-
formed into a partially ordered phase by calcining at 600 °C in
an argon atmosphere. The high Mn(III) content in o-LNMO-43
most likely prevents the formation of a higher degree of cation
order, as discussed in Section 4.4.

3.5. Powder X-Ray Diffraction

The room temperature PXRD diffraction patterns of the
Mn(III) rich samples d-LNMO-44 and o-LNMO-43 together
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with the corresponding Rietveld refinements are shown in
Figure 3. The refinements of 0-LNMO-49 and d-LNMO-48 are
depicted in Figure S3, Supporting Information. All LNMO
phases were refined using a structure model of fully disordered
LiNiy sMn, 50, based on the MgAl,O, structure-type. Despite a
careful inspection, super structure reflections originating from
cation ordering were not observed in the diffraction patterns.
Reflections originating from secondary phases, in contrast,
were found ubiquitously. Profile parameters were refined inde-
pendently for each phase. As reported in a previous study,?®!
additional reflections were observed, indicating that the
description as simple rocksalt phase (s-RS, NaCl structure type,
a =415 pm) is insufficient. As listed in Table 4, for samples 1-3
the secondary phase reflections could be refined using a model
of an ordered rocksalt phase (0-RS, MggMnOg-type, refined as
Liy sMng ,Niy s012%)) yielding a lattice parameter around 829 pm.
Based solely on this lattice parameter, a suitable quaternary
phase compositions could be, for example, Lij ,5Nig gsMng ;0.1

In the diffraction pattern of 0-LNMO-43, the 200 reflection
of o-RS at 10° is no longer observed and splitting of the 440
reflection at 28° indicates a symmetry reduction to a rhombohe-
dral phase (cf. Figure 3). The secondary phase therefore could
be properly refined using a structure model of the o~NaFeO,
structure-type (refined as Lip4Nig¢O, structure model from
ref. [24]). The lattice parameters were refined to a = 291.3 and
¢ = 1436.5 pm, which roughly correspond to those of a Ni-rich
layered phase Lij4sMng37sNig75401563 described by McCalla
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Table 4. Results of the Rietveld refinements. Errors stated are estimated probable errors.

Sample LNMO (Fd3m) 0-RS (Fm3m) Ni-rich layered (R3mH) R(wp)
alpm| [wi%e] alpm] [wi%e] alpm] ¢[pm] [wi%e] [%]
1 0-LNMO-49 816.941(9) 98.8(1) 831.6(2) 1203) 3.0
2 d-LNMO-48 817.170(9) 97.6(2) 829.6(2) 2.4(4) 27
3 d-LNMO-44 817.929(12) 94.3(2) 829.0(2) 57(3) 27
4 0-LNMO-43 818.350(2) 91:6(2) 829.09 0.4() 20130(2) 1436.48(2)  8.0(2) 2.9

#Indicates constrained parameters.

(@ = 291.6 pm, ¢ = 1432.4 pm).22l However, both lithium and
oxygen content most likely deviate somewhat due to rather dif-
ferent thermal treatments. Interestingly, the secondary phase
compositions estimated based on the studies of McCalla have
Ni:Mn ratios around 2:1 and 6.5:1 and thus show close similari-
ties to the Ni:Mn ratios found by Cabana (2:1)'l and Kiziltas—
Yavuz (6:1).12°]

In Figure 4a, the lattice parameters of the LNMO phases
based on their Ni-content are shown. The latter was taken from
the voltage profile evaluation of the samples (see below). The
lattice parameter of the spinel phase decreases with increasing

a — ———
€ 8185 | * Calcination in argon
& = Calcination in air =
g Fit (air samples) -43
< 818.0
; d-LNMO-44
g 817.5
g
3
© 817.04 d-LNMO-48
= 0-LNMO-49
S — T T T T T T T T T
50 49 48 47 46 45 44 43 42 41 40
Ni-content in LNMO
b 100
95
1 [LNmMO
90 - * PXRD
] Calculated

==

Secondary Phase

10 »  PXRD +
] calculated + —

57 B

0' '_}‘_'I L L L L L L L

50 49 48 47 46 45 44 43 42 41 40
Ni-content in LNMO

Figure 4. Results of the Rietveld refinement. a) Lattice parameter of the
spinel phase versus the Ni-content derived from the voltage profiles.
b) Phase fractions of the LNMO and the secondary phase. In the shown
Ni-range, the oxygen related mass loss is expected to be <0.55 wt% and
was therefore neglected. The lines correspond to a calculation of the
phase fractions based on Equations (3)—(6) for a secondary phase com-
position of Lig 33Nig4Mng »,0 (cf. Section 4.9).

Phase fractions [wt%)]
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Ni-content. This behavior is well known from previous studies
and the data on LiNi,Mn, ,O, (0 = x = 0.5) provided by Zhong
suggests Vegard behavior.'®! A corresponding fit based solely
on the a-values of the samples 1-3 which were calcined in air,
yields very consistent results: the extrapolation of the lattice
parameter to x = 0, that is, to LiMn,0,, yields a lattice para-
meter of a = 825.3(3) pm. This is somewhat larger compared to
the value reported by Zhong (LiMn,O4 a = 824.3 pm)™® but in
good agreement with other experimental findings (e.g., Berg,
LiMn,O,: a = 825.1 pm).* Figure 4a thus confirms, that the
Ni-content of the spinel phase, is very well suited to classify of
LNMO materials, but more importantly, it is confirmed, that the
Ni values derived from the voltage profiles precisely yield the
expected linear relationship between Ni content of the LNMO
phase and lattice parameter. Figure 4b shows a plot of the phase
fractions of samples 14 against the Ni-content in the LNMO
phase. In agreement with Equations (3)—(6) it becomes obvious,
that for a uniform starting material composition, decreasing Ni
content in the spinel phase is linked to increasing secondary
phase fractions. The plot also demonstrates that the experi-
mental phase fractions are in good agreement with phase frac-
tions calculated as a function of the Ni content in the LNMO
phase (see below).

3.6. High Temperature PXRD

An in situ high temperature study was conducted to provide
some data for a better understanding of the calcining processes
of LNMO materials and in order to quantify the phase fraction
of the secondary phase at high temperatures. From the latter,
the oxygen release/uptake of the LNMO sample can be calcu-
lated for each temperature. Due to the fast acquisition, the pat-
terns do not allow for a detailed analysis of structural properties
of the secondary phases as above. In order to obtain a robust
refinement, a s-RS model of the secondary phase with the com-
position Lij 33Niy 4Mny ,,0 was applied, and profile parameters
of both phases were coupled. LNMO initially was refined as
LiNiysMn; 50y, starting from the Fd3m structure model men-
tioned above. As shown in Figure S4, Supporting Information,
at 800, 900, and 1000 °C, increased intensities of the 002 and
422 reflections of the LNMO phase were observed, which indi-
cate a partial occupation of the 8b tetrahedral position with
transition metal ions.!l Due to the similar structure factors of
Mn and Ni, the refinement of the XRD patterns does not allow
to distinguish between Ni and Mn on the 8b site. Therefore,
during the refinement process, a simplified structure model
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Figure 5. a—d) Results of the Rietveld refinements of the in situ high temperature XRD study: Measurement temperature and resulting R, value
(a); Lattice parameters for LNMO and the secondary phase (b); Phase fractions obtained from the refinements (c). Transition metal content @ on
Wyckoff site 8b (d). Further evaluation of the Rietveld results: e) Composition related increase of the lattice parameter, obtained after the subtraction
of the thermal expansion and compared to the lattice parameters of different spinel phases.®204% f) Calculation of the mass fractions of the solids
(LNMO + rocksalt) versus the gas phase (O,), calculated based on Equations (3)—(7). Secondary phase compositions Lig 33Nig44Mng 2,0 (squares)

and Lig sNig4Mng;0O (triangles) were assumed.

with a site mixing parameter @ was used, allowing for the par-
tial substitution of Li by Mn on Wyckoff site 8b according to
Liy_MnNig sMny 50,

For each temperature step, a XRD pattern with the cor-
responding Rietveld refinements is shown in Figure S4, Sup-
porting Information. The reflection profiles of the first five pat-
terns are uniformly broad, presumably due to a crystallite size
effect resulting from the extensive ball milling prior to the final
spray drying process. This changes with temperatures reaching
700 °C, where a sharpening of the reflections can be seen,
indicating the onset of primary particle growth. From pattern
number 8 onward, the diffraction patterns of the same temper-
ature steps hardly differ from each other, which indicate that
the system quite quickly gets into an equilibrium state at tem-
peratures of 700 °C and above. Key results of the refinements
for all 30 patterns are shown in Figure 5. Figure 5a reflects the
temperature profile of the experiment, which includes heating
to 1000 °C and cooling back to room temperature. The resulting
lattice parameters of the LNMO and secondary phase as well as
the corresponding phase fractions are shown in Figure 5b,c and
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are in good agreement with the values reported previously.l¥

A minimum of the secondary phase fraction is observed for
the patterns measured at 600 °C. From 800 °C and above, the
secondary phase fraction increases considerably to roughly
20, 50, and 65 wt% at 800, 900, and 1000 °C, which indicates
increasing reaction turnover parameters n in Equation (3). Sim-
ilar results for the formation of the secondary phase as a func-
tion of calcination temperature have been reported by Cai.l'
The lattice parameter of the LNMO phase increases drastically
at temperatures of 800 °C and above. As shown in Figure 5d,
the value of the refined site mixing parameter increases accord-
ingly. The tetrahedral positions are occupied by transition metal
ions by roughly 15%, 40%, and 70% at 800, 900, and 1000 °C.
These values, however might be somewhat error prone, as the
phase compositions might significantly deviate from the com-
positions of the refinement models and because of a strong
peak overlap of the two phases.

For temperatures up to 600 °C the lattice parameter increase
of the LNMO phase suggests a close to linear expansion of the
unit cell with the temperature. From the refinement results of

© 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH

858017 SUOWWIOD A1) 8|qeo ! [dde aup Aq peuienob ae sapiie YO ‘8sn Jo SNl 10} Aeiq1T8UIUO A8]IM UO (SUORIPUOD-PpUR-SLLIBY/LICD" A8 1M ARIq 1 BUI|UO//SdhY) SUORIPUOD pue SWe 1 8y} 89S *[£202/20/.2] Uo Ariqiaulluo A8|im ‘@iBojouyos L 4 15Ul Jeynisied Aq 822602202 Wuse/z00T 0T/I0p/Wod 8| im AIq iUl |uo//Sdiy Wwolj papeoiumod ‘0 ‘0v89rToT



ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

the XRD patterns 24-30, the volumetric thermal expansion of
the LNMO phase was estimated to be 20.2 x 10° pm? K. Based
on this expansion coefficient, the normalized lattice parameters
a for T = 25 °C were calculated and are shown in Figure 5e.
It becomes obvious, that for temperatures between 800 and
1000 °C the increase of a is, far beyond the scope of thermal
expansion. The a’ values calculated, indicate a significant loss of
lithium from the spinel phase during high temperature stages,
as there are no known Li(Ni,Mn),0, phases with sufficiently
large lattice parameters. For instance, for LiMn,0,, only about
824 to 825 pm are expected.'®4 In good agreement with the
previously presumed Li loss and transition metal occupation of
the tetrahedral positions in the spinel structure, intermediate
phases with reduced lithium to transition metal (Li:TM) ratios
and suitable lattice parameters have been reported, like, for
example, Lij33NiMn; 0,4 (@ = 830.0 pm) and Liy;NiMn, g30,
(@ = 836.6 pm).2% The normalized lattice parameter of the
spinel phase calculated for 1000 °C is 841 pm, which close to the
value expected for pure NiMn,O, (a = 839.7 pm).?% This com-
position, is not fully consistent with transition metal occupa-
tion parameter still yielding 30% Li occupation on the 8b site.
Nevertheless, it becomes evident from the refinements, that at
high temperatures the spinel phase loses significant amounts of
Li, which inevitably leads to secondary phases with an increased
Li-content.

The different M:O ratios of 1:1 for the spinel phase and 3:4
for the secondary phase, lead to the release or uptake of oxygen,
according to n(O,) = 1/6 n(RS) (cf. Equations (2) or (3)). Hence
based on the mass of the secondary phase, the mass of oxygen
released is

_ M(0,)
M(Oz)—M(RS)XGM(RS) 7

With 56.7 g mol™ for Lig ;3Ni4Mng 0, the mass of oxygen
results as m(O,) = m(RS) x 0.094. The overall mass fraction of
the solid phases and oxygen were calculated and the results
are shown in Figure 5f. A reduction of the specimen mass
by roughly 2, 4, and 6 wt% is expected to occur at 800, 900,
and 1000 °C. The Rietveld refinements were repeated with an
adapted composition for the rocksalt phase (LijsNiy4Mng;0).
This variation did not notably affect the LNMO phase and
likewise converged very well, yielding similar R,,-values com-
pared to the initial run. Based on the reduced molar mass of
this secondary phase (M = 48.4 g mol™), the mass of oxygen is
m(02) = m(RS) x 0.110. This results in slightly higher values for
the mass loss of the specimen by roughly 2, 5, and 7 wt% for
800, 900, and 1000 °C (triangles in Figure 5f). A discussion of
these values is given in Section 4.8.

3.7. Electrochemical Characterization

The voltage profiles during the second cycle (0.05 C) of the
tested cells (four cells for each synthesized material) are shown
in Figure 6a. For each LNMO material, the four cells yield
very similar results, with nearly identical voltages and only
minor deviations with regard to the total capacity. The spe-
cific discharge capacities of the LNMO materials, calculated
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as the mean value of all four individual cells are 138.2(6) and
138.9(8) mAh g for 0-LNMO-49 and d-LNMO-48. The dis-
charge capacities are significantly reduced for the Mn(III) rich
samples 3 and 4 (132.5(3) and 125.2(6) mAh g7'), which can
be conclusively explained by the increasing phase fractions
of the electrochemically inactive secondary phase. It becomes
obvious, that samples 1 and 2 have weakly pronounced Mn*"/3*
steps indicating low Mn(III) content. For samples 3 and 4 more
pronounced Mn*/3* steps are observed, just like for most “dis-
ordered LNMO” materials discussed in literature. However, as
stated before,>}l we want to emphasize, that the degree of cation
order by no means can be determined based on these different
Mn*/3* related redox contributions, but is only reflected in the
voltage of the Ni%*/3* plateau (see below).

The capacity variation of the individual cells is probably due
to minor errors in the determination of the cathode active mate-
rial loading and can be omitted by normalizing the capacity.
The corresponding normalized discharge profiles for all inves-
tigated cells are shown in Figure 6b and reveal a high degree
of consistency. The individual voltage contributions taken from
these discharge profiles are listed in Table 5. As discussed in
Section 4.2, the compositions of the individual LNMO phases
can be determined very reliably based on these voltage profiles,
which lead to the compositions stated in Table 5.

As reported by Song!” cation ordering influences the
voltage of the redox plateaus of nickel, or, more precisely, on
the voltage of the Ni**/%* plateau. This effect is difficult to see in
the voltage versus capacity plots and can better be studied based
on the dQ/dU profiles shown in Figure 6¢. According to Song
the presence of cation order is reflected in the gap between the
two Ni-related peaks in the dQ/dU plot. In both disordered
samples d-LNMO-48 and d-LNMO-44, a gap of 58 mV is found
between the Ni?*/Ni** plateau and the Ni**/Ni*" plateau, which
corresponds exactly to the value for disordered LNMO reported
by Casas—Cabanas.?3 In the same study, for two well ordered
LNMO materials, a decrease of the voltage gap down to 21 mV
was found, which is close to the value observed for the highly
ordered 0-LNMO-49 sample (AVy;_y; = 19 mV). The Mn(III) rich
ordered material o-LNMO-43 has a voltage gap of 42 mV, which
is close to the value of 47 mV for the 00670 sample investi-
gated in Casas—Cabanas study. For the latter, based on the lat-
tice parameter, an increased Mn(I1I) content is well conceivable
and a high degree of cation order was confirmed by means of
neutron powder diffraction.?3] The observed voltage gaps are
also in good agreement with values reported by Liu et al.*
and confirm the classification as a (partially) ordered material.
Whether the different gaps in samples 1 and 4 are a result of dif-
ferent degrees of cation order or are mainly due to the different
Mn(III) content cannot be clarified on the basis of the avail-
able data. A possible relation between cation order and LNMO
composition is discussed in Section 4.4. We find voltage gaps in
the discharge profiles which are 2 to 7 mV smaller compared
to the gaps of the charge profiles. The differences between the
individual half cycles thus are comparatively small, as previ-
ously 6 to 27 mV were reported.*?l Another interesting feature
of the dQ/dU plots is the voltage drop between the charge and
discharge profiles, which was derived from the position of the
Ni**/Ni*" peaks. The values are noted as AV in Figure 6¢c. At
0.05 C the voltage drops by 41 mV for 0o-LNMO-49. For samples
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Figure 6. a) Voltage profiles during the second cycle with a rate of 0.05 C. Based on the pronounced step around 4 V the Mn-related redox contribution
becomes obvious from the profiles of the Ni-deficient LNMO phases d-LNMO-44 and o-LNMO-43. b) Normalized discharge profiles of the second
cycles. The voltage profiles of all four cells are shown in each subfigure, highlighting the high consistency of the profiles. c) dQ/dU plots derived from
the voltage profile of a single cell (second cycle, 0.05 C). In the disordered samples, voltage gaps of 51-58 mV between the two nickel potentials are
found, in the (partially) ordered samples reduced gaps are found. The voltage polarisation AV is increased only for o-LNMO-49.

2, 3, and 4, in contrast, very similar voltage lowerings of 27, as can be seen from the corresponding voltage profiles for
25, and 26 mV are observed between the charge and discharge 0.5, 1, 2, and 5 C which are depicted in Figure S5, Supporting
voltage. This trend continues and intensifies at higher C-rates,  Information. The increased voltage drop of 0-LNMO-49 could

Table 5. Discharge profile evaluation of samples 1-4 (second cycle, 0.05 C) yielding the compositions of the LNMO phases. The stoichiometric coef-
ficients v(Ni) and v(Mn) are calculated according to Equations (8) and (9).

Sample Capacity [mAh g7] Redox activity contribution Composition LiNigs_,Mn; 5,04
Ni(sum) Ni+/3+ Ni3*+/2+ Mn#/3+ V(Ni) v(Mn) Formula
1 0-LNMO-49 138.2(6) 98.7% 47.7% 51.0% 1.3% 0.494 1506 LiNig 404Mn1 50604
2 d-LNMO-48 138.9(8) 96.5% 49.4% 47.1% 3.5% 0.483 1.517 LiNig.4g3Mny 51704
3 d-LNMO-44 132.5(3) 87.3% 45.0% 42.3% 12.7% 0.437 1.563 LiNig 437Mn; 56304
4 0-LNMO-43 125.2(6) 86.2% 43.0% 433% 13.8% 0.431 1569  LiNig43Mny 56504
Adv. Energy Mater. 2023, 2203778 2203778 (11 of 20) © 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 7. a) Specific discharge capacities and relative discharge capacities of the four different LNMO materials. For each material, the best three cells
were evaluated. Each dot represents the mean value of these three cells, the error range represents the standard deviation of the three individual values.
b) Relative discharge capacities during the rate capability test (100% reference: cycle number 2). c) Relative discharge capacities during the cycling
stability test (100% reference: cycle number 32). The raw data, that is, the specific discharge capacities of the individual cells, is shown in Figure S6,

Supporting Information.

be considered a direct indication for a different lithiation and
delithiation mechanisms of 0-LNMO-49 compared to the other
three samples (see below).

The rate capabilities and cycling stabilities of the LNMO mate-
rials are shown in Figure 7. Relative discharge capacities during
initial cycles at 0.5 C and the rate capability test are shown in
Figure 7b. The relative discharge capacity clearly shows that
samples 2—4 (d-LNMO-48, d-LNMO-44, and 0-LNMO-43) show
very similar cycling behavior. During the rate capability test, dis-
charge capacities around 94%, 93%, 88%, and 65% of the starting
capacity are obtained for these samples at C-rates of 0.5 C, 1 C,
2 C, and 5 C. The ordered 0-LNMO-49 material, in contrast only
provides around 89%, 86%, 79%, and 32%, which means that
the relative capacity reduction is roughly doubled for each C-rate.
None of the materials is capable to deliver a noteworthy capacity
at a discharge rate of 10 C. This shows that LNMO clearly does
not reach the performance of doped analogues such as LNMFTO
(LiNig 46Mny 41Fey 1Tig 0303.95), where capacities of 92% and 88%
of the starting capacity were obtained for 5 C and 10 C, despite
larger primary particles and reduced specific surface.?!

The cell degradation after 200 discharge cycles becomes
obvious from Figure 7c. The best capacity retention is observed
for d-LNMO-48 (92.5% capacity retention), closely followed
d-LNMO-44 and 0-LNMO-43, both with very similar capacity reten-
tions around 90.5%. It is difficult to say whether the small differ-
ence to d-LNMO-48 can be attributed to Mn(III), the secondary
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phase content, or is a random effect. The worst cycling stability of
0-LNMO-49 however, is clearly visible from the data, as only 83%
of the initial capacity is available after 200 cycles. The most plau-
sible cause could be the different transformations mechanisms
during the charging and discharging process. For close to stoi-
chiometric ordered LNMO phases, two consecutive two phase
reactions (LiNiysMn;s0, & LipsNipsMn; 50,4 S NigsMn;sOy)
have been reported,’3% and it is assumed, that these two phase
reactions accelerate the capacity decay.** Disordered Mn(I1I)
rich LNMO in contrast, shows solid solution behavior (e.g.,
Li;Nij 4sMn; 550, with 0 < x < 0.5), in the first step of the (dis)
charge process.[”3% Based on the cycling data, and in agreement
with the findings of Fehse'%! it seems reasonable to assume
that the lithiation and delithiation mechanism of the (partially)
ordered 0-LNMO-43 is similar to the one reported for disordered
spinel phases. This issue, however, will be investigated in a sub-
sequent study, together with LNMO versus graphite full cells,
which allow for a better assessment of the capacity retention.

4, Discussion

4.1. An Extended Classification for LNMO Materials

From the above findings, it becomes obvious, that the standard
classification solely as “ordered” and “disordered” LNMO is
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misleading and does not cope with the complexity of LNMO
phases. Therefore, we suggest an extended classification of
LNMO materials taking into account the nickel content of the
spinel phase. Similar to the NCM-classification, we propose
adding the nickel content as a suffix, according to “LNMO-x”
where x represents Ni in the general formula LiNi,Mn, ,O,.
Materials of stoichiometric LNMO (LiNiy5oMn;500,) thus
would be described as “LNMO-50,” while typical materials
containing Ni-deficient LNMO phases would be described, for
example, as “LNMO-47” for LiNiy4Mn,; 530, Prefixes like o
and d for “ordered” and “disordered” should be used as usual,
whenever these properties are known. If only the sample com-
position based on the starting materials is taken into account,
this should always be stated, since calcination virtually always
leads to a secondary phase formation, changing the actual
composition of the spinel phase.

4.2. LNMO Sample and Spinel Phase Composition

As a consequence of the secondary phase formation during
calcination (cf. Equations (2) and (3)) the composition of a
LNMO material, that is, the cathode active material samples
as a whole, usually differs from the composition of the corre-
sponding spinel phase. The amounts of the constitutes Li, Ni,
Mn, and O in the LNMO samples presented herein certainly
are the same, apart from minor deviations in the oxygen con-
tent. Just like for most LNMO materials presented in literature,
as a result of the starting material composition, ny;:ny;fynifo =
1:0.5:1.5:4-6 uniformly applies. Nevertheless, LNMO materials
literally always consist of at least two phases and notations like
“LiNip sMn; 50,5 should be avoided, as they wrongfully sug-
gest the presence of a uniform compound.

The spinel phase composition, in contrast, can precisely
be described as LiNiys_,Mn;s,.,O4 Based on our LNMO sam-
ples and countless well executed studies on LNMO materials,
it becomes evident, that the composition of the LNMO spinel
phase is critical for the understanding of the electrochemical
properties of LNMO materials. The composition of the spinel
phase can be determined based on neutron power diffraction
(NPD),101L1416] haged on the LNMO lattice parameter!!®#! or
based on voltage profile evaluation.[82043]

To the best of our knowledge, so far no reliable evidence was
brought forth, that would prove a significant effect of cation
order on the lattice parameter of LNMO, or that would quantify
the latter. The effect of the Ni content on the size of the unit
cell, in contrast is proven beyond any doubt. Both, the studies
of Zhong!"® and Kunduraci®! show almost linearly decreasing
lattice parameters for an increasing Ni content in LNMO. The
samples investigated in this study are consistent with these
findings. The reasonable assumption of Vegard behavior allows
for a rough estimation of the Ni content of the spinel phase
based on the variation of the lattice parameters. As discussed
before,”’l PXRD data from different studies is difficult to com-
pare. Relative differences of LNMO materials published within
individual studies, in contrast, are quite reliable, as it can be
assumed that uniform measurement conditions and evalua-
tion techniques were used. The lattice parameter differences
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thus can be used to estimate the relative differences in the
Ni-content of LNMO phases within many studies. For random
LNMO compositions LiNi,_,Mn;_4.,04 (0 < a < 0.5), the data
of Zhong,"® suggests a reduction of the nickel content by
x = 0.074 for each pm lattice parameter increase.

The analysis of discharge profiles provides another simple
and more accurate method for determining the LNMO com-
position, which, however has hardly been used in the past.
Among the few exceptions are the works of Dahn,' Kundu-
raci,®! and our previous work.?®! To estimate the LNMO phase
composition, discharge profiles measured at low C-rates (e.g.,
0.1 C) should be analyzed. Charge profiles tend to be distorted
by parasitic side reactions. The assignment of the capacity to
individual redox pairs can be made along demarcation lines
at certain voltages, as shown before.l'264] In addition to fixed
threshold values for the assignment of partial capacity to Ni
and Mn redox processes, the position of the inflection points
of the discharge profiles can be analyzed as well. The stoichio-
metric coefficients V(Ni) and v(Mn) are calculated according to
Equations (8) and (9):

v (Ni)= Ni related capa(flty @
2 X total capacity
v (Mn)=2-v(Ni) ©®

Several studies including both, NPD and electrochemical
characterization, show almost perfect agreement between the
compositions determined by neutron diffraction and the com-
positions resulting from the voltage profiles. The comparable
data, however is limited by the circumstance that in some
neutron diffraction studies the Ni:Mn ratios of LNMO are con-
strained to certain values for somel'” or alll LNMO specimens
or missing voltage profiles.™ Table 6 shows the compositions
of LNMO phases published in well executed experimental
studies, together with the composition resulting from our eval-
uation of the corresponding discharge profiles.

The remarkable consistency between the spinel phase com-
positions obtained by means of NPD and by the voltage profile
evaluation emphasizes, that both methods are highly suitable
to determine the LNMO phase composition. However, while
access to neutron diffraction experiments is limited, the evalu-
ation of the voltage profiles is feasible with standard laboratory
equipment and basic testing hardware.

4.3. Mn(lll) Content in LNMO

The Mn(III) content of the LNMO plays a central role for the
degradation of LNMO graphite full cells.**#] The content of
Mn(III) in the spinel phase, which can be precisely quanti-
fied, is a good approximation for the total content of Mn(III) of
LNMO samples, as the secondary phase usually only accounts
for minor phase fractions and contains little manganese.l'!
Based on the spinel phase composition LiNiys  Mn;s,,O,,
and the oxidation states Li!, Ni'!, and O7', as result of charge
balancing, Mn(HI? and Mn(IV) are found according to
LiNiys_,Mn;5_ ,Mn3;O,. The Mn(III) content therefore results
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Table 6. LNMO phase compositions determined by means of synthesis or NPD in comparison with the compositions obtained by the voltage profile

analysis.
Original work Voltage profile evaluation

Sample Source Method Composition Mn3+/4+ NiZ+/3+/4+ V(Ni) v(Mn) Composition
Sample23 [18] Synthesis LiNig.sMn, 50, 0% 100% 0.5 15 LiNig.soMn1 5004
Sample22 N8 Synthesis LiNig4Mn; 604 20.5% 79.5% 0.398 1.602 LiNig 4Mn 6004
Sample21 (18] Synthesis LiNig;Mn, ;04 43.4% 56.6% 0.283 1717 LiNig ,sMn1 7,04
Sample20 ng] Synthesis LiNig,Mn, 30, 62.9% 37.1% 0.186 1.814 LiNig19Mn; 104
Sample19 18] Synthesis LiNig;Mn; 4O, 81.3% 18.7% 0.093 1.907 LiNiggoMn; ;0,4
Ordered-LNMO [10] NPD LiNig.Mny 5604 5 11.8% 88.2% 0.441 1.559 LiNig.44Mn; 5604
LNMO-900 m NPD LiNig.4sMn; 5,0, 13.9% 86.1% 0.431 1.569 LiNig.4sMn; 5,0,
LNMO-800 m NPD LiNig.4sMn; 55O, 10.0% 90.0% 0.450 1.550 LiNig.4sMny 55O,
LNMO-D 16] NPD LiNig.Mn; 550, 15.7% 84.3% 0.422 1.578 LiNig.Mn; 550,
LNMO-O [16] NPD LiNig.4sMny 55O, 12.9% 87.1% 0.436 1.564 LiNig esMny 5604

from the stoichiometric coefficients of Mn according to
Equation (10)

11
% (MHHI ) = ‘;IgMn ) v (10)
V(Mn )+V(Mn )

The Mn(III) content of the spinel phase can therefore be pre-
cisely derived from the composition, which, in turn, is derived
from the Mn(III) related redox activity contribution, as shown
above. The Mn(III) contents calculated for samples 1-4 are
shown in Table 7.

4.4. Formation of Cation Order in LNMO

As discussed above, cation ordering and Mn(IIl) content are
independent properties of LNMO spinel phases.['01426] How-
ever, it was often assumed that these properties were linked
to each other. As a result, and as a consequence of common
synthesis routes, most “ordered” materials discussed in lit-
erature are made up of LNMO phases which are close to the
ideal composition LiNijsMn;sO, and thus contain Mn(IV)
almost exclusively. “Disordered” samples, in contrast usually
contain Mn(IlI) rich LNMO phases in the composition range
between LiNi, 4;Mn, 5304 and LiNij 4,Mn, 530, (i.e., LNMO-47 to
LNMO-42).

On the atomic scale, Ryoo found, that the formation of
cation order in LNMO spinel phases requires Frenkel defects to
occur.”® It was also shown that these defects do not appear at
temperatures below 500 °C. The study of Aktekin suggests that
the minimum temperature for the disorder to order transition

(Tpo) is around 530 °C,1% and in a previous study on Fe-Ti
doped LNMO, a similar onset temperature for cation ordering
was found in the range 540 to 580 °C.?%) The high degree of
cation order in 0-LNMO-49 was obtained during a holding step
of 20 h at 680 °C in ambient atmosphere. The calcining tem-
perature was chosen well below the frequently specified order
to disorder transition temperature (To_,p) in the range of 700 to
730 °C*l and below the LNMO decomposition temperature
reported to be in the range of 690 to 695 °C when calcined
in air'% Heating 0-LNMO-49 to 750 °C for 30 min, which is
slightly above Tq_,p, yields the d-LNMO-48. Beside the absence
of cation order, it has a slightly higher Mn(III) content in the
spinel phase, due to a not fully reversible secondary phase
formation. Interestingly, calcining the Mn(III) rich sample d-
LNMO-44 in the absence of oxygen at 650 °C for 18 h in an
argon atmosphere, did not yield an ordered LNMO phase with
similar Mn(IIl) content. Instead, a disordered LNMO phase
with drastically increased lattice parameter and secondary phase
fraction was obtained. This indicates that for this d-LNMO-44
spinel both, the decomposition temperature and Ty_,p are
shifted below 650 °C. Repeating the calcining of d-LNMO-44
at 600 °C for 18 h under argon, the formation of cation order
was observed and sample 0-LNMO-43 was obtained in which
the secondary phase fraction was only slightly increased. This
on one hand is fully consistent with the finding of Aktekin,
who reported the order—disorder transition temperature for a
sample with similar LNMO composition (LiNig4Mn;ss0,) to
be around 630 °C.[% On the other hand, this also demonstrates
that there is not a specific order—disorder transition tempera-
ture for LNMO phases. Instead, To_,p seems to be reduced for
LiNiy5_,Mn, 5., 0, with increasing Mn content and x-values.

Table 7. Calculation of the Mn(lll) content of the spinel phase for the four different LNMO materials (fully lithiated state).

Sample Mn*/3* related redox contribution Spinel composition Balanced composition x(Mn'"h
1 0-LNMO-49 1.3% LiNig.404Mn1 50604 LiNig 464Mn'""g 5:,Mn'Y; 46404 0.8%
2 d-LNMO-48 3.5% LiNig 483Mn 5704 LiNig4g3Mn'"" 034Mn'; 43304 2.1%
3 d-LNMO-44 12.7% LiNig.457Mn1 56304 LiNig.457Mn"lg 106MN™ 43,04 8.1%
4 0-LNMO-43 13.8% LiNig 45Mn1 56604 LiNig.4Mn"g 13sMn™, 43104 8.8%
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From a crystallographic point of view, a gradual decrease of
the highest possible extend of cation order must be expected
with increasing x in LiNiy5_,Mn, 5,,0,. The ideal ordered crystal
structure requires a Ni:Mn ratio of 1:3 in order to fully occupy
the 4a and 12d Wyckoff position of space group P4;32 with nickel
and manganese. With a decreasing nickel content, the admixture
of manganese on the 4a sites inevitably occurs. In 0-LNMO-43
the Ni:Mn ratio is reduced to 0.86:3.14, which means that at least
14% of the 4a positions are occupied with manganese ions. This
inevitably leads to distortions of well-ordered crystal domains in
LNMO and it appears reasonable to refer to such Mn(IIl)-rich
phases, as merely “partially ordered” instead of “ordered”. More-
over, it can be assumed that the thermodynamic advantage of the
ordered P4;32 phase compared to the disordered Fd3m phase
gradually decreases with increasing Mn content, which might
cause the decrease of Ty_,p. These findings finally suggest that
the temperature range between Tp_,o and To_,p in which cation
order increases, becomes smaller with increasing Mn(III) con-
tent, presumably mainly due to a decline of Tq_,p.

4.5. Relevance of Cation Order

The majority of research papers (e.g. refs. [33,49,50]) and review
articles (e.g., refs. [1,43,47,51]) assume, that the cation order in
general plays an important role for the electrochemical perfor-
mance of LNMO materials. In agreement with this assumption,
we do find accelerated degradation and significantly reduced
rate capability for the ordered phase 0-LNMO-49, which con-
tains Mn(IV) almost exclusively. Nevertheless, we would like to
put this into perspective and advocate the point of view that the
high relevance of cation order is limited to a rather small range
of spinel phase compositions, namely those with ideal or close
to ideal composition LiNi,sMn;50,, corresponding to a Ni:Mn
ratio of 1:3. Accordingly, in a study on several Fe-Ti doped
LNMO materials, it was found that the cation order, had virtu-
ally no effect on the rate capability and cycling performance of
these materials.?® Results contradicting a general importance
of cation order in LNMO were likewise recently reported by de
Gerannol®? and Fehsel'®! who investigated Ni-deficient LNMO
materials. The same applies for the Mn(III) rich (partially)
ordered and disordered 0-LNMO-43 and d-LNMO-44 investi-
gated herein. Both show similar rate capabilities and cycling
stabilities in the half cell and we were not able to identify any
significant influence of the cation ordering regarding half cell
degradation. A reasonable explanation for the similar cycling
behavior was likewise provided by Fehse.'¥] Tt was found that
both, predominantly ordered and predominantly disordered
Mn(III) rich LNMO materials show a largely similar reaction
process and electronic and local structural evolution. Therefore,
from previous studies1%2052 and the experimental results of this
work, it becomes evident, that cation order is of great impor-
tance only for LNMO phases close to the ideal composition.

4.6. High Temperature Phase Transitions

The diffraction patterns recorded at temperatures of 800
to 1000 °C reveal a significant increase of the 200 and
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422 reflections, which indicates partial occupation of the tetra-
hedral positions of the spinel phase with transition metal ions.
To the best of our knowledge, this effect has not been reported
or discussed in previous studies. We see a need for further
investigations and consider a more complex phase transition
mechanism than the one suggested by Song.l”l Our data indi-
cates, that at high temperatures, major parts of the lithium
ions initially present in the spinel phase are transferred to the
secondary phase, which in turn should be rather Li-rich. This
means that during crystal growth, which takes place almost
exclusively at high temperatures, strongly deviating phases and
phase balances are involved. The commonly observed phase
fractions and compositions are formed very lately in the cal-
cining process during the cooling steps. This also fits with the
finding, that the electrochemical properties of LNMO materials
can be controlled very well via the cooling rates and tempering
steps, as shown above and reported before. 2]

4.7. Secondary Phases in LNMO

The diffraction patterns of the Mn(III) rich LNMO materials d-
LNMO-44 and 0-LNMO-43 reveal the presence of additional sec-
ondary phase reflections and hence none of these phases can be
properly described as a simple rocksalt phase with a small 414
pm unit cell. The mere existence of superstructure reflections
originating from an ordered rock salt phase is a clear indication
that the secondary phases of LNMO materials contain manga-
nese ions, as for pure Li,Ni;_,O phases, these reflections have
not been reported.l?*?4 The classification of the minor phases in
LNMO samples remains challenging because of the low phase
fractions and the severe reflection overlap with LNMO. There-
fore diffraction data with good counting statistics and a careful
data analysis are required. In most studies, the secondary phase
is described as a simple rocksalt phase, which might originate
from the fact that, the low indexed reflections of the larger unit
cells are rather difficult to detect. Nevertheless, in some studies
with strong focus on diffraction techniques, some secondary
phases were clearly identified as ordered rocksalt phases!?’!
or Ni-rich layered compounds.?® It is likely that the stronger
the spinel phase is depleted of nickel, the more manganese is
incorporated in the formed secondary phase. Based on both,
the LNMO composition and significantly reduced LNMO
discharge capacities compared to the theoretical capacity of
146.8 mAh g!, we assume that many studies underestimate the
phase fractions of the secondary phases in their materials. A
detailed discussion of the relationship between the secondary
phase fraction, LNMO composition and discharge capacity is
given in Section 4.9.

4.8. Overcoming the Concept of Oxygen Defects

As mentioned above, the existence of oxygen defects in the
spinel phase has been doubted previously.''¢18 Herein we
provide additional evidence contradicting the idea of oxygen
defects. Assuming that the composition and structure of the
LNMO phase determines the voltage profile, it can be shown
that oxygen defects may not occur at all, or only to a negligible
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Figure 8. Redox activity distribution and schematic discharge profiles based on different LNMO charge balancing mechanisms. a) Charge balancing
via oxygen defects: Ni no longer can be fully oxidized to Ni(IV) leading to a narrower Ni**/Ni** discharge plateau (not reported in literature). b) Charge
balancing resulting from nickel loss: Both Ni redox couples equally contribute to the total Ni related capacity. All Ni is oxidized to Ni(IV).

extent. We already analyzed the implications of the two charge
balancing mechanisms on the voltage profiles of Fe-Ti doped
LNMO materials, and suggested the depletion of Ni as the pre-
dominant cause for charge balancing.?®! Herein, further evi-
dence is provided that the same applies for undoped LNMO.
As illustrated schematically in Figure 8a, for an increasing
amount of oxygen defects, according to the formula suggested
by Paserol®?l (LiNiysMn; 50, ), a continuous shrinkage of the
Ni*/3* redox plateau would be expected during delithiation.
The Ni?*/3* plateau in contrast, should keep a redox capacity
accountable for 50% of the total capacity for 0 < & < 0.25.
If one assumes nickel loss as the predominant cause for
the reduction of Mn(IV) and a mechanism according to
LiNiys_Mn'; s_ Mn"",,O,, both Ni plateaus should contribute
equally to the total Ni related capacity, as shown in Figure 8b.

The experimental normalized voltage profiles of the LNMO
materials investigated in this study are shown in Figure 6b.
They are consistent with the calculated positions for the voltage
steps based on charge balancing resulting from Ni-loss, which
are shown by vertical lines. Similar coincidences are found for
Fe-Ti doped LNMO,?% a study on LNMO materials LiNi,Mn,_,O,
(0.50 > x > 0.36) by Kunduraci,®! or the studies of Aktekin"® and
Fehse.l'l In all these studies, the two different Ni plateaus are
sufficiently clearly distinguishable. Hence, the voltage profiles
of all the aforementioned studies are in good agreement with
a charge balance according to LiNiys_Mn!Y;s Mn",, 0, and
show no evidence for the existence of oxygen defects. We have
not been able to find voltage profiles in the literature that clearly
correspond to those shown in Figure 8a.

A second experimental evidence that no oxygen defects are
to be found in LNMO is the good agreement between the mass
losses reported in several TGA studies with the specimen mass
losses resulting from the spinel and rocksalt phase fractions
obtained by the high temperature XRD study (cf. Figure 5cf).
Aktekin found a mass loss of about 1.4 wt% when heating
LNMO in air to 780 °C,% which is in good agreement with the
loss of roughly 1.5-2 wt% calculated from the diffraction patterns
recorded at 800 °C. For 900 and 1000 °C, the high temperature
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XRD study suggests a mass loss of roughly 4-5.5 wt% and
5.5-7 wt% depending on the individual pattern and the sec-
ondary phase model used in the refinement (see above). These
results are fully consistent with the TGA mass losses of 5.5 wt%
for 900 °C reported by Song!"l and the loss of 7 wt%, which was
consistently reported by Pasero and Cai.l'>" It is therefore highly
likely, that the mass losses observed during high temperature
treatments of LNMO materials are caused by the formation of
the side phase and not by oxygen defects in the spinel phase.

We do not doubt that some point defects of the oxygen lattice
can exist in LNMO and we also assume that the substitution
of Mn(IV) by trivalent ions like Fe(II)i2°l or Ga(III)®3 might
favor quantitative oxygen defect formation. However, we want
to emphasize that oxygen defects are clearly not directly related
to the Mn(III) content in LNMO materials. Hence, for a better
understanding of LNMO materials, we believe that the concept
of oxygen defects should be overcome.

4.9. Modeling the Properties of LNMO Materials

Based on Equations (3)—(6), for every composition and phase
fraction of the secondary phase, the composition of the LNMO
phase and the theoretical capacity of the resulting LNMO mate-
rial can be calculated. Thus, it becomes possible to predict key
properties of the LNMO phase or the material based on var-
ying assumptions on the side phase or the Ni-content of the
spinel phase. In order to illustrate some predictions that can
be made based on Equations (3)—(6), we considered three dif-
ferent secondary phases with lithium to transition metal ratio
(Li:TM) of 1:2 and Ni:Mn ratios of 2:1 (Lig33Niy4Mng,,0) and
6:1 (Lig33Nip5;Mng140) and a pure Li-Ni-O secondary phase
(Lig.33Nig0) for our calculations. Therefore, the secondary
phase parameters were set to a = 1/3, and b = 2/3, 6/7, and 1,
respectively. The outcome is shown in Figure 9. Herein, results
for the secondary phase Lij 33Nij 4Mng ,,0 are shown by a solid
line, those for Lij 4Niy5;Mng 100 by a dashed line and those for
Li 33Nig 60 by a dotted line.
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Figure 9. a—c) Calculated properties of LNMO materials based on Equations (3)—(6), as a function of the reaction turnover n and d-f) as a function
of the Ni-content of the spinel phase. The results for the different side phase composition Lig 33Nig4Mng 2,0, Lig33Nig s7Mng 100, and Lig 33Nig 6O are
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added, whenever comparability was given.

The phase fractions of LNMO, the secondary phase and the
corresponding oxygen release are depicted in Figure 9a as a
function of the turnover of the reaction n. As indicated by the
x-axis boundary or the dashed and dotted vertical lines, in our
examples n is limited to 1.125, 0.875, and 0.75. At these hypo-
thetical maxima, the Ni rich secondary phase coexists beside
a Ni-free “LNMO” material, that is, LiMn,0, and thus, further
reaction is not possible. The evolution of the LNMO phase
compositions is illustrated in Figure 9c and the corresponding
compositions for lower n values become visible. Figure 9b
shows the theoretical capacity of LNMO materials, taking into
account the mass of the electrochemically inactive secondary
phase. It becomes obvious that the frequently cited capacity
of 146.8 mAh g7! is the capacity of a pure-phase LNMO. For
actual LNMO materials, where the reaction turnover » is always
> 0, this capacity hardly can be reached, as the formation of
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secondary phases during calcination leads to capacity loss. The
Ni- and Mn-related redox activity, which is likewise shown in
Figure 9b, results from the Ni-loss of the spinel phase and
manifests itself by the additional voltage plateau around 4 V, as
discussed above and shown in Figures 6b and 8b.

When for instance the secondary phase is Lij 33Nig 4Mny 5,0,
as suggested by Cabanal’!l and the reaction turnover n = 0.2
(green line in Figure 9a—c), a reaction according to Equa-
tion (11) is expected. A secondary phase fraction of =6.2 wt% is
obtained and a LNMO composition of LiNij4Mn; 5,04 should
be found. As shown in Figure 9b, the capacity is expected to
be reduced from 146.8 to 136.8 mAh g, while voltage profiles
with Ni- and Mn- related redox contributions of 88% and 12%
are anticipated. As listed in Table 6, Aktekin found precisely
this composition for the “ordered LNMO” sample.l”] The elec-
trochemical investigation in a LNMO-LTO full cell yielded a
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reasonable capacity of 132 mAh g! and exactly the same Ni-
and Mn- related redox activities as predicted. This example
emphasizes, that the general reaction Equations (3)—(6) is not a
purely mathematical construct, but reflects very well the results
of properly conduced experimental studies on LNMO.

LiNigsMn, 5O, = 0.933 LiNiy,Mn, 5,0, )
+ 0.2 Lip33Nig4Mn,,,0 + 0.033 O,

Since the reaction turnover n is a rather inaccessible para-
meter, it makes sense to calculate the properties of LNMO
materials as a function of the Ni content of the spinel phase.
The corresponding plots are shown in Figure 9d-f, with
enlarged sections for LNMO-50 to LNMO-40, corresponding to
the main phase composition LiNiy sMn; sO,4 to LiNiy 4Mn; (O, in
Figure 9g—i. The experimental values of samples investigated
in this work and of the reference samples listed in Table 4 were
inserted and show good agreement with the theoretical values.
As discussed above, the phase fractions of samples 1 to 4 corre-
spond to the calculated values within their probable error range
and are in good agreement with secondary phases with Ni:Mn
rations of 2:1 or 6:1. The secondary phase fraction of sample 4
calcined in an argon atmosphere is increased, which, however,
is to expect according to the removal of oxygen from the chem-
ical equilibrium in Equation (3). The experimental capacities for
the samples calcined in air are mostly 3 to 6 mAh g smaller
compared to the rectified theoretical capacities, which we con-
sider to be decent values for proper cell building. The relative
discharge capacities shown in Figure 9f,i are independent from
secondary phase fraction and overall capacity. Since the compo-
sition of the LNMO phases in samples 1-4 are derived from the
voltage profiles, the values are exactly on the predicted lines for
the Ni- and Mn-related redox activity in Figure 9f. However, the
modeled predictions are also in very good agreement with rela-
tive discharge capacity distributions of the samples of Zhong,!!®!
Cabanal™ and Aktekin,'” and Fehse ! listed in Table 6. We
found only very few studies with results beyond the scope of
our model limitations. In the composition range of common
LNMO materials, that is, LiNijsMn;sO, to LiNig,Mn; Oy,
we consider the agreement of our calculations with the inde-
pendent experimental from Table 6 as a very strong indication
for the correctness of Equations (3)—(6) and the underlying
assumptions.

4.10. Possible Compositions for Future LNMO Materials

In the past two decades, materials with disordered LNMO
phases and significant Mn(III) content (e.g., LNMO-42 to
LNMO-46) have been preferred over materials with Ni-rich
LNMO phases, such as, for example, LNMO-50 to LNMO-48,
mainly due to the bad reputation of close to stoichiometric
ordered LNMO. Beyond any doubt, compared to the latter,
these Mn(IlI)-rich materials have significant advantages when
cycled versus Li anodes, such as higher rate capability and long
term cycling stability. On the other hand, calcining programs
yielding high Mn(III) contents usually also yield high phase
fractions of the electrochemically inactive secondary phase and
thus lead to a capacity loss. Moreover, the favorable properties
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of these materials are hardly transferrable to cells with graphite
anodes, which is considered to be a perquisite for successful
commercialization.! The poor full cell performance of these
materials, is reported to result from Mn(III) disproportiona-
tion and subsequent dissolution and associated parasitic reac-
tions.l From our point of view, it is therefore reasonable to
focus on minimizing Mn(III) in LNMO materials, while main-
taining disordered crystal structures. A promising experimental
result regarding this, is that d-LNMO-48 outperforms all other
samples investigated in this study. As a close to stoichiometric
disordered LNMO material with a Mn(III) content of only 2.1%,
it yields a decent discharge capacity of 138.9 mAh g! and better
long term cycling stability compared to a typical Mn(III) rich
disordered material like d-LNMO-44 with 8.1% Mn(III) and a
starting capacity of only 132.5 mAh g.

5. Conclusion

On the basis of an analysis of the literature, the current knowl-
edge on the solid state chemistry of LNMO was summarized
and controversial issues on this cathode active material were
addressed. Following considerations on the composition and
crystallography of the LNMO phase and the secondary phases,
and supported by new experimental findings as well as the find-
ings of preceding studies, common assumptions on LNMO
could be confirmed, rejected, or put into perspective. There-
fore, a comprehensive and coherent understanding of LNMO is
provided. More specifically, we were able to balance a general
chemical equation for the formation of LNMO materials, which
for the first time allows to calculate key electrochemical prop-
erties for different LNMO compositions and secondary phase
fractions. The balanced equation provides a powerful tool check
the plausibility of experimental data on LNMO materials and
could help to figure out crucial parameters for the improvement
of LNMO materials in subsequent studies. From different cal-
cining programs, four different types of LNMO materials were
obtained, including rather uncommon Mn(III) rich partially
ordered, and Mn(IV) rich disordered spinel phases. To system-
atically categorize these materials, we suggest an extension of
the classification of LNMO materials based on the spinel phase
composition, where “d-LNMO-44" for example represents a
material containing a disordered LNMO phase with the compo-
sition LiNij 4Mn; 540,. If established, such a classification could
help to better understand varying results of different LNMO
materials and bring more comparability to the scientific debate.
An in situ XRD study provides evidence, that during high tem-
perature treatment, Li is largely transferred to the secondary
phase. This emphasizes that the phase compositions and thus
the LNMO material properties to a large extend can be con-
trolled by tempering steps and cooling rates. It is confirmed,
there is not a uniform rocksalt phase in LNMO materials, but
that a variety of secondary phases with cubic or rhombohedral
symmetry exist. Moreover, it is emphasized that the impact of
cation ordering on the cycling behavior is most likely limited to
close to stoichiometric spinel phase compositions. Furthermore,
we provide new evidence that oxygen defects in the LNMO
phase do not exist at all, or only to a negligible extend. We once
again highlight that the compositions of LNMO phases reliably
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can be derived from the discharge profiles, as we consider this
approach to be of essential to gain a better understanding of
LNMO. With 0-LNMO-49 a material is presented, which seems
to have the highest degree of cation ordering of the spinel
phase reported so far. By briefly heating this material to 750 °C,
d-LNMO-48 is obtained, which contains a close to stoichiometric
disordered LNMO phase. The material provides a discharge
capacity of 138.9 mAh g™ and contains 2.1% Mn(IlI), which is
only one-fourth of typical “disordered” LNMO materials. Due to
its decent cycling stability, materials of this type should be suit-
able for the application in LNMO-graphite full cells.
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