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emical properties of the Fe–Ti
doped LNMO material LiNi0.5Mn1.37Fe0.1Ti0.03O3.95†

Pirmin Stüble, *ab Holger Geßwein,a Sylvio Indris, a Marcus Müllera

and Joachim R. Bindera

LiNi0.5Mn1.5O4 (LNMO) based spinel cathodematerials for lithium-ion batteries are promising alternatives to

widely usedmixed transition-metal layered Li(Ni,Co,Mn)O2 (NCM) oxides. LNMO is cobalt free and thus cost

efficient, while providing a high operating voltage of 4.7 V (vs. Li/Li+) and remarkable energy density of

�650 W h kg�1. Commercialization and large-scale application however are still hindered, as short cycle

life remains a main issue. To help overcome this problem, we present a comprehensive investigation into

Fe–Ti doped LNMO materials with the formal composition LiNi0.5Mn1.37Fe0.1Ti0.03O3.95 (LNMFTO). Within

this study, samples were calcined at temperatures between 460 �C and 940 �C and were cooled down

to room temperatures rapidly or slowly. Small changes in the crystal structures were tracked by using

a high-precision powder X-ray diffraction (PXRD) setup, while changes in cation order were investigated

with Raman spectroscopy. It is shown that carefully elaborated calcination programs allow to maintain

the optimized morphological features such as particle size, shape and specific surface, while

crystallographic properties, such as the amounts of Mn(III) or (partial) cation order, can be adjusted

independently. We provide experimental evidence that calcination at high temperatures leads to nickel

loss in the spinel phase, but not to the formation of additional oxygen defects. LNMFTO samples show

good cycling stabilities and over 98% capacity retention after 100 cycles with capacities larger than

90 mA h g�1 at discharge rates of 10C when cycled vs. lithium metal. These results are almost fully

transferable to cathodes with high active material loadings cycled vs. graphite anodes. A capacity

retention of > 89% for 500 cycles and residual capacities of >100 mA h g�1 are observed, which makes

LNMFTO a suitable candidate for industrial applications.
1. Introduction

LiNi0.5Mn1.5O4, referred to as LNMO, is a promising cobalt-free
cathode material for lithium-ion batteries with a theoretical
capacity of 147 mA h g�1 and a high operating voltage of 4.7 V
(vs. Li/Li+) corresponding to the Ni2+/Ni4+ redox couple. LNMO
provides a theoretical energy density of 650 W h kg�1, hence is
superior to traditional layered oxide battery materials such as
LiCO2.1 The main issues are electrolyte oxidation due to high
operating voltages, Mn3+ dissolution2 and the poor cycle life of
LNMO/graphite full cells.3

From the fully lithiated state, LiNiII0.5MnIV
1.5O4, Li+ can be

reversibly extracted while Ni(II) is oxidized to Ni(IV), resulting in
the composition NiIV0.5MnIV

1.5O4 for the fully delithiated state.
LNMO can crystallize with two idealized arrangements of the
transition metal ions, described as “disordered” and “ordered”
ruhe Institute of Technology, 76344
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010–9024
spinel.4 The latter is thermodynamically stable at room
temperature5 and crystallizes in the space group P4332 with
nickel and manganese ions occupying Wyckoff positions 12d
and 4a, respectively. In the kinetically favored disordered state,
Ni and Mn ions are distributed statistically over the occupied
octahedral sites 16d of the space group Fd�3m. Lithium ions
occupying tetrahedral voids in both cases are located at 8a sites,
while oxygen in the disordered/ordered structure is located at
Wyckoff positions 32e and 24e/8c, respectively.6 It is assumed
that most LNMO samples are neither fully ordered nor disor-
dered, but are mixtures of both with crystal domains of varying
Ni/Mn ordering schemes.5,7–9

Besides cation order, oxygen deciencies are a widely
accepted6,10–14 feature of LNMO and spinel-type predecessor
materials such as LiMn2O4 (LMO), allowing for conclusive
explanations of specic LNMO properties. Oxygen defects are
described to occur at high calcination temperatures of 650 �C,
690 �C and 730 �C in nitrogen, ambient and oxygen atmo-
spheres5,15 and are accompanied by a partial reduction of Mn(IV)
to Mn(III)10,11 which is necessary to maintain charge neutrality.
The Mn(III) and oxygen content of LNMO materials highly
depend on the thermal treatment and are affected by several
This journal is © The Royal Society of Chemistry 2022
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parameters, such as calcination temperature and duration,
partial oxygen pressure and the cooling rate.11–13 Ordered
samples calcined at 700 �C and slowly cooled to room temper-
ature show no or only very small deviations from the ideal
stoichiometry LiNi0.5Mn1.5O4 and thus they contain Mn(IV)
almost exclusively. In the temperature range of 700 �C to 950 �C,
increasing numbers of oxygen defects occur and compositions
like LiNi0.5Mn1.5O4�d with 0 ( d ( 0.7 are described. Simul-
taneously, an additional redox plateau assigned to Mn3+/4+

appears when cycling these materials.11 Neglecting deviations in
the Li, Ni and Mn content, the formal composition can there-
fore be described as LiNi0.5MnIV

1.5�2dMnIII
2dO

�II
4�d, and hereaer

will be referred to as the charge balancing mechanism A. Due to
the increased octahedral high spin ionic radius of Mn3+

compared to Mn4+ (64.5 pm vs. 53 pm),16 oxygen non-
stoichiometry manifests itself with slightly larger lattice
parameters. For a more detailed discussion including coordi-
nation polyhedra and metal–oxygen bond length, the reader is
referred to Pasero et al.11 Until today, it has been oen assumed
that the cation (dis)order and oxygen nonstoichiometry are
related phenomena.1,10,15 However, there is strong evidence
from several studies, that there is no direct relation between
oxygen release and cation ordering.5,11

An alternative approach to explain the composition of LNMO
materials is advocated by the Cabana group.4,9,17 It is argued
conclusively that oxygen release is a side effect of the formation of
the rocksalt secondary phase, due to deviating metal to oxygen
ratios (3 : 4 for LNMO vs. 1 : 1 for the secondary phase). The latter
is rather Ni rich and frequently described as LixNi1�xO, see ref. 18
and references herein, and thus, secondary phase formation
must be accompanied by Ni-depletion of LNMO. The loss of Ni(II)
however, requires partial reduction of Mn(IV) to Mn(III) and thus
formally, the spinel phase can be described as LiNi0.5�xMn1.5+xO4

or, more precisely, as LiNiII0.5�xMnIV1.5�xMnIII
2xO4. This charge

balancing mechanism B thus provides an alternative explanation
for the presence of Mn(III) in LNMO at higher calcination
temperatures without the necessity for oxygen non-stoichiometry.

Regardless of its origin, Mn(III) is commonly believed to be
disproportionate to Mn(IV) and Mn(II) and the latter one easily
dissolves in the electrolyte and this plays a central role in cell
degradation.1,2 LiNi0.5Mn1.5O4 with ideal composition, thus
without signicant amounts of (degradation inducing) Mn(III)
or the (capacitance lowering) secondary phase is experimentally
accessible by a long calcination at 700 �C. From a supercial
point of view, it should therefore provide the best properties for
battery applications. Practically however, most research groups
nd the best results when using Mn(III)-rich materials calcined
between 800 �C and 900 �C, since they yield better capacities
and superior cycling stabilities. Some reasons given are higher
ionic19 and electrical conductivities.10,20 Inconsistent results are
likewise found concerning the particle shape. Some authors
suggested that particles of truncated octahedra, which expose
{110} facets in addition to {111} facets, show superior electro-
chemical stabilities compared to particles with a pure octahe-
dral shape,21,22 even though the latter should be more stable
from a thermodynamical point of view.23
This journal is © The Royal Society of Chemistry 2022
It remains a main challenge to nd and understand the
reasons for such discrepancies. Therefore, as understanding
progresses and research questions become more sophisticated,
it has become more important to choose proper experimental
conditions and keep track of the many relevant parameters
simultaneously. When highlighting the effect of morphological
parameters such as particle size, shape and specic surface,
deviations that may arise from cathode manufacturing should
not be lost sight of and, for obvious reasons, the chemical
composition of the materials should not change at all.

Besides the optimization of LNMO itself, electrolyte modi-
cation13 and the use of cell additives,20 metal element doping is
a common method to improve material properties such as
conductivity, cycle stability and rate capability. In the latter
approach, Li, Mn and/or Ni are substituted by doping elements
such as Na, Al, Ti, Cr, Fe, Zn, and Co. Numerous studies have
been published and overviews of latest developments are found
in recent reviews.1,13,24 In contrast to most prior doping studies,
in the present work manganese is replaced exclusively. The
doping elements TiIV and FeIII both lead to an increase of the
lattice parameter,25–27 suppress the formation of cation order25,28

and increase ionic and electronic conductivities.28–30 Finally,
titanium and iron are cheap and abundant doping elements
and, as we will show, Fe–Ti doping allows for excellent elec-
trochemical properties combined with a very low Mn(III)
content, which is an unsolved problem with undoped
LNMO.17,31

The composition LiNi0.5Mn1.37Fe0.1Ti0.03O3.95 investigated
herein, and hereaer referred to as LNMFTO, has already been
investigated in an earlier study by our group.29 But while the
preceding work mainly focused on cyclability in a wider voltage
range of 2 V to 5 V, the present study, primarily addresses the
crystal chemistry of LNMFTO. Therefore, the inuence of
surface area and crystal shape and size is minimized by an
appropriate choice of calcination programs. This allows to
investigate the effect of variations in the Mn(III) content and
cation order on the electrochemical properties independent of
the morphological properties. Finally, it is shown that the
application of our results could be part of a viable path towards
industrialization of LNMFTO-graphite cells.

2. Experimental
2.1. Material preparation

LiNi0.5Mn1.37Fe0.1Ti0.03O3.95 was prepared by a two-step spray-
drying synthesis. The starting compounds lithium acetate
(Li(CH3COO)$2H2O, 98%, Acros Organics), manganese acetate
(Mn(CH3COO)2$4H2O, >99%, Sigma-Aldrich), nickel acetate
(Ni(CH3COO)2$4H2O, 98+% Alfa Aesar), iron(III)nitrate
(Fe(NO3)3$9H2O, 98+%, Alfa Aesar), tetraisopropylorthotitanate
(C12H28O4Ti, >98%, Merck) and acetic acid (CH3COOH, 100%
anhydrous, Merck) were dissolved in distilled water. Aer
complete dissolution, the 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 oxides by
a two-step calcination process. In the rst step, the precursors
J. Mater. Chem. A, 2022, 10, 9010–9024 | 9011
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were calcined for two hours at 500 �C. Aer cooling down to
room temperature, a second calcination program at 800 �C (2 h)
followed. Heating and cooling rates were 300 K h�1. The ob-
tained material was subsequently mixed with three equivalents
of distilled water and ground for 24 hours in a planetary ball
mill (Fritsch Pulverisette 5, 3 mm ZrO2 grinding balls) and then
spray dried again. The granules obtained (hereaer referred to
as A1) were then calcined at 900 �C for 20 hours, cooled to
600 �C and held at this temperature for another 30 hours. This
process provided the starting material (A2) for the following
investigations.

Two test series with 13 samples each were then prepared by
further calcination programs with maximum temperatures
ranging from 460 �C to 940 �C in steps of 40 �C. With increasing
temperatures, shorter holding times were chosen, to avoid
changes in morphological properties such as particle size and
shape. In the rst fast cooled series (samples FC460 to FC940,
with numbers corresponding to the maximum temperature in
�C), the specimens were cooled down quickly, with cooling rates
set to 600 K h�1. These fast rates, limited by the cooling rate of
the furnace, were achieved for temperatures of approximately
500 �C and above. For the slow cooled series (samples SC460 to
SC940), the identical maximum temperatures and holding
times were applied. However, within the temperature range of
650 to 350 �C a slow cooling rate of 10 K h�1 was introduced. All
thermal treatments were carried out in Al2O3 crucibles in the
ambient atmosphere. A detailed overview of the individual
thermal treatments can be found in Table S1 in the ESI.†
2.2. Material characterization

The particle morphologies were studied by scanning electron
microscopy (SEM) with a Zeiss Supra 55 FE-SEM using acceler-
ation voltages of 2 kV to 4 kV. Samples of the LNMFTO granule
powders were xed with carbon adhesive tape. To further
investigate the core structures and the porosity of the granules,
cross-sections of cathodes were prepared by ion-milling using
argon-ions (TIC-3X, Leica Microsystems). For EDX-analysis an
Ultim Extreme silicon dri detector from Oxford Instruments
(AZtec soware) was applied at a SEM acceleration voltage of 4
kV. Particle size distributions of the materials obtained from
the spray drying process (A1) and aer the initial calcining step
(A2) were determined by a laser scattering particle size distri-
bution analyzer LA-950 (Horiba). The granule porosity and pore
size distribution of the starting material A2 were measured by
mercury intrusion porosimetry with a CEI Pascal 1.05, Thermo
Electron. In accordance with SEM images of the corresponding
material, the granule porosity was calculated from the pore
diameter < 1.5 mm and the theoretical density (4.2 g cm�3).
Nitrogen physical adsorption isotherms were measured with
a surface area analyser Gemini VII 2390 (Micromeritics).
Calculations of the specic surface were performed according to
the Brunauer–Emmett–Teller (BET) theory.32 The specic
surfaces of the pristine material A2 and materials FC460 to
FC940 were analysed using about 0.7 g of each sample. Prior to
the measurements, the specimens and tubes were dried under
vacuum at 120 �C for at least 16 h. As the material surface is
9012 | J. Mater. Chem. A, 2022, 10, 9010–9024
considered highly unlikely to change signicantly during a slow
cooling process, additional measurements for the slowly cooled
samples were omitted. Fe Mößbauer spectroscopy was per-
formed in transmission mode at room temperature with
a constant-acceleration spectrometer (WissEl) and a 57Co(Rh)
source. Isomer shis are given relative to that of a-Fe metal foil.
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 wavelength
of 633 nm was used as an excitation source. The spectra were
collected from single granule particles by scanning surface
areas of 4 � 4 mm in a range from 100 cm�1 to 750 cm�1. The
crystal structures of the synthesized materials were investigated
by means of powder X-ray diffraction (PXRD). The measure-
ments were carried out on an advanced laboratory diffractom-
eter (Huber 5021) equipped with a microfocus rotating anode X-
ray generator (Rigaku MM-007, Mo-Ka radiation, parallel colli-
mated beam, Ø z 2 mm) and a 2D Pilatus 300K-W detector,
with a sample to specimen distance of 0.7 m. Measurements
were carried out in an angular range of 6� < 2q < 52�. In order to
reliably track small changes in the lattice parameter, up to ten
samples were packed and separated from each other, into
a single glass capillary with a diameter of 0.5 mm. Subse-
quently, serial measurements were carried out by translating
the capillary position along the capillary rotation axis. The setup
is optimized to track small changes within a series of crystalline
materials while excluding common sources of error, such as
sample displacement or temperature uctuations. A detailed
description of the setup is presented in ref. 33. With the
diffraction patterns obtained, the crystal structures were rened
by the Rietveld method34 using the TOPAS 6 soware. The
estimated standard deviations were corrected according to
Bérar.35 For electrochemical characterization, 0.2 to 0.25 g of the
LNMFTO materials was carefully ground by hand in order to
separate agglomerated granules from each other. Preliminary
slurries were prepared by mixing the additives carbon black and
polyvinylidene uoride (PVDF) with 1-methyl-2-pyrrolidinone
(NMP) with a dissolver stirrer. Hereaer, the LNMFTO active
materials were added and the nal slurries were obtained by
mixing the components with a SpeedMixer DAC 150 (Hauss-
child) for at least 5 minutes at 2000 rpm. Detailed information
on the additives is listed in Table S2.† 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 30 minutes before being
transferred to a 110 �C vacuum chamber, where the drying
process was continued for at least 16 hours. With nal cathode
compositions of 80/10/10 for LNMFTO, carbon black and PVDF,
active material loadings of between 3.8 mg cm�2 and 4.6 mg
cm�2 were obtained. Before cell assembly, cathodes of 12mm in
diameter were compressed by a hydraulic press with a force of 6
kN and once again dried for at least one hour in a vacuum oven
at 110 �C. CR2032 coin cells were then assembled in an argon
lled glovebox with lithium foil as the anode using a Whatman
GF/C separator and LP30 electrolyte (1.0 M LiPF6 solution in
1 : 1 v/v ethylene carbonate : dimethyl carbonate). Electro-
chemical measurements were carried out on a BT2000 battery
cycler (Arbin Instruments) by galvanostatic charge/discharge
This journal is © The Royal Society of Chemistry 2022
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cycling in the voltage range of 3.5 V to 5 V. Two formation cycles
at 0.1C were executed initially, followed by 10 cycles at C/2
(charging and discharging). While maintaining the charge
rate of C/2, the discharge capacities at 1C and 2C were investi-
gated (4 cycles). Aer two additional discharge cycles with C/2,
testing of rate stability was continued by each 4 cycles with
discharge rates of 5C and 10C. Hereaer, charge/discharge
cycles were performed at C/2 up to a total number of 100
cycles. As a proof of principle, that this active material is suit-
able for industry standard battery formats and applications, an
additional cathode with an active material loading of 11.6 mg
cm�2 (corresponding to 1.65 mA h cm�2) was manufactured.
While the processing remained the same, the composition was
changed to 90/3/3/4 wt% of LNMFTO (A2), carbon black,
graphite and PVDF. A coin cell was built and cycled as described
above. However, instead of Li foil, an anode made of 96 wt%
graphite, 1.5 wt% carbon black and 1.25/1.25 wt% binder (Na–
CMC/SRB, for details see Table S2†) with a specic capacity of
about 2.5 mA h cm�2 was used. The cell test was extended to
a total of 530 cycles, while the voltage range was reduced to 3.5 V
to 4.8 V.
3. Results
3.1. Particle morphology

The SEM images of the LNMFTOmaterials are depicted in Fig. 1
and S3.† The results of the surface area analysis and particle
size distributions are summarized in Table S1 and Fig. S1.† The
spherical granules of material A1, which are obtained from the
spray drying process, have diameters between 5.5 mm (D10) and
13.1 mm (D90) with an average value of 10.3 mm. Each sphere
consists of primary particles of approximately 10 to 400 nm (cf.
Fig. 1a–c). Additional calcination at 900 �C for 20 hours and
annealing at 600 �C for 30 hours yields the starting material A2.
Fig. 1 SEM images of the LNMFTO granules. The material A1 as received
treatment for 20 h at 900 �C and 30 h at 600 �C, the starting material A

This journal is © The Royal Society of Chemistry 2022
While the particle size distribution does not change signi-
cantly during the temperature treatment (D10 ¼ 6.3 mm, D90 ¼
14.3 mm and DØ¼ 10.1 mm, cf. Fig. S1†), the primary particle size
increases signicantly. Edge lengths of larger particles are in
the range of approximately 2 mm to 3 mm, while the bulk
consists of smaller particles with sizes of about 0.5 mm to 2 mm
(cf. Fig. 1d–f and S3†). The individual LNMFTO particles mostly
exhibit an octahedral shape with {111} facets. Only a very few
particles show a truncated octahedral shape with the extra {100}
crystal facets.

During the nal calcination step applied to obtain mate-
rials FC460 to FC940 and SC460 to SC940 from the starting
material A2, the morphology, particle size distribution and
specic surface do not change signicantly anymore. As
described above, this is a prerequisite for studying the
specic inuence of the composition and cation order. SEM
images of the materials FC460 to FC940 and SC460 to SC940
hence are perfectly comparable to those shown in Fig. 1d–f. A
representative selection of SEM images is provided in the ESI
in Fig. S3.† The results of the specic surface analysis of the
pristine material A2 and samples FC460 to FC940 are listed in
Table S1.† The starting material A2 has a specic surface of
SBET ¼ 0.82 m2 g�1. This value stays almost constant inde-
pendent of the following heat treatments. The measurement
results vary only between 0.74 m2 g�1 and 0.84 m2 g�1 for all
samples and a combined error of measurement and evalua-
tion5 of z0.05 m2 g�1 is well conceivable. Cross sections of
the cathodes prepared with the starting material A2
(compositions 80/10/10 and 90/3/3/4) are depicted in Fig. 2. It
is evident that the granules keep their spherical shape and
inner porosity even aer the densication process. From
mercury intrusion porosimetry, the inner pore volume of the
granules is estimated to be 20%. Details are given in the ESI
in Fig. S2.†
from the spray drying process is shown in subfigures (a–c). After heat
2 for the final calcination processes is received (subfigures (d–f)).

J. Mater. Chem. A, 2022, 10, 9010–9024 | 9013
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Fig. 2 Cross-sections of cathodes prepared with material A2 with
compositions of 80/10/10 wt% cycled against Li (a) and 90/3/3/4 wt%
cycled against graphite (b). The cathodes were compacted by using
a hydraulic press. The aluminum current collectors are visible at the
bottom part of the pictures.
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3.2. Mößbauer spectroscopy

The Fe Mößbauer spectrum of sample A2 is shown in Fig. S4.† It
consists of a doublet with isomer shi IS ¼ 0.34 mm s�1 and
quadrupole splitting QS ¼ 0.77 mm s�1. These values show that
exclusively trivalent Fe is present, in a high-spin state, on the
octahedral sites of the spinel structure.36 Very similar values
have been observed for LiNi0.5Mn1.5O4 samples doped with 0.2–
0.4 Fe.37,38
3.3. Raman spectroscopy

LNMO crystallizes as an ordered or disordered phase in the
space groups P4332 or Fd�3m,4,10 or in partially ordered
stages.5,18,39 Raman spectroscopy is a comparatively simple and
sensitive method to determine the structure variation at atomic
levels and the short range environment of transition metal
cations in LNMO spinels40 and therefore to determine the
predominant space group symmetry of LNMO samples. For
undoped LNMO samples it is widely accepted that a certain
extent of disorder is benecial for electrochemical properties
such as rate capability and cyclability.13,41 The Raman spectra
collected for samples SC460–SC940 and FC460–FC940 are
shown in Fig. 3. In addition, the Raman spectra of sample A2
9014 | J. Mater. Chem. A, 2022, 10, 9010–9024
and of an undoped, ordered LNMO spinel (LNMO700) are also
included. The latter material was prepared by the same spray
drying technique with a nal calcination of 12 h at 700 �C. All
spectra were recorded with the identical measurement
parameters.

The spectrum of LNMO700 matches that reported for highly
ordered spinel phases (space group P4332), while the spectra of
the fast cooled LNMFTO samples calcined at temperatures of
700 �C and above (FC700–940) perfectly match the expectation
for vastly disordered spinel samples (space group Fd�3m).42 The
spectra of the pristine material A2 and LNMFTO samples
calcined at temperatures between 460 �C and 660 �C show
properties of both ordered and disordered phases: T2g and Eg

modes at 160 cm�1 and 410 cm�1 exhibit higher intensities and
A1g modes of Mn4+ and Ni2+ at 590 cm�1 and 610 cm�1 can be
distinguished, which indicates the formation of partial cation
order on a local scale (Raman mode assignment according to
ref. 40). Compared to the ordered LNMO, LNMFTO Raman
modes are generally broadened and exhibit signicantly lower
intensities. This indicates that long-range order of the main
transition elements manganese and nickel is effectively sup-
pressed by the doping elements iron and titanium. The Raman
spectra for the fast and slowly cooled LNMFTO samples are very
similar for each temperature. This is an indication, that the
formation of cation order is a rather slow process. The Raman
spectra of all samples calcined between 460 �C and 540 �C
hardly deviate from the spectrum of the pristine material A2,
which suggests that there is almost no change in cation order at
temperatures up to 540 �C. In contrast, the spectra of the
samples calcined at higher temperatures between 580 �C and
660 �C show increasing intensities and more pronounced
modes, which are supposed to result from an increase in cation
order in that temperature range. The highest degree of cation
order deduced from the spectra of FC660 and SC660 results
from a total of 42 h at 600 �C and 660 �C. For temperatures
higher than 700 �C up to 940 �C, Raman modes are rather weak,
indicating a loss of prior cation order. The T2g mode at 160 cm�1

and A1g modes (Ni2+, Mn3+) at 640 cm�1 are slightly more
pronounced for the slowly cooled samples, indicating only
a gradual increase in cation order during the slow cooling
process.
3.4. Powder X-ray diffraction

The PXRD diffraction pattern of the starting material A2
together with the corresponding Rietveld renement results are
shown in Fig. 4. The other 26 patterns and renement results of
the FC and SC series can be found in Fig. S6 and Table S3.† A
graphical representation of the Rietveld renement results is
shown in Fig. 5a and b. The LNMFTO phases were rened using
a structure model of a fully disordered spinel based on the
MgAl2O4 structure-type (space group Fd�3m), with Ni, Mn, Fe,
and Ti statistically occupying the Wyckoff site 16c. Superstruc-
ture reections that theoretically arise from cation ordering and
lead to a space group symmetry reduction to P4332, are not
visible in any of the patterns. A single isotropic displacement
parameter was used for all Wyckoff sites. Renement of the site
This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Raman spectra of fast cooled (a) and slowly cooled LNMFTO samples (b). For comparison, spectra of the pristine material A2 and an
ordered LNMO sample (Tcalc. ¼ 700 �C, 12 h) are also shown in yellow and magenta. All spectra were acquired with identical measurement
parameters.
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occupation factor (s.o.f.) of oxygen (32e) yielded values of
0.980(4) to 0.988(4), corresponding to 3.92(2) to 3.95(2) oxygen
anions per formula unit. The individual values are shown in
Fig. 8c and listed in Table S3.† The X-ray diffraction patterns do
not show any increase in the intensities of the 220 and 422
reections at 2q z 14� and 30.5�, respectively (cf. Fig. 4a and
S6†), which indicates that the 8aWyckoff site (tetrahedral voids)
is occupied by lithium exclusively.26,27,29,43

While the lattice parameters of LNMFTO spinel could be
rened very accurately, the phase fraction of the secondary
phase, mostly referred to as the rocksalt phase in the literature,
is rather difficult to determine reliably. As highlighted in
Fig. 4b–d, major reections of both phases overlap, which
makes it difficult to rene prole parameters independently.
Furthermore, the composition of the secondary phase is not
known exactly, resulting in the problem that the phase fractions
of the main and secondary phases are highly correlated to the
Li/Ni ratio of the secondary phase. Moreover, this secondary
Fig. 4 (a) Rietveld refinement of the starting material A2 with the individu
visualization purposes, the contributions of the individual phases were se
in black and green. The enlarged 2q ranges in subfigures (b–d) show
secondary phases. Double reflections result from Mo-Ka1,2 splitting. The

This journal is © The Royal Society of Chemistry 2022
phase is mostly described as, e.g. LixNi1�xO,44 (LixMn0.66-
Ni0.34)yO 4 or (Li0.33Mn0.5Ni0.167)xO 11 (space group Fm�3m, a z
415 pm). However, upon a closer inspection of the diffraction
patterns additional reections at 2q z 8.5� are found, which
ought to be extinct for a cubic phase. In accordance with the
elemental distribution found in SEM-EDX analysis (cf. Fig. S5†),
the secondary phase was rened as LixNi1�xO by applying
a model of the a-NaFeO2 structure type (space group R�3m, a z
293 pm, c z 1440 pm, and x ¼ 0.33). The corresponding
compounds with suitable lattice parameters have been
described for Li-rich LixNi1�xO samples (x > 0.28)45 and iron
containing oxides such as. Li0.45(Ni0.40 Fe0.1)1.14O,46,47 both of
which seem plausible on the basis of the high iron content of
LNMFTO.

The lattice parameters of LNMFTO in the FC and SC series
range from 818.22 pm to 819.64 pm. The minimum is found for
sample SC660 (Tcalc. ¼ 660 �C) and the maximum for FC940
(Tcalc. ¼ 940 �C). Renement of samples calcined at 460 �C up to
al contributions of the LNMFTO (blue) and LixNi1�xO phase (green). For
t off vertically. Reflection indices of LNMFTO and LixNi1�xO are labelled
the reflection overlap and individual contributions of the main and

square root of the intensity was chosen to emphasize weak reflections.

J. Mater. Chem. A, 2022, 10, 9010–9024 | 9015
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Fig. 5 Results of the Rietveld refinement (a and b) in comparison to the results of cell tests (c and d). Discharge capacities correspond to the 3rd

cycle (1C). An error of 1 mA h g�1 is assumed due to coin cell making and measurement. The discharge capacity axis is inverted to highlight the
correlation with the lattice parameter. The data acquisition for subfigure (d) is described in Fig. S7.† Dashed lines are a guide for the eye.
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620 �C generally yields smaller lattice parameters compared to
the starting material A2 (a ¼ 818.58(2) pm), indicating that the
remaining Mn(III) ions of the starting material A2 are further
oxidized to Mn(IV) during these thermal treatments.

Fig. 5a shows that calcination at temperatures of 580 �C and
above, followed by a fast cooling rate, leads to an increase in the
lattice parameters (samples FC580 to FC940), which is
commonly attributed to the loss of oxygen and reduction of
Mn4+ to Mn3+ (ionic radii: MnIV: 53 pm; MnIII: 64.5 pm (ref. 16)).
The corresponding slowly cooled samples SC580 to SC940
undoubtedly show very similar lattice parameters at the end of
the high temperature stage in the calcination process. However,
the slow cooling rate within the temperature range of 650 to
450 �C (10 K h�1) allows for the reversal of the lattice parameter
extension by a large extent due to the re-oxidation of Mn3+ to
Mn4+. This redox activity is conrmed by the evaluation of the
voltage proles (shown in the section Electrochemistry).

The samples calcined at 460 and 500 �C show slightly
increased lattice parameters compared to those calcined at
540 �C, which is presumably for kinetic reasons: the oxidation
of the remaining Mn(III) ions might be slow at these low calci-
nation temperatures and, as a consequence, thermodynamic
equilibrium cannot be reached within the calcination time. The
fast cooled samples reveal a minimum of the lattice parameter
at 540 �C (FC540, a ¼ 818.23(3) pm), which is within the error
range of the absolute minimum of SC660 (a ¼ 818.22(2) pm).
The increased lattice parameters of the samples FC580 and
FC620 suggest that the onset of secondary phase formation,
9016 | J. Mater. Chem. A, 2022, 10, 9010–9024
linked to oxygen release and reduction of Mn(IV), should be
found within this temperature range between 540 �C and
580 �C. In contrast, oxygen release for undoped LNMO has been
reported to start from 620 �C to 650 �C 11 or 690 �C.5

The phase fractions of the secondary phase were rened
from 4.2 wt% (SC700) to 11.0 wt% (FC940). For the starting
material, a secondary phase fraction of 6.9 wt% was found.
However, it is possible that newly formed domains of the
secondary phase are amorphous or nanocrystalline and there-
fore cannot be recognized in the diffraction patterns. Thus, the
real phase fractions can vary somewhat. Some basic ndings
can nevertheless be pointed out. Firstly, it is difficult to obtain
a Fe–Ti doped LNMO-material with phase fractions of the
secondary phase below 4 wt%, when calcining under the
ambient atmosphere. Secondly, when calcining at 700 �C and
above, the formation of an additional secondary phase is
accelerated drastically. Finally, from Fig. 5b it becomes obvious
that the secondary phase newly formed in the temperature
range of 700 �C to 940 �C almost fully, and thus quickly,
transforms back to LNMFTO during cooling with a slow cooling
rate.
3.5. Electrochemistry

The results of the battery testing for the pristine material A2,
and the materials FC460 to FC940 and SC460 to SC940 are
depicted in Fig. 6. The discharge capacities of the third cycle
(aer formation; hereaer referred to as “starting capacity”) and
the contributions of the Mn3+/4+ redox couple to the total
This journal is © The Royal Society of Chemistry 2022
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Fig. 6 Electrochemical characterization of the LNMFTOmaterials with fast cooled samples on the left (a, c and e) and slowly cooled samples on
the right (b, d and f). The starting material A2 is plotted in yellow and highlighted by a dotted line in (c–f). Subfigures (a) and (b) show the specific
discharge capacity during the first 100 cycles. The capacity vs. voltage profiles of the second cycle are shown in (c) and (d). The corresponding
dQ/dU-profiles are depicted in (e) and (f). Samples colored black to orange indicate partial cation-order according to Raman spectroscopy, while
samples colored light green to dark blue are vastly disordered.
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capacity are shown separately in Fig. 5c and d. The latter were
derived from the voltage proles shown in Fig. 6c and d. The
pristine material A2 has a starting capacity of 128.0 mA h g�1.
All slowly cooled materials and the fast cooled materials
This journal is © The Royal Society of Chemistry 2022
calcined between 460 �C and 660 �C show comparable capac-
ities of 127.7 mA h g�1 to 124.5 mA h g�1. A substantial decrease
in the starting capacities is only observed for the fast cooled
samples calcined between 700 �C and 940 �C (121.3 to
J. Mater. Chem. A, 2022, 10, 9010–9024 | 9017
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114.7 mA h g�1). Fig. 6a and b also show that the discharge
capacities for 1C and 2C hardly deviate from those observed at
0.5C and even at 5C and 10C LNMFTO shows excellent rate
stability with capacities larger than 105 mA h g�1 and
90mA h g�1, respectively. Aer the formation cycles and the rate
test, all samples show very similar cycling stabilities. Compared
to the 30th cycle, capacity retentions of 98.1% to 98.7% are
observed during the following 70 cycles, regardless of cation
order and phase composition.

The voltage vs. capacity proles of the charge and discharge
processes of the second cycles are depicted in Fig. 6c and d. In
previous studies of a Ti–Fe doped LNMO with a very similar
composition,30 the three redox plateaus were assigned to three
different redox couples: Mn3+/Mn4+ at around 4.1 V, Ni2+/Ni3+ at
around 4.7 V and Ni3+/Ni4+ at 4.75 V. In full agreement with the
Raman spectra and literature,9,22 the gap between the two Ni-
redox plateaus decreases when the cation order increases. The
Ni2+/Ni3+ redox plateau is situated at �4.68 V for the fully
disordered, and �4.71 V for the partially ordered structure. The
voltage vs. capacity proles of the slowly cooled samples are very
similar. The differences between the vastly disordered (colors
green to blue) and partially ordered samples (colors black to
orange) are hardly noticeable. The nickel related redox activity
dominates the charging and discharging processes and almost
exclusively contributes to the total capacity; a minor contribu-
tion is related to the Mn3+/4+ redox couple (step at 4.1 V). Devi-
ating proles are found for the fast cooled samples calcined at
660 �C and above, as a gradual increase of the Mn3+/Mn4+ step is
observed, while the Ni2+/Ni4+-step is less pronounced and the
overall capacity diminishes. From the proles the relative
content of redox active Mn3+/4+ can be derived.19 A corre-
sponding evaluation of the discharge curves is shown in Fig. S7†
and yields contents of 2.4 to 5.5% of electrochemically active
Mn3+/4+ in the slowly cooled samples and 2.3 to 16.1% for the
fast cooled samples. The results for the individual samples are
shown in Fig. 5d and Table S4.†

The dQ/dU proles of the second cycle in the voltage region
between 4.5 V and 4.9 V are shown in Fig. 6e and f. Slowly cooled
samples generally show sharper peak proles. In good agree-
ment with the results of Raman spectroscopy, they allow for
a clear distinction between the partially ordered and the fully
disordered samples.9 The latter exhibit a larger separation of the
maxima and the lower level of the Ni2+/Ni3+ redox couple is
situated at a slightly lower potential. The cation order is
essentially the same for the starting material A2 and all samples
calcined between 460 �C and 540 �C. From 580 �C, the cation
order increases with increasing calcination temperature up to
660 �C. Higher calcination conditions at 700 �C and above
nally lead to a loss of cation order and the dQ/dU proles of
these samples are nearly indistinguishable.

The result of the cell test with the highly loaded cathode
(material A2, 1.65 mA h cm�2) cycled against a graphite anode is
shown in Fig. 7. A cross section of the cathode is shown in
Fig. 2b. Compared to the cell with the same active material
cycled against lithium, the discharge capacity of the second
cycle (0.1C) is reduced by 8.4 mA h g�1 to 120.4 mA h g�1

indicating some irreversible Li loss during the solid electrolyte
9018 | J. Mater. Chem. A, 2022, 10, 9010–9024
interface formation. Nevertheless, in the full cell, the rate
dependent capacities up to 5C are hardly reduced compared to
the rst 10 cycles at 0.5C. Only when the discharge capacities
are increased to 10C, a signicant reduction of the cell capacity
to approximately 73 mA h g�1 was observed, which, however
might also be an effect of the graphite anode. Aer the rate test,
a capacity of 113.0 mA h g�1 was measured in the 30th cycle for
charge/discharge rates of 0.5/0.5C. Aer 500 more cycles,
a discharge capacity of 100.6 mA h g�1 was observed, corre-
sponding to a capacity retention of 89.0%.

4. Discussion
4.1. Morphology and composition

The SEM images of the active materials and BET examinations
of the specic surface show that the fast and slowly cooled
samples FC460 to FC940 and SC460 to SC940 have very similar
morphological properties, which was the stated goal of the
calcination programs yielding these samples (cf. Table S1 and
Fig. S3†). Consequently, particle morphology and specic
surface area are very unlikely to have a signicant impact on the
electrochemical properties of the materials and can be neglec-
ted in the following discussion. As conrmed by the cross
section of a compressed electrode, the granules are mechan-
ically stable, which makes them suitable for industrial pro-
cessing (i.e. calendaring). In addition, Li-diffusion pathways
remain rather short due to internal porosities of about 20% (cf.
Fig. 2 and S2†). For the applied spray-drying technique,
previous studies on Fe–Ti-doped LNMO spinels showed excel-
lent consistency between the starting materials and the
composition of the nal synthesized materials.29,30 Likewise, in
the present study, the experimental results for most samples are
in very good agreement with the theoretical composition of
LiNi0.5Mn1.37Fe0.1Ti0.03O3.95; signicant deviations presumably
occur in the samples quenched at high temperatures (FC700 to
FC940). Thus, for a good understanding of the electrochemical
properties, it is necessary to have a detailed discussion of the
compositions and the crystal structure.

The preferential occupation of the octahedral positions for
titanium was reported previously in ref. 25 and is conrmed by
the Rietveld renements. Due to the higher ionic radii of Ti(IV)
compared to Mn(IV) (60.5 pm vs. 53 pm (ref. 16)) an expansion of
the unit cell is expected. In a study on LiNi0.5Mn1.5�xTixO4 (0 < x
< 1) this expansion was found to obey Vegard's rule25 and
accordingly, for LNMFTO, with 0.03 titanium ions per formula
unit (f.u.) a Ti-related lattice parameter increase of 0.38 pm is
expected. The total increase in the lattice parameter of LNMFTO
however, sums up to about 1.8 pm compared to undoped
LNMO, where a ¼ 816.4 pm and 816.5 pm are found for
calcining temperatures of 500 �C and 600 �C, respectively.4

Thusmajor parts of the increase in a have to be attributed to the
iron doping. In a further study, lattice parameters of 818.56 pm
and 816.93 pm were reported for LiNi0.42Mn1.5Fe0.08O4 and
LiNi0.5Mn1.5O4 annealed at 700 �C,43 resulting in a Fe(III) related
lattice parameter increase of 1.63 pm. For LNMFTO, Mößbauer
spectroscopy proves that iron is present in a d5-high-spin state,
and that Fe(III) ions occupy octahedral positions exclusively. The
This journal is © The Royal Society of Chemistry 2022
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Fig. 7 Specific capacity vs. cycle number for material A2 cycled against graphite.
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corresponding Shannon radii (64.5 pm (ref. 16)) are notably
enlarged compared to those of Mn(IV), and thus, our ndings
are in good agreement with these previous studies and the
lattice parameter increase conrms the Fe–Ti doping.

However, for the substitution of Mn(IV) by Fe(III), charge
balance needs to be maintained in LNMFTO. Following the
concept of oxygen nonstoichiometry, i.e. the underoccupation
of the oxygen position in the O2�-f.c.c. sublattice, one oxygen
vacancy is expected per two Fe(III) ions. Thus, for 0.1 Fe(III)
cations per formula unit 3.95 instead of 4 oxygen anions should
be present for the oxidized and lithiated states, leading to the
initially mentioned formula LiNi0.5Mn1.37Fe0.1Ti0.03O3.95. The
slightly reduced oxygen content is in good agreement with the
results of the Rietveld renement, where in average 3.94(3)
oxygen anions per f.u. are found. Fe(III) charge balancing
mechanisms without oxygen vacancies are hardly conceivable
due to inconsistencies with the other experimental results:
higher nickel oxidation states do not match the electrochemical
investigations, and higher oxidation states of manganese or an
excess of lithium would lead to noticeable changes in the crystal
structure.

4.2. Cation order and Mn(III) content

From the comparison with Raman spectra of ordered LNMO,
and in accordance with the Raman results of previous studies28

it is evident that Ti–Fe doping effectively suppresses the
formation of well-ordered crystal domains and all LNMFTO
samples investigated herein can be considered completely or
predominantly disordered. Raman spectra are in perfect
agreement with the ndings from the dQ/dU plots. It becomes
obvious, that for LNMFTO, the formation of (partial) cation
order, is a slow process that lasts days rather than hours.
Furthermore, it is limited to a rather small temperature range,
as only samples calcined at 580 �C, 620 �C and 660 �C show
increasing cation order. The rather quick transition from
(partially) ordered to the fully disordered state is found within
the temperature range of 660 �C to 700 �C, which is reduced
compared to undoped LNMO. For the latter, a predominantly
ordered state is found at 700 �C and the transition to the fully
disordered state was reported at about 730 �C.5,18 Apart from the
fact that the Ni2+/Ni3+ redox plateau is situated at a slightly
lower potential of about 4.68 V vs. 4.71 V (vs. Li/Li+) for the
partially ordered materials, there is no evidence that cation
order is relevant regarding electrochemical properties such as
capacity, charge and the discharge mechanism or degradation
of this active material. In fact, the very similar cell degradation
This journal is © The Royal Society of Chemistry 2022
is a strong argument that particle shape and specic surface –

which hardly deviate for the samples investigated herein – are
more important factors for cell ageing, at least when cycling
against lithium.

According to the expansion of the unit cell in the fast cooled
series, elevated ratios of Mn(III) are observed from 580 �C on and
steadily increase until 940 �C. The X-ray diffraction patterns also
prove that high Mn(III) ratios formed during high temperature
treatment and preserved in the fast cooled samples are almost
fully compensated during slow cooling in the temperature range
of 650 �C to 350 �C (10 K h�1) (cf. Fig. 5c). This unambiguously
shows that the formation and compensation of Mn(III)-ions (and
the oxygen defects assigned) are much faster processes than the
formation of (partial) cation order. Concerning the general
discussion on LNMO materials, this also points out that the
cooling rate can play a much more important role for the Mn(IV)/
Mn(III) ratio than the calcination temperature.

From Fig. 5b it becomes evident, that the fast cooled samples
calcined at 660 �C and below show reduced side phase fractions
compared to the starting material A2, while all FC samples
calcined at 700 �C and above show increased ratios. In the small
temperature range of 660 �C to 700 �C the onset of accelerated
secondary phase formation thus coincides with the loss of
(partial) cation order discussed before. It is quite plausible that
an increase in cation mobility within the spinel structure, or
more precisely, between the tetrahedral and octahedral voids, is
a prerequisite for both the loss of cation order and formation of
the secondary phase.

Comparison of the Rietveld renements and the cell tests
shows a close correlation between the lattice parameter of
LNMFTO and its discharge capacity (Fig. 8a). The lattice
parameter thus can provide information on the success or
failure of a calcination program and can be used as a proxy
variable for the capacity at a very early stage of the battery
manufacturing process. Presumably as a side effect of the Fe–Ti
doping, the secondary phase observed in this study most likely
has trigonal symmetry and thus is not a “rocksalt” phase. The
actual composition could not be determined beyond any doubt
in the course of the work. However, the correlation between the
redox activity of Mn3+/4+ and the phase fraction of the side phase
shown in Fig. 8b supports the assumption that this phase is
rather Ni-rich. The SEM-EDX mapping shown in Fig. S5† also
indicates that the phase has a signicantly higher Ni-content,
while the amount of Mn is reduced compared to the main
phase. Based on the EDX images, it is furthermore conceivable
J. Mater. Chem. A, 2022, 10, 9010–9024 | 9019
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Fig. 8 Correlations between the discharge capacity and the lattice parameter (a) and between the redox activity of Mn3+/4+ and the
phase fraction of the Li1�xNixO-phase (b). Subfigure (c) shows the oxygen site occupancy factor (s.o.f.) and corresponding amount of oxygen
per formula unit obtained by the Rietveld refinement. The purple dots represent the theoretical value of 0.9875 for any composition
LiNi0.5�yMn1.37+yFe0.1Ti0.03O3.95 (charge balancingmechanism B), while the green line represents the expected values for oxygen defects forming
at 650 �C and above with compositions LiNi0.5Mn1.37Fe0.1Ti0.03O3.95�d (0.01 < d < 0.08).
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that the secondary phase contains iron, but it is very unlikely
that it is iron-rich in particular.

The amount of the secondary phase and the ratio of redox
active manganese increase signicantly between 660 �C and
700 �C. According to the proposed charge balancing mecha-
nisms, two explanations are conceivable: corresponding to the
mechanism A, for two Mn(III) ions, one additional oxygen defect
is expected, which leads to the formal composition
LiNiII0.5MnIV

1.37�2dMnIII
2dFe

III
0.1Ti

IV
0.03O

�II
3.95�d. According to the

discharge proles of the individual materials, 2% to 16% of the
overall capacity results from Mn3+/Mn4+ redox activity, corre-
sponding to the d values of 0.01 to 0.08 and overall composi-
tions of LiNi0.5Mn1.37Fe0.1Ti0.03O3.94 to
LiNi0.5Mn1.37Fe0.1Ti0.03O3.87. Such d values are in good agree-
ment with those discussed in the literature,11 however, they are
not reected in the site occupancy factors of oxygen rened
from the PXRD patterns (Fig. 8c). At least for the FC samples,
the oxygen content should roughly correspond to the green line,
which is obviously not the case. When assuming a rather Ni-rich
secondary phase, a Ni-depletion of the LNMFTO phase is ex-
pected. According to the balancing mechanism B suggested by
the Cabana group,4,9,17 a composition
LiNiII0.5�yMnIV

1.37�yMnIII
2yFe0.1Ti0.03O3.95 would result in y values of

0.01 to 0.08 for 2% to 16% Mn(III), corresponding to the
compositions LiNi0.49Mn1.38Fe0.1Ti0.03O3.95 to LiNi0.42Mn1.45-
Fe0.1Ti0.03O3.95, which is in good agreement with the s.o.f. of
oxygen and the correlation shown in Fig. 8b.

A decisive detail supporting the second hypothesis (Ni-
depletion, balancing mechanism B) is that in the voltage
proles of the Mn(III) rich samples FC700 to FC940 the redox
plateaus of Ni2+/Ni3+ are equally or less pronounced compared
9020 | J. Mater. Chem. A, 2022, 10, 9010–9024
to the Ni3+/Ni4+ plateaus (see Fig. 6c and S7†). The corre-
sponding redox contributions are listed in Table S4† and indi-
cate that all nickel present in the structures is oxidized to Ni(IV)
during charging. If, according to the balancing mechanism A,
oxygen vacancy formation was the reason for the presence of
Mn(III) in LNMFTO and, according to LiNi0.5Mn1.37Fe0.1Ti0.03-
O3.95�d, 0.5 Ni ions per formula unit were still available in the
materials, one would inevitably expect signicant amounts of
Ni(III) not to be fully oxidized to Ni(IV) during charging. Thus the
Ni3+/Ni4+ plateaus would have to be less pronounced in the
voltage proles, which is not the case.

This argument likewise applies to LNMO and is illustrated in
detail for a material with d ¼ 0.1 and the hypothetical compo-
sition LiNi0.5Mn1.5O3.9 (¼LiNiII0.5MnIV

1.3MnIII
0.2O3.9): During

charging, in the rst step, Mn(III) is oxidized to Mn(IV) coming
along with a loss of 0.2 lithium and leading to the composition
Li0.8Ni

II
0.5MnIV

1.5O3.9. Subsequently, at an increased potential,
Ni(II) is oxidized to Ni(III) and 0.5 lithium is extracted, yielding
Li0.3Ni

III
0.5MnIV

1.5O3.9. Finally, by extracting the remaining lithium,
only 60% of the Ni(III) is oxidized to Ni(IV) in the fully delithiated
state NiIV0.3Ni

III
0.2MnIV

1.5O3.9, and thus, the Ni3+/Ni4+ redox plateau
ought to be narrower, which to the best of our knowledge has
never been observed so far. When, in contrast, Ni-depletion
according to LiNiII0.4MnIV

1.4MnIII
0.2O4 is the reason for the occur-

rence of Mn(III) in LNMO, redox activity is expected to be split
into 20%, 40% and 40% for Mn2+/Mn3+, Ni2+/Ni3+ and Ni3+/Ni4+.

Finally our results show that both concepts A (oxygen defects)
and B (transitionmetal off-stoichiometry) are necessary to explain
particular experimental ndings of LNMFTO. Iron doping cannot
be explained without oxygen defects, while, the properties of the
fast cooled samples calcined at temperatures of 700 �C and above
This journal is © The Royal Society of Chemistry 2022
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have to result from variations of the Ni/Mn ratio. Hence, we
consider that both have their areas of validity, do not exclude each
other and can coexist in LNMO-materials. With 0.01 ( y ( 0.03
for LiNi0.5�yMn1.37+yFe0.1Ti0.03O3.95, A2, all slow cooled samples
and the fast cooled samples calcined up to 660 �C are close to the
ideal LNMFTO composition (y ¼ 0). For FC700 to FC940, y was
calculated to be 0.05–0.08. The values for the individual samples
are found in Table S4.† Some minor observations cannot be
reconciled with the aforementioned concepts and the previous
assumptions on the electrochemical and crystallographic prop-
erties of LNMFTO: according to the slightly increasing lattice
parameter of the fast cooled samples FC540 to FC660, increasing
contents ofMn(III) are expected in the temperature range between
540 �C and 620 �C, while the corresponding voltage proles in
contrast suggest a decline of Mn(III) in the same samples. The
divergence is rather small but as we do not suspect a measure-
ment error, this might indicate that additional peculiarities have
to be taken into account to fully understand LNMFTO. However,
unless better data is available, no solid conclusions can be drawn
on this specic point.
4.3. Electrochemistry

According to the common notions of LNMO degradation
mechanisms, Mn(III) dissolution is a crucial factor for cell ageing
and capacity fade, especially when cycled against graphite.2,48

Therefore, the Mn(III) content was minimized in the starting
material A2. When cycled against lithium, all LNMFTOmaterials
show very similar degradation behavior and no systematic
trends are discernible. Thus, we conclude that morphological
properties and cell preparation are the most signicant param-
eters regarding cell degradation when cycled vs. lithium. Devi-
ations in the composition and crystal structure play only a minor
role. Based on the composition LiNi0.5Mn1.37Fe0.1Ti0.03O3.95, the
specic capacity for LNMFTO is 147.4 mA h g�1 which is very
close to the theoretical capacity of LNMO (146.7 mA h g�1).
However, in the cell tests, capacities of only 131 mA h g�1 were
found when charging and discharging at 0.1C. This, on one
hand, is slightly increased compared to previous results for
LNMFTO,29 but on the other hand is still signicantly reduced
compared to undoped LNMO materials, where capacities above
140 mA h g�1 are reached.49 This capacity reduction is mainly
due to rather large primary particles and the high amount of the
secondary phase. It was not possible to minimize the phase
fraction below 4 wt% which should be a goal for further opti-
mization of the synthesis procedure. However, the decisive
advantages of LNMFTO are good rate capability, excellent cycle
stabilities and transferability to full cells. The results of our
preliminary test, in which the starting material A2 was cycled
against a graphite anode, are to the best of our knowledge
superior to all previous results for LNMO/graphite cells that are
vaguely heading towards industrial relevance (a detailed
discussion and literature review on LNMO full cells is found in
ref. 49). As shown in Fig. 7, for a thick LNMFTO cathode (11.6mg
cm�2) cycled against graphite, a capacity of over 105 mA h g�1 at
discharge rates of 5C and capacity retention of >89% over 500
cycles are obtained.
This journal is © The Royal Society of Chemistry 2022
4.4. Calcination

For LNMO, it is reported that the onset of oxygen release and the
order–disorder transition temperature depend on oxygen
partial pressure,5,15 and thus for LNMFTO these transition
temperatures can most likely be modied by calcining in more
oxygen-rich environments. The LNMFTO calcination experi-
ments show that desired morphological properties, such as
crystal size and shape as well as granule porosity can be
adjusted in the rst step by appropriate calcination tempera-
tures and dwell times. Aerwards, chemical and crystallo-
graphic properties such as the cation order and Mn(III) content
(with the related transition-metal off-stoichiometry) can be
modied independently from each other and independently
from the morphological properties at rather low calcination
temperatures below 700 �C. To minimize unwanted secondary
phase fractions and to oxidize Mn(III) to Mn(IV), slow cooling
rates or dwell times at temperatures lower than 660 �C are
advisable. If the formation of cation order is undesired,
temperatures of 460 �C to 540 �C can be chosen. If (partial)
cation order is already present in a given sample, a short
increase in the temperature up to 700 �C should suffice to yield
a mainly disordered crystal structure. Taking into account the
deviating transition temperatures from the ordered to the
disordered state and the deviating onset of Mn(III) formation (or
oxygen release, respectively), we assume that our two step
calcination approach is transferable to undoped LNMO.
5. Conclusion

A high-voltage LNMO spinel with Fe–Ti doping (LNMFTO) was
synthesized in a two-step spray drying approach. The basic idea
for materials design to minimize cathode related cell degrada-
tion was to minimize the specic surface while separately
maintaining sufficient porosity to facilitate lithium diffusion.
Therefore, a starting material (A2) with a specic surface of
�0.7 m2 g�1, primary particle size of 0.5 mm to 3 mm and an
inner pore volume of 20% was prepared by calcining at 900 �C
for 20 h. In order to restore the capacity losses related to the
formation of the secondary phase and to reduce the Mn(III)
content, a 20 h dwell time at 600 �C was added. Subsequently,
for a detailed understanding of the inuence of thermal treat-
ment on the crystal structure and electrochemical performance,
additional thermal treatments at 460 �C to 940 �C in steps of
40 �C, combined with fast and slow cooling rates were applied.
Dwell times were selected in a way that allowed the crystal
structure and chemical composition to change, while the
aforementioned morphological properties remained essentially
the same.

In a combined investigation by means of PXRD, Raman
spectroscopy and cell tests, the correlations between crystallo-
graphic and electrochemical properties were examined and
discussed in detail. LNMFTO has an ideal composition of
LiNiII0.5MnIV

1.37Fe
III
0.1Ti

IV
0.03O3.95. The doping elements are electro-

chemically inactive within the voltage window of 3.5 to 5 V and
suppress the formation of large scale cation order. Instead,
partially ordered or fully disordered states were found, which
J. Mater. Chem. A, 2022, 10, 9010–9024 | 9021

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ta00299j


Journal of Materials Chemistry A Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
M

ar
ch

 2
02

2.
 D

ow
nl

oa
de

d 
on

 1
2/

4/
20

25
 8

:5
0:

05
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
hardly affect the electrochemical properties. It is clearly
conrmed that (partial) cation order and the reduction of Mn(IV)
to Mn(III) associated with the loss of oxygen are independent
phenomena emerging and vanishing at different temperature
and time scales. Our ndings suggest that the onset of
secondary phase formation coincides with the loss of partial
cation order and thus suggest that these phenomena might be
related.

At high temperatures, the formation of a trigonal secondary
phase is observed accompanied by a loss of nickel in the active
material, leading to increased Mn3+/Mn4+ redox activity and
capacity loss which are reversible to a large extent due to slow
cooling. Experimental ndings clearly contradict the formation
of oxygen defects in the spinel phase during high temperature
treatment. Slowly cooled samples exhibit the highest capacity
and energy density, and redox activity is almost exclusively
attributed to Ni2+/Ni4+ (4.7 V vs. Li/Li+). Thus, these materials
are best suited for application in full cells. A preliminary test
shows that LNMFTO is a competitive material for high-power
and high-energy applications, as capacity fade is reduced
compared to all previously reported LNMO materials with high
areal capacity.
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