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Abstract
Layered Li-rich oxides, demonstrating both cationic and anionic redox chemistry being used as

positive electrodes for Li-ion batteries, have raised interest due to their high specific discharge
capacities exceeding 250 mAh/g. However, irreversible structural transformations triggered by
anionic redox chemistry result in pronounced voltage fade (i.e. lowering the specific energy by
a gradual decay of discharge potential) upon extended galvanostatic cycling. Activating or
suppressing oxygen anionic redox through structural stabilization induced by redox-inactive
cation substitution is a well-known strategy. However, less emphasis has been put on the
correlation between substitution degree and the activation/suppression of the anionic redox. In
this work, Ti**-substituted LizMnQO3s was synthesized via a facile solution-gel method. Ti*" is
selected as a dopant as it contains no partially filled d-orbitals. Our study revealed that the
layered “honeycomb-ordered” C2/m structure is preserved when increasing the Ti content to
x=0.2 in the LizMn1xTixOs solid solution, as shown by electron diffraction and aberration-
corrected scanning transmission electron microscopy. Galvanostatic cycling hints at a delayed
oxygen release, due to an improved reversibility of the anionic redox, during the first 10 charge-
discharge cycles for the x=0.2 composition as compared to the parent material (x=0), followed
by pronounced oxygen redox activity afterwards. The latter originates from a low activation
energy barrier towards O-O dimer formation and Mn migration in LioMnogTio2O3, as deduced
from first-principles molecular dynamics (MD) simulations for the “charged” state. Upon
lowering the Ti substitution to x=0.05, the structural stability was drastically improved based
on our MD analysis, stressing the importance of carefully optimizing the substitution degree to
achieve the best electrochemical performance.

Keywords: Lithium-ion batteries, LioMnOz positive electrode material, Transition metal
substitution, Anionic redox chemistry, Delayed oxygen release

Introduction
Layered Li-rich oxide positive electrode (cathode) materials for Li-ion batteries, showing both

cationic and anionic redox chemistry, have drawn interest due to their high specific discharge
capacities exceeding 250 mAh/g when the upper potential is above 4.5 V vs. Li*/Li. This
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capacity is significantly higher than the practical discharge capacity of about 145 mAh/g of the
current commercially widely employed LiCoO2.! Those layered Li-rich oxides are composed
of alternating lithium and transition metal layers, in which part of the transition metal cations
have been replaced by lithium. A characteristic of Li-rich oxides is the presence of localized
oxygen non-bonding states. Those localized pseudo non-bonding O 2p states can be attributed
to the absence of o-type overlap with the transition metal 3d orbitals and mostly ionic Li-O
bonding due to only a small overlap of O 2p and Li 2s orbitals. Upon oxidation of oxygen,
electrons are most likely to be removed from this O 2p(NB) non-bonding states after the (M-
0)" (M = transition metal) antibonding band is emptied, as the O 2p(NB) band is located above
the M-O bonding band. This results in higher structural stabilization as compared to oxides
where the additional electrons, after emptying the (M-O)" antibonding bands, can exclusively
come from the M-O bonding bands.?® The contribution of these O 2p(NB) states explains the
higher reversible capacities for Li-rich oxides.*

A well-investigated class of layered Li-rich oxides showing anionic redox chemistry comprises
the lithium-rich/manganese-rich lithium nickel manganese cobalt oxides (LMR-NMC,
XLizMnOs-(1-X)LiMO2 (M = Mn, Ni, C0)).>%7 In the crystal structure of the end-member
Li2MnOs, lithium replaces 33% of manganese in the transition metal layer resulting in a mixed
Li-Mn layer with honeycomb-like ordering, hereafter denoted as the LM layer.®%° Therefore,
Li2MnOs is often represented as Li(LiwsMn23)O2. Manganese is exclusively present in a 4+
oxidation state in pristine LizMnQOs. As the Mn®*/Mn** redox couple is positioned below the top
of the M-O bonding band having essentially O 2p character, oxygen should be oxidized first,
turning Mn** to be electrochemically inactive in Liz2MnOs. Despite this, Li,MnO3z demonstrates
prominent electrochemical activity upon galvanostatic cycling when charged to potentials
above about 4.5 V vs. Li*/Li. This unusual redox activity of LioMnQ3 has been attributed to the
contribution of anionic redox chemistry of the oxygen sublattice. This causes an irreversible
structural transformation from the initial layered structure to a spinel-like motif and eventually
a disordered rock salt-type structure. As a result, a deterioration of the electrochemical
performance (i.e. resulting in voltage fade and capacity fade) takes place.®%*? Structural
transformations, caused by irreversible anionic redox chemistry, result in pronounced voltage
fade (i.e. lowering the specific energy by a gradual decay of discharge potential) upon extended
galvanostatic cycling that is commonly observed for 3d metal-based Li-rich oxides.

Several authors probed the origin of the anionic redox chemistry in LizMnQ3,1391014.1516
Despite the exact mechanisms behind anionic redox chemistry in layered Li-rich oxide
materials for Li-ion batteries is still debatable, theoretical calculations indicate that the amount
of holes created in the O 2p(NB) band during electron removal is strongly correlated with the
relative energy level of the O 2p non-bonding states. The relative energy of the localized non-
bonding oxygen states is mainly influenced by the electrostatic field induced by their local ionic
environment.!’” The electrostatic field is impacted by the charge distribution in the crystal, or in
other words by the M-O bond covalency, which is different for 3d, 4d and 5d transition
metals.1?1" The lower Madelung potential caused by lower charges of cations in the direct
vicinity of an oxygen anion will result in a higher energy of the ligand (oxygen) bands.” As the
octet rule is not fulfilled anymore, oxygen anions after the removal of electrons from their O
2p non-bonding states are very unstable. By recombining those unstable oxygen anions, (O-
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O)™ (peroxide-like (0%™) and superoxide-like (03)) dimer species are formed.!” Those species
are characterized by a short O-O distance. In this process, the electron desaturated O 2p bands
of those unstable oxygen anions are separated in distinct o, , =" and ¢” bands. The calculated
O-0 bond shortening together with the Mn-O bond elongation at sufficiently high charging
potentials hints at partial de-coordination of O-O dimers. The stabilization of the created 05~
species is weak due to a lack of Mn-O covalency, leading to oxygen release!® and reduction of
Mn** to Mn®*" during the subsequent discharge. The O, — T}, migration of Mn* at V>4.1 V vs.
Li*/Li, experimentally observed by neutron powder diffraction, can be associated with the Jahn-
Teller instability of octahedrally coordinated Mn®* cations possessing a d* high spin electron
configuration.® In subsequent charge-discharge cycles, Mn3* is able to contribute to the capacity
because of the activated Mn®*/Mn** redox couple.

Having a closer look at the O-O dimer formation, by means of a theoretical framework, Seo et
al.’® showed that rotation to hybridize oxidized Li-O-Li states of two adjacent oxidized
oxygens, required to form (O2)"-like species, is facilitated when the M-O bonds of those
oxygens are less directional (i.e. M does not contain partially filled d orbitals). To our
knowledge, it is not revealed yet if partial replacement of Mn** by an isovalent 3d transition
metal cation containing no partially filled d orbitals would effectively favour O-O dimer
formation and if this would result in a lower/higher extent of oxygen loss or not. In order to
provide a detailed answer to the question, in this work we assessed anionic redox chemistry for
Ti**-substituted Li,MnO3 by a combined experimental and theoretical approach. Ti** has been
selected to substitute Mn** due to the absence of partially filled 3d orbitals and an ionic radius
close to Mn** (i.e. facile to form a solid solution).?

Experimental
Synthesis procedure

Li>Mn1.xTixO3 was prepared via an aqueous solution-gel method. Dissolving respectively Li
citrate hydrate (LisCsHsO7-xH20, Sigma Aldrich, 97%) and Mn(ll) nitrate hydrate
(Mn(NO3)2:xH20, Sigma Aldrich, 98%) in Milli-Q water resulted in Li citrate and Mn(NO3)2
precursors. An aqueous Ti*" precursor solution was prepared by adjusting the protocol
described by Hardy et al.?X An amount of 6 mL of Ti(IV) isopropoxide (Ti[OCH(CHj3),].4,
Acros Organics, 98+%) has been added to 60 mL of Milli-Q H20. The obtained titanium
oxyhydroxide precipitate was washed with water by means of vacuum filtration. In the
meantime, 3.84 g of citric acid (CeHgO7, Sigma Aldrich, 99%) was dissolved in 10 mL of Milli-
Q H20 and subsequently mixed with 2 mL hydrogen peroxide (H202, Merck, 35%). This
mixture was added to the washed precipitate and stirred at 60 °C to dissolve the precipitate.
Hereafter, the pH was increased till 6.5 by dropwise addition of ammonia (NHs, Merck, extra
pure, 32%). Next, the precursor was heated at 108 °C for about 10 min. After cooling down to
room temperature the pH was increased by the dropwise addition of NHa till 7. After vacuum
filtration and adjusting the total volume to 100 mL, the final 0.2 M Ti*" solution precursor was
obtained. Citric acid (CA, Sigma Aldrich, 99%) was added to an aqueous mixture containing
stoichiometric amounts of Li citrate, Mn(NOs), and Ti** solution precursors in a 2:1
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CA:Mn(NOs). molar ratio. As at high calcination temperatures a potential loss of volatile Li-
containing species was anticipated, a lithium excess of 10 molar % was used. After dissolving
the citric acid, the pH was set at ~7 by dropwise addition of NH3 (NHs, Merck, extra pure,
32%). Thereafter, the mixture was refluxed at 80 °C for 1 hour. After the reflux step, the mixture
was gelated under atmospheric conditions at 60 °C overnight in an oven. The gel was pre-
calcined at 200 °C under atmospheric conditions. The grinded pre-calcined powder was
calcined again by applying the following procedure: 500 °C for 5 hours under dynamic O
atmosphere (Air Liquide, industrial), cooling down and grinding for 15 min by mortar and
pestle followed by 900 °C for 12 hours under dynamic dry air atmosphere (DA, Air Liquide,
99.999% purity) during the heating step (DA gas bottle was closed after reaching a furnace
temperature of 900 °C). Both thermal treatment steps were performed in a tube furnace. A
heating rate of 5°C/min was applied for heating up to respectively 500 °C and 900 °C. Li,MnOs
was prepared via the same procedure as described above while excluding the addition of Ti**
solution precursor. The obtained end products were grinded and stored sealed in glass vials in
an Argon-filled glovebox for further use.

Chemical and physical characterization of pristine materials

The concentrations of the monometal precursors and Li:Mn elemental ratio in the end products
were determined by atomic emission spectroscopy with inductively coupled plasma (ICP-AES,
Optima 3300 DV, PerkinElmer). Powder X-ray diffraction (PXRD) patterns were acquired on
a Huber G670 Guinier diffractometer operated with Co K, radiation. Le Bail refinement on the
PXRD data was conducted making use of the Jana2006 software package.?? Raman
spectroscopy measurements were performed with a Horiba Jobin Yvon T64000 triple
spectrometer equipped with a BXFM Olympus microscope (100x magnification), a Horiba
Jobin Yvon Symphony CCD detector and a 488 nm Lexel SHG laser operated below 20 mW.

The energy-dispersive X-ray mapping in a scanning transmission electron microscopy mode
(STEM-EDX) was performed on a Thermo Fisher Osiris transmission electron microscope
equipped with a Super-X detector and operated at 200 kV. The selected area electron diffraction
(SAED) patterns were collected on a Thermo Fisher Tecnai G2 transmission electron
microscope operated at 200 kV. The high angle annular dark field scanning transmission
electron microscopy (HAADF-STEM) images were acquired with a probe aberration-corrected
Thermo Fisher Titan 80-300 “cubed” microscope operated at 300 kV. The HAADF-STEM line
profiles were fitted using the program Fityk?. The preparation of the pristine samples for SAED
and HAADF-STEM included crushing the powders in ethanol and subsequently dispersing
them in this liquid using an ultrasonic bath. For the particle size distribution analysis and
STEM-EDX mapping, the powder was only dispersed in ethanol using ultrasonic bath without
crushing. A few droplets of the obtained suspension were deposited on a Cu TEM grid covered
with a holey carbon layer. “Li solid-state MAS (Magic Angle Spinning) NMR spectra were
acquired on an Agilent VNMRS DirectDrive 400MHz spectrometer (9.4 T wide bore magnet)
equipped with a T3HX 3.2 mm probe. MAS was performed at 20 kHz and the signal of LiCl
was used to calibrate the lithium chemical shift scale (O ppm). To distinguish between an
isotropic chemical shift and the spinning sidebands flanking either side at distances that are
multiples of the spin rate, spectra of the same samples were also recorded at spin rate of 17 kHz
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and 23 kHz. Only signals whose position is independent of the spin rate are isotropic peaks; all
other peaks are spinning sidebands. Acquisition parameters used were the following: a spectral
width of 625 kHz, a 90° pulse length of 2.5 us, an acquisition time of 4 ms, a recycle delay time
of 2 s, and 800 accumulations.

Electrochemical characterization

The final products were characterized electrochemically in a coin cell configuration. To prepare
a coating, the active cathode material was mixed with carbon black (Imerys, Super C65) and
polyvinylidene difluoride (PVDF, Alfa Aesar) as a binder in N-methyl pyrrolidone (NMP, Alfa
Aesar) solvent in a weight ratio of 80:10:10. This mixture was ball milled at 500 rpm to obtain
a slurry, which was deposited by tapecasting on an aluminum current collector aiming at a wet
coating thickness of ~150 pum. Cathode punches were dried in a vacuum oven (Buchi) overnight
and inserted under vacuum in an Argon-filled glovebox. As an anode, Li metal (Sigma Aldrich,
99.9% trace metals purity) was used and as a separator a trilayered membrane (Celgard 2400)
was applied to obtain coin cell-type half cells. 1M LiPF¢ in EC:DMC (Sigma Aldrich, 50/50
(V)% ethylene carbonate:dimethyl carbonate) was used as the electrolyte. Galvanostatic
cycling was performed between 2.0 and 4.8 V vs. Li*/Li at C-rates of C/20 (two initial cycles)
and C/10 (50 subsequent cycles) using a Bio-Logic BCS-805 battery tester. The C-rate was
calculated based on an assumed theoretical capacity of 250 mAh/g. In order to enhance the
wetting of the electrode and separator compounds by the electrolyte, a resting period of 24 hours
was respected between coin cell assembly and electrochemical testing.

Physical characterization after galvanostatic cycling

Coin cells were disassembled in an Argon-filled glovebox. Cathode punches were washed three
consecutive times with dimethyl carbonate to remove the remaining electrolyte. During the
TEM sample preparation, the powder was scratched from the cathode punch and crushed. Then,
a Cu TEM grid covered with a holey carbon layer was dipped into the dry powder. Via a vacuum
transfer holder, the sample on the Cu TEM grid has been transferred to the TEM, excluding
contact with ambient atmosphere.

First-principles calculations

Calculations were performed within the framework of density functional theory (DFT)?4%
using the PBE functional®® including spin polarization with the VASP?"2829%0 code. The on-
site Coulomb interaction (PBE+U) was used to describe the strongly correlated electrons of the
Mn and Ti atoms. The Hubbard effective U values for Mn and Ti were taken as 3.9 eV and
4.2 eV323334 regpectively. The energy cutoff was set to 500 eV for the plane-wave basis set.
The interaction between valence and core electrons was treated using the projector augmented
wave (PAW)3 method. The atomic positions were relaxed until the residual forces on the atoms
were less than 0.01 eV/A and the total energy was converged to within 102 meV. In these
calculations, a 2x2x2 supercell of the primitive cell with 96 atoms was used.



In order to examine the O-O dimer formation and the displacement of the Mn atoms in the Ti-
substituted structures, also first-principles molecular dynamics (MD) simulations were
performed within a 2x2x2 supercell of delithiated structures with 576 atoms. A time step of 1
fs was used and the calculations were performed at T=300 K and 1000 K. The temperature was
tuned by the Nosé-Hoover33 thermostat.

Results and discussion
Structural characterization of pristine materials

Ti** substitution has already been successfully executed for LizMnOsz (followed by
carbothermal reduction to reduce manganese)®=° and LMR-NMC (with composition Lix.o-
«TixC00.13Mno54Ni0.1302)'8. However, to our knowledge no study is available yet on the detailed
correlation between Ti* for Mn** substitution degree and crystal structure. This section is
dedicated to the structure and homogeneity of Li>Mni1xTixOs. Powder X-ray diffraction
(PXRD) patterns of pristine LioMnO3z (LMO), Li2MnogTio.103 (LMTO-1), Li2MnogTio.203
(LMTO-2) and Li2Mno 7Tio303 (LMTO-3) are depicted in Figure 1. The sharp diffraction peaks
indicate that the materials are well crystallized. No secondary phases were detected, and all
peaks correspond to LizMnOs-type phases.” The diffraction peaks between 20° and 25° 26
present for all the samples can be ascribed to the honeycomb-type Li-Mn ordering in a
monoclinic layered LiMnQOs type structure.®21%1! The well-defined superlattice reflections in
the LMO and LMTO-3 PXRD patterns indicate that upon replacing up to 30% of Mn** by Ti**
the honeycomb ordering in the mixed LM layer has been maintained. The peak shift, indicated
by the dashed line in Figure 1, to lower 26 values upon increasing the degree of Ti** substitution
indicates an increase in unit cell parameters. The unit cell parameters and volume refined with
the C2/m symmetry by the Le Bail method are presented in Table 1. The PXRD patterns after
fitting with the Le Bail method are depicted in the Supporting Information Figure S1. The
increase in the unit cell parameters and volume upon raising the Ti** content from x=0 to x=0.1
to x=0.2 is attributed to the larger ionic radius of Ti** (0.605A) as compared to Mn** (0.53A)%.

Table 1. Refined unit cell parameters and volume of LizMni1TixO3, LMO (x=0), LMTO-1 (x=0.1),
LMTO-2 (x=0.2), LMTO-3 and (x=0.3).

LMO LMTO-1 LMTO-2 LMTO-3
a(A) 4.92872(7) 4.94172(8) 4.95326(7) 4.96272(9)
b (A) 8.5315(1) 8.5448(2) 8.5706(1) 8.5809(2)
c (A 5,0250(1) 5.0282(1) 5.03814(8) 5.0424(1)
B () 109.207(1) 109.147(3) 109.326(1) 109.113(1)
V (A% 199.536(7) 200.573(6) 201.828(6) 202.758(7)
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Figure 1. PXRD patterns of LiMni«TixOs: LMO (x=0), LMTO-1 (x=0.1), LMTO-2 (x=0.2) and
LMTO-3 (x=0.3). The peak shift as a function of Ti*" substitution degree x is indicated by the dashed
line.

The HAADF-STEM images and corresponding STEM-EDX maps of the samples are shown in
Figure 2. According to the images, the samples have similar morphologies. In all samples, the
majority of the particles are smooth with an almost isotropic shape and there are also some
particles that have an irregular shape and a rough surface. The size of the particles varies from
around 200 nm to 1 um, with most of the smooth particles having a size of 400-600 nm. The
corresponding size distributions are shown in Figure S2 of the Supporting Information. A
homogeneous distribution of Mn and O is observed for LMO. No particles without Mn were
detected (i.e. particles consisting of Li2O or Li.COs), which is in agreement with the ICP-AES
analysis, confirming that the Li/Mn ratio equals the expected stoichiometry. The mixed (Mn/Ti)
element map of LMTO-1 shows an overall homogeneous distribution of Ti and Mn, regardless
the particle morphology; only a few Ti-enriched areas were observed. The expected and average
relative percentages for Mn and Ti for the Ti-containing samples are summarized in Table 2.
The LMTO-2 sample contains in general a uniform distribution of titanium and manganese
within LMTO particles. For some particles, Ti segregation at the surface can be seen. Next to
LMTO, a few particles showing only Ti and O peaks have been observed having a rod-like
morphology (0.7-1.2 um) and plate-like morphology (on average 2.5 um). Some of those
particles show a small amount of Mn, which can be related to doping or to overlap with an
LMTO particle. The low Z number of Li does not allow a conclusion about the presence of Li
from EDX. In the LMTO-3 sample, the distribution of Mn and Ti is less homogeneous than in
other samples. Segregation of Ti was also observed at the surface of some particles. Also, for
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LMTO-3 particles showing only Ti and O peaks were detected. An elemental map for LMTO-
3, containing a particle for which only Ti and O peaks were detected, is included in the
Supporting Information Figure S3.

Figure 2. HAADF-STEM images and corresponding STEM-EDX mixed {Mn, Ti} and individual O
elemental maps of representative particles of the LMO, LMTO-1, LMTO-2 and LMTO-3 samples.

Table 2. Expected and average experimentally determined relative concentrations of Mn and Ti in the
LMTO samples.

Expected Mn | Expected Ti EDX Mn EDX Ti

[at.%] [at.%] [at.%] [at.%]
LMTO-1 90 10 91 (1) 9(1)
LMTO-2 80 20 82 (1) 18 (1)
LMTO-3 70 30 74 (3) 26 (3)

The particles exclusively containing Ti and O observed via STEM-EDX for LMTO-2 and
LMTO-3 could be composed of TiO2 or LTO (LixTiyO, e.g. LioTiO3). The three most common
polymorphs of TiO> are anatase, rutile and brookite. Raman spectroscopy is proven to be an
excellent characterization technique to distinguish between these TiO, polymorphs.** The
Raman spectra of LMTO-1 and LMTO-2 together with the LMO reference spectrum are shown
in Figure S4. LMTO-3 is excluded because of the lower homogeneity of the main LMTO
phase. According to group theory, there exist 15 Raman-active vibration modes, 7 Ag and 8 By
modes, for Li2MnOs. The Ag modes are caused by symmetric cation vibrations along the b-axis.
The main Ag mode, Aug, in the 600-620 cm™ Raman shift interval is attributed to symmetric M-



O vibrations.?® All main peaks presented for all samples correspond to the LinMnOs-type
structure.

Because of the synthesis temperature of 900 °C, TiOy, if present, is expected to have the stable
rutile structure. The Raman spectrum of rutile is characterized by two strong main peaks at
around 448 cm™ and 612 cm ascribed to respectively the Eq and Aig normal modes of TiO
and a moderately strong broad band with maximum at about 235 cm™. This band cannot be
unambiguously attributed to a normal mode of TiO», but can be most certainly ascribed to the
disorder characteristic for the rutile’s crystal structure.*? The positions of the two main peaks
overlap with those of the Bg and Ag normal modes of the LioMnOs lattice. The absence of a
broad band around 235 cm™ in the Raman spectra of the Ti-substituted Li,MnOs samples
indicates that either TiO2 is not present as the rutile phase, or its content is below the detection
limit of our Raman spectrometer. Peaks related to other polymorphs of TiO2 were also not
detected. The Raman spectrum of the end-member LixTiOsz (x=1 in Li2Mn1xTixOz) is
characterized by four main normal modes at 358 cm™, 409 cm™, 430 cm™? and 668 cm™
respectively.** None of these modes were observed, indicating that Li>TiOs is not present or its
quantity is below the detection limit. Also, no peaks related to other common LTO compositions
were detected. Together with the average composition of the LMT-particles in agreement with
the expected composition calculated from EDX, it is concluded that LTO or TiO; observed in
the HAADF-STEM elemental maps can be present in a low quantity only.

The LMO, LMTO-1 and LMTO-2 samples are comparatively assessed with SAED and
HAADF-STEM. The LMTO-3 sample has been excluded from further characterization as the
Mn and Ti elemental distribution determined by STEM-EDX is less homogeneous than for the
other compositions. The SAED patterns for all samples confirm the monoclinic C2/m
symmetry. Representative SAED patterns of the [100] and [010] zones of LMO, LMTO-1 and
LMTO-2 are shown in Figure 3.

The HAADF-STEM images along these two main zones are displayed in Figure 4 for the LMO
and LMTO-2 samples. The [010] HAADF-STEM image of LMTO-1 is added to the Supporting
Information Figure S5. As the intensity in the HAADF-STEM images is proportional to ~ Z2,
only the M atom columns are clearly visible, the oxygen columns are only vaguely observable
and the Li columns produce too weak signal to be observed. For all samples, the [100]/[110]
HAADF-STEM images demonstrate the honeycomb ordering in the LM2 layer, which is
apparent by a pair of bright dots (atom columns containing Ti and Mn) separated by dark spaces
(atom column containing Li). The [010] HAADF-STEM images show that the layered structure
with alternating M and Li layers is preserved after Ti substitution, which is also confirmed by
line profiles taken perpendicular to the layers.

The line profiles for the LMO, LMTO-1 and LMTO-2 samples are depicted in Figure S7, and
the area of which the line profiles were taken are marked in Figure S6. The observed peaks in
the line profiles are associated with both the M and O atom columns, which is confirmed by
HAADF-STEM intensity simulations that are included in the Supporting Information, Figure
S11. No significant differences are observed between the line profiles taken from the different
pristine samples. Only a small additional peak at the lithium layer is observed in the line profile
of the LMTO-1 sample, which means that some transition metals occupy positions in the
lithium layer.



For all three samples, the representative SAED patterns and HAADF-STEM images are
consistent with an O3 type of stacking, as in the LioMnOs structure. No significant difference
in the amount of stacking faults along the c direction is seen in the HAADF-STEM images. The
stacking faults associated with the lateral displacements of the LM; “honeycomb”-ordered
layers are also apparent through the streaks along c* of the [100] SAED patterns. However, as
they can differ from particle to particle, it is difficult to compare their amount between samples.
The occurrence of stacking faults of the LM layers is well-known for LioMnQOz, even when
elevated synthesis temperatures have been applied.** In addition, some disorder in the
honeycomb layers is observed, as indicated with arrows in the [100]/[110] HAADF-STEM
image of the LMO sample.

Some of the observed particles for the LMO, LMTO-1 and LMTO-2 samples are twinned. An
example is shown in the supporting information Figure S8, which shows domain formation
within a single crystal of LMTO-1 with different orientations. The domains can be indexed
considering the regular twin relations occurring for a symmetry decrease from the parent rock-
salt structure Fm-3m, where M and Li are randomly distributed, to the honeycomb ordered
layered C2/m, and are similar to those reported for lithium-rich manganese-rich NMC by Jarvis
et al.*® and Shukla et al.*® The twin domains result in sharp reflections in the SAED patterns
indicating that the domains are at least a few tens of nanometres in size. Those twin domains
could have a potential influence on the electrochemical performance, but is beyond the scope
of this manuscript.
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Figure 4. HAADF-STEM images along the [100]/[110] and [010] orientation of the LMO and LMTO-
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2 samples. The white lines indicate the stacking faults, while, in the case of the LMO samples, the white
arrows show disorder within the honeycomb layers. The [010] HAADF-STEM images confirm for both
samples the O3-type stacking, where the inset shows the monoclinic unit cell.

As the Z number for manganese and titanium is quite similar, those elements are difficult to be
distinguished based on HAADF-STEM or Rietveld refinement of PXRD data. Characterization
by ’Li magic angle spinning (MAS) nuclear magnetic resonance (NMR) spectroscopy is
presented below, in order to indirectly probe the Mn** and Ti** distribution in the honeycomb
layers.

The Mn** and Ti** distribution within the honeycomb layer is indirectly investigated by probing
the Li environments for the LMO, LMTO-1 and LMTO-2 pristine materials by "Li magic angle
spinning (MAS) nuclear magnetic resonance (NMR) spectroscopy. Three inequivalent Li
environments can be distinguished for the LMO material, with Wyckoff positions 2c and 4h in
the Li layer and 2b in the LM, layer.*’ In agreement, three different Li positions are observed
in the NMR spectrum (Figure 5). The peak at 1676 ppm is attributed to Li 2b site, while the
partially overlapping peaks at 851 ppm and 836 ppm can be ascribed to respectively Li at 2¢
and 4h sites. The peak around 0.15 ppm can be attributed to impurities from a diamagnetic
lithium salt. Despite the same isotropic shifts for the LMTO-1 and LMTO-2 samples, the more
asymmetric spinning sidebands for LMTO-1 as compared to LMTO-2 indicate a different local
geometry. Grey et al.*®%° demonstrated a model to rationalize peak shifts caused by
paramagnetic Fermi contact interaction between Li and octahedrally coordinated paramagnetic
metals in lithium metal oxides. The authors reported that the overall chemical shift can be
deconvoluted in the contributions of each individual Li-O-Mn interaction. Those individual
contributions could result in a positive or negative shift. The large chemical shift of Li in the
2b position for Li,MnOs finds its origin in the 6 Mn** cations in its first coordination shell with
Li-O-Mn bond angles close to 90° and resulting in a delocalization of spin density due to an
overlap between half- filled tog~ orbitals and empty n* and Li 2s orbitals.

The absence of a peak in the 1500-1700 ppm region for both LMTO-1 and LMTO-2 samples,
containing diamagnetic Ti**, would indicate a homogeneous Mn** and Ti** distribution. In the
ideal Li2MnO3s monoclinic structure, namely only one inequivalent M position (4g, in Wyckoff
notation) can be distinguished. When Li* is exclusively coordinated by diamagnetic cations,
this results in a chemical shift close to zero for layered Li oxides®®°152, Increasing the amount
of Li*-O*-M** (at 180° or 90°) configurations in the first or second coordination sphere of Li*,
whereby M** is paramagnetic, would result in a progressive downfield shift as nuclear-spin
couplings are additive.>

The absence of a peak in the 1500-1700 ppm range for both the LMTO-1 and LMTO-2 samples
cannot be explained by the absence of lithium in the transition metal layer as the HAADF-
STEM and SAED analysis presented earlier pointed out that the Li-M honeycomb ordering has
been maintained for those samples. This implies that a reduction of the number of neighbouring
Mn** cations, caused by antisite disorder in the honeycomb layer, can be excluded, as it would
result in a decrease of the chemical shift of Li in the honeycomb layer.
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Figure 5. 'Li MAS NMR spectra of LMO (top), LMTO-1 (bottom, left) and LMTO-2 (bottom, right).
Peaks are indicated by arrows. The corresponding Wyckoff positions for the LMO sample have been
depicted. The peak around 0.15 ppm is a diamagnetic lithium salt impurity. All other signals are spinning
side bands of the isotropic peaks.

Anionic redox chemistry in Li2Mn1xTixO3: a combined theoretical and experimental
approach

DFT study: Static calculations

The in-depth structural study presented in the previous section confirms that the structure and
C2/m symmetry are maintained up to a Ti*" substitution degree of at least x=0.2 in Li2Mn-
«TixOs. In addition, Ti** is indicated by ‘Li MAS NMR to be randomly distributed on Mn sites
in the LM layer. These results validated the pristine structures used for our DFT calculations
assessing O-O dimer formation presented in this section, including replacing Mn** by Ti** and

13



assuming a random distribution of Ti**. For both the x=0.1 and 0.2 concentration, 5 symmetry-
unique structures were considered.

Firstly, the electronic properties of the LiMnyxTixOs structures before delithiation were
calculated. Figure 6 shows the density of states (DOS) of the LMO and as an example for Ti**-
substituted structures, the DOS of LMTO-2. As seen in these figures, the valence band of the
total DOS is mainly occupied by the O states, and most of the Mn states contribute to the
conduction bands. When the Mn atoms are substituted by Ti atoms, the new states shown by
green color are created at the conduction band. These states come from the Ti 3d orbitals. This
figure also shows that Ti orbitals have no significant contribution to the valence band.
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Figure 6. Density of states (DOS) of (up) LMO and (bottom) LMTO-2. In these figures, black is total
(DOS), red, blue and green are partial DOSs of Mn, O and Ti atoms, respectively. The Fermi level is set
to 0 eV. Here, positive and negative DOS values represent spin up/down electrons, respectively.

In order to study the O-O dimer formation in the Ti-substituted LiMnOs, the 75% delithiated
structure is considered, LiosMnixTixOs. It was shown® that during the first stage of the
delithiation that corresponds to 0-12.5% Li atom removal, the Li ions are only removed from
the Li layer. In the next step (12.5-25%), Li ions in the mixed Li-Mn (LM) layer are removed.
For the (25-37.5%) delithiation stage, Li removal occurs in the Li layer, and during 37.5-50%
delithiation Li ions are extracted from the LM layer. At this stage, all Li atoms in the LM>
layer have been removed. For further delithiation, Li ions can only be removed from the Li
layer. Because stacking changes were not observed in the experiment, calculations were
performed for the O3-stacking structure. In order to stay in O3-stacking, the Li atoms can only
be removed from the 4h positions at the Li layer. Hence, in order to obtain the 75% delithiated
structures, all Li atoms from the LM layer must be removed as well as the Li atoms at the 4h
positions in the Li layer.
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When Li atoms are removed from the structure, changes in the magnetic moments of the atoms
were observed (Table 3). While the magnetic moments of the oxygen atoms are around 0 for
Li2Mn1xTixOs, their magnetic moments are around 0.44 pg after delithiation. On the other hand,
the magnetic moments of the Mn atoms do not change significantly during the delithiation
process, and are equal to 3.03 ps. These magnetic moments of the Mn atoms correspond to a
+4 oxidation state. The magnetic moment of the Ti atoms changed from 0.03 to 0.15 pg. Despite
this change in the magnetic moment of Ti, charge analysis showed that the oxidation state of
the Ti is still +4 after removing the Li atoms.

Table 3. Calculated magnetic moments of Mn, O and Ti atoms in Li2Mn;«TixO3 and LiosMniTixOs.
Here, the magnetic moments for x=0.2 are the average of the different Ti configurations.

in unit ug Li2Mn1x TixO3 LiosMnai-x TixO3
x=0 u(Mn) 3.110 3.032
u(0O) 0.001 0.440
x=0.2 u(Mn) 3.100 3.020
u(0) 0.030 0.430
u(Ti) 0.030 0.150

In the Supporting Information, Figure S12 shows the bond analysis for delithiated LMTO-2
structures. Different from LMO, LMTO-05 and LMTO-1, a spontaneously formed O-O dimer
was observed in LMTO-2. This oxygen dimer has an interatomic distance of approximately 1.2
A which corresponds to an Oz molecule.

Electrochemical characterization (galvanostatic cycling)

The LMO and LMTO-2 samples are galvanostatically cycled for 50 cycles at C/10 subsequent
to two formation cycles at C/20 in the voltage interval from 2.0 V to 4.8 V vs. Li*/Li. All tests
have been repeated multiple times to estimate the reproducibility. Representative
charge/discharge curves are depicted in Figure 7.
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Figure 7. Representative charge/discharge curves (cycle number is given in the legend) in the 2.0 V-4.8
V vs. Li*/Livoltage window for LMO (left) and LMTO-2 (right).

The Mn*/Mn*" redox couple in spinel structured LiMn2Os is situated between below 4.5 V vs.
Li*/Li.* The very low capacity delivered by both samples within this voltage region during the
first charging step indicates that manganese is present as Mn**. The shape of the initial charging
step of the LMTO-2 sample is comparable to the one of LMO, indicating that upon the
substitution of titanium for manganese, Mn remains in a 4+ oxidation state. This is confirmed
by the absence of any spinel-type structure in the HAADF-STEM images and SAED patterns
for the pristine sample as discussed earlier. However, the capacity attributed to the potential
plateau at around 4.5 V is significantly larger for LMO as compared to LMTO-2. This potential
plateau can most certainly be attributed to oxygen release by the active cathode material,
resulting in structural degradation.> This is demonstrated by the low Coulombic efficiency for
the first cycle for both samples in Figure 8. In Figure 8, the discharge capacity and Coulombic
efficiency versus charge/discharge cycle number have been plotted for both LMO and LMTO-
2. Cathode electrolyte interphase (CEI) formation via the oxidation of the electrolyte is also
likely to occur at potentials as high as 4.5 V vs. Li*/Li. However, as the CEl is only expected
to be well passivating at potentials above 4.8 V vs. Li*/Li, no predominant effect on the
electrochemical performance is expected.>®
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Figure 8. Discharge capacity and Coulombic efficiency vs. cycle number for respectively LMO (left)
and LMTO-2 (right).

Retarding the anionic redox is correlated with the activation potential for anionic redox. As
visible in Figure 7, the initial (charging step 1% cycle) Li extraction potential is shifted to a
higher voltage upon Ti*" substitution. This is in agreement with the DFT calculated Li
extraction potentials (4.58 V for LiosMnOs, 4.61 V for LiosMnogTio203) based on the equation
1°¢ below. The corresponding plot depicting the lithium extraction potential vs. the Ti**
substitution degree for Lio.sMn1xTixOs is given in the Supporting Information (Figure S13).

E(LizMnq_xTix03)—E(LiyMn,_xTiy03)—(2—y)E(Li)
(2-y)e

Viy) = - (1)

Hereby, the first and the second terms of the numerator represent the total energy of LizMn;.
xT1xO3 and LiosMn1xTixOs3, respectively, and E(Li) is the total energy of the metallic body-
centered cubic (bcc) Li structure.

The discharge capacities for LMTO-2 (Figure 8) are lower for the five initial charge/discharge
cycles as compared to LMO. Hereafter, however, until cycle number 30 the capacity of LMTO-
2 increases to ~70 mAh/g being significantly higher than that for LMO. This strongly hints at
an enhanced activation of the Mn3*/Mn*" redox couple for the LMTO-2 sample during those
charge/discharge cycles. It has namely been reported for related materials that Ti** is redox
inactive within the considered potential window®’. Between cycle number 30 and number 50
the discharge capacity for LMTO-2 gradually decreases to about the same value for LMO,
around 40 mAh/g. The reproducibility of the peculiar electrochemical behaviour of LMTO-2 is
confirmed by the discharge capacity averaged over three coin cells, presented in the Supporting
Information Figure S14 together with the standard deviation. The discharge capacity of LMO
after the initial charge/discharge cycles deteriorates more steadily, showing a very gradual
decay upon increasing cycle number. After reaching a minimum around 50% at cycle number
3, the Coulombic efficiency for the LMO sample reaches a plateau around cycle number 15,
with efficiency exceeding 95%.

For the LMTO-2 sample, a different trend has been observed. On the contrary to LMO, a faster
increase in Coulombic efficiency after the initial two charge/discharge cycles is observed,
followed by a drop in efficiency reaching a minimum around 70% at cycle number 10.
Afterwards a steady increase of the Coulombic efficiency till about 96% for the final cycle is
obtained.

In order to have a closer look at the preliminary findings deduced from the capacity vs. voltage
curves, the corresponding differential capacity (dQ/dV vs. V) plots are presented in Figure 9.
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Figure 9. Differential capacity (dQ/dV vs. V) plots derived from selected charge/discharge curves for
LMO (top) and LMTO-2 (bottom).

Oxidation peak 1 is attributed to the Mn3*/Mn** redox couple. Its shift from higher potentials
to lower potentials upon increasing cycle number for LMO originates from the gradual
conversion of the initial layered structure to a layered/spinel-type structure®, characteristic for
extended galvanostatic cycling of the (anion deficient) LioMnOs-type structure. The shifted
redox couple is attributed to Li* (de)intercalation into the spinel’s 16¢ octahedral sites’ %%,
The gradual increase of the area of oxidation peak 1 for LMTO-2, when comparing cycle
numbers 8 to 16, agrees with a delayed activation of the LMTO-2. Correspondingly, the area
of the main reduction peak 5, situated at around 2.7 V vs. Li*/Li, shows a faster decay for the
LMTO-2 sample at cycle numbers above about 16 preceded by a delayed increase at cycle
numbers until about 16.

Simultaneously, reduction peak 6 becomes more prominent. This peak, situated around 2.05 V,
can be ascribed to the Mn**/Mn3* redox couple in the spinel-type.”! The structural degradation
to a spinel-type structure, with Fd-3m symmetry, is evidenced by the SAED patterns recorded
after 50 charge/discharge cycles presented in Supporting Information Figure S15 and Figure
S17 (see further).

The broad band of oxidation peaks 2°, 2 and 2” in the 3.55 - 4.5V interval is probably associated
with Li* extraction from a (more delithiated) spinel-type structure®?, and as such supports the
gradual conversion of both samples to a spinel-type structure.
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The gradual conversion from the initial layered structure to a spinel-type and eventually a rock-
salt type structure is strongly associated with anionic redox chemistry of the oxygen sublattice,
as demonstrated by comparing the LMO and LMTO-2 samples. This is confirmed by oxidation
peak 3 at around 4.75 V vs. Li*/Li, associated with anionic redox chemistry, being more
pronounced for the LMTO-2 sample. The shoulder to peak 5, between 3.0 and 3.5 V vs. Li*/Li
most probably corresponds to oxygen reduction® and it particularly pronounced for LMTO-2
for cycle numbers up to about 16. This implies that Ti** substitution improves the reversibility
of the anionic redox, which is in line with the lower activity of the Mn3*/Mn** redox couple,
especially at cycle number <16.

Structural characterization after galvanostatic cycling

The average amount of amorphous phase present in the structure is significantly higher for the
cycled LMTO-2 sample than for the cycled LMO sample, which agrees with the
electrochemical results presented before. This is revealed by the HAADF-STEM images of the
LMO and LMTO-2 (resp. Figure 10 and Figure 11) materials after 50 cycles and in the
discharged state. The majority of the particles of the cycled LMO sample are still crystalline
with only an amorphous surface layer, of which the thickness varies between 0-10 nm, while in
the case of the cycled LMTO-2, the amorphicity varies from a few nanometers surface layer to
entirely amorphous particles. Since particles that are completely amorphous do not show any
reflections in SAED, while mapping the sample in reciprocal space, these particles will go
unnoticed.

The structural degradation to a spinel-type structure, with Fd-3m symmetry, and a rock-salt-
type structure, possessing Fm-3m symmetry, is shown by the SAED patterns added to the
Supporting Information. For the cycled LMO sample, the SAED pattern (Figure S15) reveals
that the structural degradation does not evolve homogeneously within a single particle. Many
reflections in the SAED pattern are broad and slightly diffuse, which points towards a reduced
crystallinity. An inhomogeneous structural degradation is also observed for the LMTO-2
sample. By comparing the relative intensities between the reflections, the SAED patterns of
LMTO-2 (Figure S17) allowed to derive the simultaneous presence of spinel Fd-3m and rock-
salt Fm-3m type structures within some particles. The broad slightly diffuse reflections for
LMTO-2 also here indicate a reduced crystallinity. On the other hand, the top SAED patterns
in Figure S17 demonstrate a particle whose structure fully retained its pristine structure. Such
a particle most likely did not participate in the charge/discharge cycling because of, most
probably, a poor contact with the current collector.

Due to the structure degradation, the signal-to-noise ratio of the HAADF-STEM images
obtained from the cycled LMO and LMTO-2 samples is too low to see single M atoms at the
tetrahedral voids or in octahedral Li positions. Therefore, to investigate the transition metal
migration upon cycling, line profiles (Figure S10) were taken perpendicular to the layers in the
HAADF-STEM images of Figure 10 and Figure 11, from the areas indicated in Figure S9.
The relative intensity of the different peaks in the line profile provides statistical information
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about the transition metal migration as the peak intensities are a sum over different equivalent
positions as shown in Figure S9. The line profiles were taken from particles still having a
layered structure, with at the most an amorphous surface layer. Considerable M migration to
the Li layers during galvanostatic cycling has occurred during cycling for both the LMO and
LMTO-2 samples. In the case of the LMTO-2 sample, the relative intensity of the peaks
corresponding to the overlapping peaks of the tetrahedral and O-positions is significantly higher
as compared to those same peaks for the pristine sample, indicating that the M cations have
migrated towards the tetrahedral positions during galvanostatic cycling. For LMO, the line
profile of the cycled sample shows no significant differences from the pristine sample, and
therefore, based on the HAADF-STEM images, we can only conclude that less or almost no M
cations have migrated towards the tetrahedral positions. Both Mn** and Mn** do not like to
occupy positions with tetrahedral coordination unlike Ti**, which can explain the higher amount
of M occupying tetrahedral positions in the LMTO-2 sample.

[010]

amorphous

Figure 10. Representative HAADF-STEM images taken from the cycled LMO sample. Left: particles
that remained mainly layered, right: particles with considerable structural degradation at the surface,
either amorphous or spinel.
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Figure 11. Representative HAADF-STEM images taken from the cycled LMTO-2 sample. The bulk of
the particles is mainly layered where the pronounced stripes correspond to amorphous regions (left side
images), while the surface is mainly amorphous with some areas corresponding to a spinel-like structure
(right side images). The darker regions are amorphous.

DFT study: Molecular dynamics simulations

From the previous sections, we conclude that Ti** for Mn** substitution (x=0.2 in LizMn;.
xTixO3) is a viable strategy to initially retard the activation of the anionic redox towards
irreversible oxygen release. Our static DFT calculations presented before pointed towards O-O
dimer formation facilitated by Ti**. Because the Ti-O bond is stronger than the Mn-O bond, it
is expected that Ti substitution can stabilize the O-O dimers hampering excessive oxygen
release, which could explain the lower activation towards irreversible oxygen release in the
initial charging step for LMTO-2 as compared to LMO. However, remarkably, upon extended
cycling a more pronounced anionic redox contribution to the total capacity is observed for
LMTO-2 as compared to LMO. The associated structural degradations are related to the
migration of Mn to the Li layer, which are believed to be responsible for voltage fade in this
type of Li-rich oxide cathode materials.

In order to better understand the influence of the Ti substitution on the local structural stability
we performed ab initio molecular dynamics (MD) simulations for LMO, LMTO-05, LMTO-1
and LMTO-2 in which we focused on the migration of Mn and the oxygen dimer formation. As
discussed in the section on the static DFT calculations, we performed these MD simulations for
5 symmetrically non-equivalent structures for LMTO-1 and LMTO-2, and the results shown in
this section were obtained by taking the average over these structures. We performed our MD
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simulations at 300 K and 1000 K, respectively. Hereafter, we present the results obtained for
1000 K. Some of the results for 300 K are also shown in Supporting Information Figure S18.

In order to study the displacement of Mn atoms in the structures, their mean square
displacement (MSD) with respect to time were calculated and the results are shown in Figure
12. Here the MSD is obtained from the average of the displacements of all Mn atoms. As seen
in Fig. 12, the MSD increases with time for all structures. But note that the MSD of Mn in
LMTO-05 is clearly below the MSD in LMO, LMTO-1 and LMTO-2 up to 17 ps. Ti
substitution seems indeed to stabilize the environment, but only in low concentrations.
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Figure 12. Mean square displacement (MSD) for Mn atoms with respect to the MD time step for LMO
(black), LMTO-05 (red), LMTO-1 (blue) and LMTO-2 (green). For LMTO-1 and LMTO-2 structures,
the results are the average of 5 different MD simulations (Figure S24). Here, time steps are in ps.
Temperature is 1000 K.

It is known that Mn displacement is strongly related with the dynamics of the oxygen
atoms®+%%¢ and it has been proposed that metal atom displacements can only be understood
together with the oxygen dimerization®’. Therefore, the oxygen dimer fraction (n(O2)/n(0)) and
the pair distribution function (g(r)) for the oxygen atoms were also calculated as a function of
time. Oxygen dimers are defined as O-O pairs having a bond length below 1.7 A. The
simulations were continued until a converged value for the dimer fraction was reached.

The O-O dimer fraction as a function of time is shown in Figure 13. As seen in this figure, the
dimer fraction increases with respect to time for all structures. For the first 5 ps, LMTO-2 has

a higher number of O-O dimers. This could be attributed to the Ti**-O bond being less
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directional than its Mn**-O counterpart due to the lack of partially filled d orbitals for the
former, facilitating the rotation to hybridize oxidized Li-O-Li states of two adjacent oxidized
oxygens required to form (O2)™-like species. After 15 ps, all structures have almost the same
dimer fraction. The n(O.)/n(O) values for the different configurations of LMTO-1 and LMTO-
2 are shown in Figure S19.
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time (ps)

Figure 13. O-O dimer fraction (n(0,)/n(0O)) with respect to the number of MD time steps for LMO
(black), LMTO-05 (red), LMTO-1 (blue) and LMTO-2 (green). For LMTO-1 and LMTO-2, the results
are the average of 5 different MD simulations. Here, time steps are in ps. n(O) is the total number of
dimers and n(O) is the total number of oxygen atoms in the structures. Temperature is 1000 K.

In order to calculate the energy barrier for the dimer formation, we fitted the number of dimers
to the following equation®®

no,(t) = no(1 — exp(=t/to)) ()

where n,,is the number of dimers and n, and t, are constants. If the process at t=0 has an
activation energy E, then it can be calculated from the equation

dno, (8)/dt|,_, = no/ty = 3vexp(=Ea/kyT). @A)

In this equation, v is the vibrational frequency and typical values are 10! s to 103 s, we
use 10%3 s in our calculations. In Figure S20, the fitting for LMO is shown and in Figure S21
E, values for all structures and for all configurations of LMTO-1 and LMTO-2 are represented.
As seen in this figure, the E, value for LMO is 0.57 eV which is very close to the calculated
values for LiosMnOs presented in literature3-5558, Also note that the activation energy decreases
with increasing Ti concentration.
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This obtained activation barrier is also the reason why it was chosen to perform the MD
simulations at 1000 K, following references®*>%, For this activation barrier, simulations at low
temperatures will not show a significant dimer formation on the computational time scale
(especially for LMO and LMTO-05). Our 300 K results for dimer formation shown in
Supporting Information Figure S18 illustrate this statement.

The number of formed dimers alone is not enough to understand the local stability of the
structures. The O-O dimers exist in different forms that behave completely different. If the
distance between the oxygen atoms is typically larger than 1.3 A, it is observed that the dimers
form peroxide or superoxide and each oxygen atom of that dimer is bonded to a metal ion. If
the distance between the oxygen atoms of the dimer is less than 1.3 A, either one of the oxygen
atoms is bonded to one metal ion or they are free O> molecules. So, it is expected that structures
in which a larger quantity of free O> molecules are formed, and thus more oxygen vacancies,
are the least stable ones. In order to observe the time evolution of dimer bond lengths, the time-
dependent pair distribution function g(r) is shown in Figure 14. The black line indicates the
transition from O, molecules to peroxide and superoxide.
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Figure 14. The pair distribution function g(r) with respect to O-O distance for (a) LMO, (b) LMTO-05,
(c) LMTO-1 and (d) LMTO-2. Here the color lines show the time interval for the average of g(r). For
LMTO-1 and LMTO-2, pair distribution functions g(r) for each of the 5 different Ti position
configurations were calculated (resp. Figure S22 and Figure S23). The black line indicates the transition
from O, molecules to peroxide and superoxide.
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The time evolution of g(r) for LMO, LMTO-1 and LMTO-2 is similar. From the start onwards,
the distribution is asymmetric, and a peak grows around 1.24 A and thus relatively more O
molecules are formed in comparison to the peroxide and superoxide structures. The distribution
for LMTO-05 evolves more symmetrically up to 17 ps, indicating that the O, formation is not
dominant. This is consistent with our earlier observation that the smallest MSD for Mn was
observed in LMTO-05.

We can conclude from our MD calculations that Ti substitution can indeed stabilize the local
environment in LMO, but only at low substitution degrees (x<0.1). At larger substitution
degrees, it also favors the formation of the O-O dimers to be released as O, which reduces the
stability again. The latter explains why experimentally after extended cycling significant
structural degradation is observed also for LMTO-2. However, during the initial cycle(s) the
activation of anionic redox towards oxygen release is retarded for LMTO-2 as compared to
LMO most likely due to the lower relative Mn content and partial stabilization of the formed
dimers by the stronger Ti-O bond.

Conclusion

This work comprised an in-depth study of the influence of Ti** substitution in LizMn1xTixO3
on crystal structure and electrochemical performance when applied as cathode material for Li-
ion batteries. We showed that, up to a substitution degree of at least x=0.2, the crystal structure
retained its C2/m symmetry with a homogeneous Mn and Ti distribution in the LM. layer.
Galvanostatic cycling was performed on x=0 (LMO) and x=0.2 (LMTO-2) compositions. We
experimentally revealed that a high Ti substitution degree retards irreversible oxygen release.
However, upon extended cycling, the contribution of anionic redox to the total capacity was
higher for LMTO-2 as compared to LMO, resulting in a more pronounced structural
degradation for the former. This agreed with the outcome of our static DFT and MD
calculations, confirming a low activation energy barrier towards O-O dimer formation and Mn
migration for LMTO-2 in “charged” LiosMnogTio203 as is also the case for the “charged”
parent material. Particularly, the higher tendency for O-O dimer formation in the 5 ps timeframe
for LMTO as compared to LMO, could be most likely attributed to the Ti**-O bond being less
directional than its Mn*"-O counterpart due to the lack of partially filled d orbitals for the
former, facilitating the rotation to hybridize oxidized Li-O-Li states of two adjacent oxidized
oxygens required to form (O2)"-like species. It should be noted that similar oxygen release
retardation has been also observed in Ru**-doped Li-rich Ni-Mn layered oxides, but its origin
appears to be intrinsically different from the role of Ti*": Ru** has some d-electrons on more
spacious 4d-orbitals thus increasing the covalency of the metal-oxygen bonding’®. Remarkably,
our MD calculations pointed towards a higher structural stability upon lowering the Ti
substitution degree to x=0.05. This emphasizes the importance of carefully optimizing the
substitution degree to achieve the best electrochemical performance.

As a general conclusion, our study points towards the important interplay between tendency of
dimer formation, dimer stabilization towards O: release, relative Mn content and dopant
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concentration. Careful optimization of the latter with regard to the other important parameters
is crucial to obtain a well performing cathode material.

Supporting Information

Structural characterization: PXRD patterns for all samples fitted with the Le Bail method,
Particle size distribution for all samples, STEM-EDX mixed elemental maps for LMTO-3
sample, Raman spectra for LMO, LMTO-1 and LMTO-2 samples, HAADF-STEM images for
LMO, LMTO-1 and LMTO-2 (pristine) and LMO and LMTO-2 (cycled), line profiles for
LMO, LMTO-1 and LMTO2 (pristine) and LMO and LMTO-2 (cycled), SAED patterns for
LMTO-1 (pristine) and LMO and LMTO-2 (cycled), simulation of the HAADF-STEM image
of the pristine structure, different calculated ED patterns that are present in the experimental
SAED patterns of cycled LMO. Electrochemical characterization: Discharge capacity vs.
cycle number for LMTO-2, averaged over three coin cells. First-principles calculations: O-
O distance for LiosMn1xTixO3, Lithium extraction voltage for LMO, LMTO-05, LMTO-1 and
LMTO-2, O-O dimer fraction for LMO, LMTO-05, LMTO-1 and LMTO-2 at 300 and 1000 K,
activation energy (E,), pair distribution functions, mean square distance (MSD) of Mn atoms.
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