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ABSTRACT: Cation-disordered rocksalt (DRS) materials have
shown good initial reversibility and facile Li+ insertion and
extraction in the structure at high rates. However, all of the Li-
rich oxyfluorides introduced so far suffer from short cycle lifetimes
and severe capacity fading. In the current study, we combine the
strategy of using high-valent cations with partial substitution of
oxygen anions by fluorine ions to achieve the optimal Mn4+/Mn2+

double redox reaction in the composition system Li2Mn1−xTixO2F
(0 ≤ x ≤ 2/3). While Ti-rich compositions correlate to an O-
oxidation plateau and a partial Mn3+−Mn4+ redox process at high
voltages, owing to the presence of Ti3+ in the structure, a new
composition Li2Mn2/3Ti1/3O2F with a lower amount of Ti shows
better electrochemical performance with an initial high discharge
capacity of 227 mAh g−1 (1.5−4.3 V window) and a Coulombic efficiency of 82% after 200 cycles with a capacity of 136 mAh g−1

(>462 Wh kg−1). The structural characteristics, oxidation states, and charge-transfer mechanism have been examined as a function of
composition and state of charge. The results indicate a double redox mechanism of Mn4+/Mn2+ in agreement with Mn−Ti structural
charge compensation. The findings point to a way for designing high-capacity DRS materials with multi-electron redox reactions.

■ INTRODUCTION

The need for cost-effective, environmentally friendly, high-
energy-density cathode materials for lithium-ion batteries
(LIBs) is driven by the rapidly growing demand for efficient
energy storage. Nickel and cobalt as electrochemically active
transition metals in layered rocksalt materials such as Ni-rich
layered oxides (e.g., LiNi3/5Mn1/5Co1/5O2) are present in most
of the commercialized LIBs. Due to safety issues as well as
limited resources, alternative materials are highly desirable.1−3

Furthermore, the reversible specific capacity of a cathode
material based on the cationic redox reaction of a transition
metal (Ni4+/Ni2+ and/or Co4+/Co3+) is limited.3−7 As
potential alternatives, disordered rocksalt systems based on
vanadium and its double redox reactions have been
investigated recently. Li2VO2F, Li3V2O5,

5 and Li2VO3
6 showed

high capacity and high energy density. However, vanadium is a
toxic and expensive element that may be a hindrance for large-
scale production, and the systems suffered from thermody-
namic instabilities and fast degradation.8,9 Hence, high-capacity
cathode materials based on, e.g., manganese, could be a
suitable substitution due to the low cost, low toxicity, and
abundance of the element in nature.10

To date, several cathode compositions based on manganese
have been introduced and investigated such as Li2MnO3,

LiMnO2, and Li4Mn2O5, but their performance was limited by
anionic redox issues, which have been reported to reduce the
lifespan of the battery.11−13

As a perspective for mitigation of the issues, density
functional theory (DFT) calculations have shown that titanium
as a light 3d0 transition metal may stabilize the structure.14,15

Disordered rocksalt structures with achievable high capacity,
due to lithium transport through percolating zero transition
metal pathways, which remain active upon the delithiation
process, are noticeable.16,17 Zero transition metal diffusion
paths are energetically favorable since activated lithium ions in
tetrahedral sites perceive less electrostatic repulsion as a
limiting diffusion barrier.16−21 Further strategy to achieve high
reversible capacity, along with high-valent Ti substitution, is
O2− replacement by F−.8,22,23 Fluorine substitution introduced
by Chen et al. can reduce the average valence requirement on
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the anions, which is one of the keys to access the high level of
active Li and hence reach the long-term reversible capacity of
batteries.8,24,25 Another advantage of fluorination is that it
alleviates the irreversible anionic redox reaction of oxygen. In
this structural regime, the lifetime of the cathode material can
be increased, thereby reaching higher capacities based on
cationic redox reactions.22,26 To date, different manganese-
based structures such as partially ordered spinel-like
Li1.68Mn1.6O3.7F0.3 and Li2MnTMO2F (TM: Nb, Ti) disor-
dered rocksalt have been fluorinated, proving an electro-
chemical improvement with respect to high energy density and
better rate capability in comparison with nonfluorinated
samples.2,27

Here, we report our study on the beneficial effect of titanium
substitution on the stabilization of the disordered rocksalt
structure of Li2Mn1−xTixO2F (0 ≤ x ≤ 2/3) as a potential
cathode material for next-generation Li-ion batteries. Using
high-energy mechanochemical ball milling starting from equal
valence Ti(III) and Mn(III),28−30 we successfully synthesized
a series of mixed-valence compounds Li2MnIIIO2F,
Li2Mn1/3

IIMn1/3
IIITi1/3

IVO2F, Li2Mn1/2
IITi1/2

IVO2F, and
Li2Mn1/3

IITi1/3
IIITi1/3

IVO2F, referred to as 0% Ti, 33% Ti,
50% Ti, and 66% Ti, respectively. The combined presence of
high-valent Ti4+ as a 3d0 transition metal, which promotes the
formation of a disordered rocksalt structure, and low-valent F−

sets up the charge balance to favor the incorporation of Mn as
Mn2+ in the structure, allowing a Mn4+/Mn2+ double redox
reaction.31 The chemistry, structure, homogeneity, elemental
distribution, and chemical state of the prepared powder
materials have been investigated using X-ray diffraction
(XRD), Rietveld refinement analysis, electron microscopy,
and X-ray spectroscopic techniques (XPS, X-ray absorption
near-edge spectroscopy (XANES)). Subsequently, the electro-
chemical analyses are presented and discussed with respect to
the properties of the materials.

■ EXPERIMENTAL SECTION
Material synthesis. Li2Mn1−xTixO2F (0 ≤ x ≤ 2/3) powders

were synthesized by high-energy mechanochemical ball milling in two
steps. First, Li2O (99.7%), Mn2O3 (99%), and Ti2O3 (99.8%, all from
Alfa Aesar) were mixed in stoichiometric ratios under an inert
atmosphere using a silicon nitride jar (80 mL) and balls (10 mm) as
grinding media, with a constant ball-to-powder weight ratio of 25:1.
The powders were milled together for 20 h (with 10 min rest after
each 30 min milling interval) at a rotation speed of 600 rpm (Fritsch
P6 planetary ball mill). In the second step, LiF (99.9%) was added in
a stoichiometric ratio to the mixture, and the powders were milled
under the same conditions for additional 20 h at 600 rpm.
Material Characterization. Powder X-ray diffraction (XRD)

patterns were collected in a 2θ range of 10−45° using a STOE
STADI-p diffractometer in transmission geometry with Mo Kα1
radiation (0.70932 Å), equipped with a DECTRIS MYTHEN 1 K
strip detector. To avoid air exposure, all measurements were carried
out with an airtight sample holder fitted with an acetate foil window.
Rietveld refinement of the XRD patterns, recorded for longer times
(16 h), was performed using FullProf software. For the illustration of
the crystal structures, VESTA software was used.
The morphology of the as-prepared powders was determined by

scanning electron microscopy (SEM, ZEISS GEMINI Crossbeam 350
field emission SEM) with in-lens detection at 5 keV. The samples
were deposited on a carbon tape substrate and transferred to the SEM
using an argon-filled sample transfer shuttle. Energy-dispersive X-ray
spectroscopy (EDX) elemental mapping was performed with an
OXFORD XMAX 50 detector at 10 kV and Aztec software.
For transmission electron microscopy (TEM) measurements, the

samples were prepared inside a glovebox and transferred to the

microscope without exposure to air using a vacuum transfer holder.
The dry powder was directly dispersed on a TEM holey carbon
membrane without the use of solvents. The measurements were
performed using a Themis300 electron microscope working at 300 kV
and equipped with a DCOR probe corrector and a Super X EDX
detector. The K-lines of O, F, Ti, and Mn were used for quantification
in scanning transmission electron microscopy (STEM)-EDX.
Inductively coupled plasma-optical emission spectrometry (ICP-
OES) was performed for quantitative elemental analysis of the as-
prepared samples with different Ti contents (33% Ti, 50% Ti, and
66% Ti). Owing to the low solubility of Ti-based entities, 15 mg of
each powder was dissolved overnight in concentrated aqua regia and
the diluted samples were subjected to ICP-OES analysis.

The chemical state of the elements in the topmost surface layer
(sampling depth ∼3−5 nm) was analyzed by X-ray photoelectron
spectroscopy (XPS) measurements with a PHI 5800 Multi-Technique
ESCA System (Physical Electronics). To avoid surface contamination,
the samples were transferred in an inert gas atmosphere to the sample
load lock of the XPS system. The measurements were carried out
using monochromatized Al Kα radiation (250 W, 15 kV), a detection
angle of 45°, and analyzer pass energies of 93.9 and 29.35 eV for
survey and detail spectra, respectively. When necessary, the samples
were neutralized with electrons from a flood gun (current ca. 3 μA).
Binding energy calibration was performed by setting the C 1s main
peak to 284.8 eV. Peak fitting was accomplished using the CasaXPS
program package with a Shirley-type background and Gaussian-
Lorentzian peak profiles.

To clarify the chemical state of Ti and Mn in the synthesized
compositions, X-ray absorption near-edge spectroscopy (XANES) on
Ti and Mn K-edges were measured for pristine Li2Mn1−xTixO2F (0≤
x ≤ 2/3) compounds in transmission mode using a commercial
laboratory device (easyXAFS300+, easy XAFS LLC, Renton, WA).
The instrument is based on Rowland circle geometries with
spherically bent crystal analyzers (SBCAs) and a silicon drift detector
(AXAS-M2, KETEK GmbH, Munich, Germany).32 A Si(400) SBCA
was used for the Ti K-edge and Si(440) for the Mn K-edge. Ti2O3
(99.9%, 325 mesh, Sigma-Aldrich, stored in a glovebox) and TiO2
(99.9%, anatase, 32 nm, Alfa Aesar) powders were used as Ti3+ and
Ti4+ references. MnO (99%, 60 mesh, Aldrich), Mn2O3 (99%, 325
mesh, Aldrich), and MnO2 (99.9%, 325 mesh, Alfa Aesar) powders
were used as standards for Mn2+, Mn3+, and Mn4+, respectively. These
oxide powders were first thoroughly ground in an agate mortar, and
then fine particles were selected by sedimentation using acetone
(VMR, 99.5%). Weighed powders were mixed with 30−40 mg of
cellulose and pressed into pellets of 10 mm diameter, which were then
sandwiched by Kapton tapes. The calculated mass of materials leads
to a 0.7−1.5 edge jump in the measured absorption spectra. Pristine
Li2Mn1−xTixO2F with 0, 33, 50, and 66% Ti were prepared in a similar
way inside the glovebox. Kapton-tape-sandwiched pellet samples were
mounted on stainless steel washers with an aperture size of 9 mm and
then placed on a sample turret (ZWO/EFW), allowing remote sample
changes. An empty washer with two layers of Kapton tape was used to
measure the incident X-ray beam, and a 5 μm Ti metal foil and a 400
mesh Mn foil (Exafs Materials, Danville, CA 94526) were measured as
references for calibrating the energy shift of Ti and Mn K-edges,
respectively. The incident beam, transmitted X-ray for reference/
standard samples, and Li2Mn1−xTixO2F were measured sequentially. A
resolution of 0.25 eV was used for the XANES region, and multiple
scans for each sample were collected to improve the signal-to-noise
ratio. Li2Mn1−xTixO2F samples were freshly prepared inside the
glovebox and then transported to the ambient X-ray absorption fine
structure (XAFS) measurement to maintain their as-synthesized states
and minimize possible time effects due to air exposure or X-ray beam
damage. The absorption spectra were calculated according to the
transmission relation μ(E) ∼ ln(I0/It) by a python-based software
(easy XAFS LLC, Renton, WA), which is also used for dead time
correction and energy calibration. The calibrated absorption data were
further processed using Athena and Larch software.33,34

Electrochemical Testing. To prepare the cathode composite,
active material and Super P conductive carbon black were mixed
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together under an inert atmosphere in a 20 mL silicon nitride jar for 3
h at 300 rpm using a Fritsch P7 premium line planetary ball mill.
Coarse and agglomerated particles were removed using a 230 mesh
sieve. The premixed active material and carbon black were blended
with poly(vinylidene fluoride) (PVDF) as a binder with a weight ratio
of 70:20:10 in 900 μL of N-methyl-2-pyrrolidone (NMP) for 15 min
using a Thinky Mixer (ARE-250 Thinky Inc.). The mixed
components were cast on an Al current collector using the doctor
blade technique in an argon-filled glovebox. Subsequently, the
coatings were dried in an oven located inside the glovebox at 120
°C for 12 h under vacuum. The electrodes were punched as 12 mm
disks, containing around 1.5 mg of the active material each. For all of
the electrochemical cells, 1 M LiPF6 in an ethylene carbonate/diethyl
carbonate (EC/DEC) solvent mixture (1:1, BASF) was used as an
electrolyte, in the presence of Whatman glass fiber as a separator and
a Li metal foil as a counter/reference electrode. Electrochemical tests
were carried out in two-electrode Swagelok-type cells, assembled in an
Ar-filled glovebox, and kept there for 24 h before cycling.
Galvanostatic charge−discharge cycling was performed at 25 °C in
a voltage range from 1.5 to 4.3 V at various C-rates using an Arbin
BT2000 electrochemical cycler. All of the calculated charge and
discharge capacities were based on the net active material loading in
the working electrode. Cyclic voltammetry (CV) measurements for
the cells were carried out in the 1.5−4 V range at different scan rates
using a VMP-3 potentiostat from Bio-Logic. Electrochemical
impedance spectroscopy (EIS) was carried out at 25 °C after the
2nd and 40th electrochemical cycles (in the discharge state) using the
VMP-3 impedance analyzer function in a frequency range of 200
kHz−10 mHz with an AC voltage of 10 mV.

■ RESULTS AND DISCUSSION

Synthesis and Structural Characterization. Figure 1
shows the powder XRD patterns for the four synthesized
compounds with varied Ti/(Mn+Ti) ratios. For all of the
compositions, the disordered rocksalt structure was success-
fully formed by the mechanochemical synthesis process.13 The
broad diffraction peaks in the patterns indicate the nano-
crystalline nature of the synthesized materials, which is most
prominent for Ti-rich compositions (Figure S1).35 Such
structural features could result from changes in the mechanical
properties upon Ti incorporation. Rietveld refinement analysis
(Figure 1a−d) confirms that all of the compounds crystallize in
the same cubic Fm3̅m symmetry (space group No. 225) with a
disordered rocksalt (DRS) structure, in which Li, Mn, and Ti
cations randomly occupy 4a Wyckoff octahedral sites, and O
and F anions occupy 4b Wyckoff tetrahedral ones. The
refinement also reveals that no significant impurities can be
detected and the patterns clearly correspond to a DRS
structure with low Rwp ≈ 1 for the four compositions.
Increasing the Ti content (0−66 atom %) correlates well to an
increase of the lattice parameter from 4.1391 to 4.1934 Å
(Table 1), which also affects the cell volume and crystal
density. This development is consistent with the larger crystal
radii of Ti(III, IV) and Mn(II) in comparison to that of
Mn(III). More details on the refinements are given in the
Supporting Information (SI, Table S1). Using the William-
son−Hall method, the crystallite size was calculated for the
different samples, as shown in Table 1. The trend shows that

Figure 1. X-ray diffraction patterns and results of the Rietveld refinement of a cubic rocksalt phase (space group Fm3̅m) with 0% Ti (a), 33% Ti
(b), 50% Ti (c), and 66% Ti (d).
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the crystallite size has an inverse relation with the Ti amount.
The microstrain contribution to peak broadening was found to
be less than 0.3% for all of the samples. A schematic illustration
of the crystal structure of the precursors before and after the
synthesis of the final DRS structure is represented in Figure 2.
The size, morphology, and chemical mapping of the particles

of the four samples were investigated by SEM (Figure S2) and
high-angle annular dark-field (HAADF) STEM imaging
(Figure 3), both combined with EDX. Small primary particles
together with nanosized aggregates having different shapes and
orientations formed polycrystalline particles, which were
closely packed and agglomerated. Selected area electron
diffraction of the 33% Ti sample clearly identified the cubic
rocksalt structure, as shown in Figure 3c. The indexation of the
diffraction rings is accurately consistent with the XRD
diffraction results. The average primary particle size in the
0% Ti sample was around 220 nm, and Ti substitution
generally led to a reduction of the particle size, which is in
agreement with lower scattering domains obtained by XRD
(Table 1). For direct comparison, the statistical distribution of
the particle size for different compositions is presented in
Figure S2e. While a normal distribution is considered for the
estimation of the average particle size, a bimodal trend may
also be followed. The elemental compositions as derived from
EDX and ICP-OES analysis are summarized in Tables S2 and
S3. The obtained results corroborate the expected Ti/Mn
ratios for the three mixed compounds. Depending on the
technique (EDX or ICP) employed to quantify the samples,
the Ti/Mn ratio may shift slightly according to the intrinsic
properties of each element (mainly electronic structure and

solubility). With respect to Ti/Li and Mn/Li ratios, the values
remain underestimated using ICP for the same reason
mentioned here. Finally, it may be noted that EDX elemental
mapping revealed a uniform distribution of Mn, Ti, O, and F in
all samples.

Electrochemical and Cell Tests of Cathode Compo-
sites. Figure 4 summarizes the results of the galvanostatic
cycling with a potential limitation between 1.5−4.3 V to avoid
the oxygen anionic redox reaction.36 The insertion/extraction
of 1 Li per formula unit during 10 h (C/10 rate) was
repeatedly recorded for the 1st, 3rd, 10th, and 100th cycles for
the four cathode materials. Steady sloping voltage profiles can
be seen for all samples except the 66% Ti sample; the profiles
present a reasonable average voltage hysteresis (around 80
mV) and stay relatively stable during cycling. The results
suggest that structural changes and oxygen loss are small.37−39

Assuming 2 Li per formula unit, the theoretical capacity
increases with increasing Ti amount from 447, 456, 460 to 465
mAh g−1 for 0% Ti, 33% Ti, 50% Ti, and 66% Ti, respectively.
In the measurements, however, the highest initial reversible
capacity of 262 mAh g−1 belongs to the sample with 50% Ti,
corresponding to the extraction of 1.24 Li per formula unit.
The measured discharge capacities in the first cycle are
approximately half of the theoretical values for the samples
with 0% Ti (224 mAh g−1) and 33% Ti (235 mAh g−1) and
less than half for 66% Ti (185 mAh g−1), pointing at a lower
degree of active Li in the structure.
It should be mentioned that in these high-valent TM

oxyfluoride materials, it is common to consider the redox
capacity, which corresponds to around 230 mAh g−1 for all of
the compositions, as only 1 Li can be extracted since excessive
delithiation can lead to irreversible structural changes.40

Although excessive delithiation did not take place, all electrode
materials show a significant loss of capacity upon prolonged
cycling (Figure 5a). A possible reason for the capacity loss
could be the dissolution of Mn ions into the electrolyte, which
is a known phenomenon for many Mn-based cathodes,
depending on the structural stability of each composition.41,42

In the early stage of cycling, the 50% Ti sample achieves the
highest capacity. This can be rationalized by the fact that Ti

Table 1. Structural Parameters of the Different Phases
Based on Rietveld Refinement and SEM Analysis

composition lattice parameter, Å cell volume, Å3
crystallite
size, nm

average
particle
size, nm

0% Ti 4. 1391(5) 70.915 9 ± 2 220
33% Ti 4.1856(6) 73.330 7 ± 2 214
50% Ti 4.1899(4) 73.552 5 ± 1 172
66% Ti 4.1934(6) 73.740 3 ± 1 154

Figure 2. Schematic illustration of the crystal structure of the precursors used in the synthesis and of the obtained DRS phase.
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cations as 3d0 TM can keep all of the Mn cations in their lower
oxidation state. However, this structure seems to be
destabilized during prolonged cycling. It can be assumed that
more Mn(II) ions are activated in the structure, which makes
the dissolution more pronounced.43 Furthermore, the
beginning of the O-oxidation plateau is clearly visible for this
composition, which is in agreement with previous reports,
when cycling the material at high voltages.2 Interestingly, the
sample with 33% Ti shows the best capacity retention after 200

cycles, maintaining a discharge capacity of 136 mAh g−1 (inset
of Figure 5a) with a Coulombic efficiency of around 82% and
significantly smaller charge−discharge polarization (Figure
5b). Such improvement can be linked to better structural
stability, as well as to the presence of the mixed valence for
Mn(II, III) in comparison to the 50% Ti sample. It is
noteworthy that the Ti−Mn binary phase diagram provides
atomic miscibility at the Ti/Mn (1:2) ratio (SGTE database).

Figure 3. HAADF STEM image (a) with the corresponding EDX mapping (b) and the selected area diffraction pattern (c) of the
Li2Mn2/3Ti1/3O2F sample.

Figure 4. Voltage profiles for the 1st, 3rd, 10th, and 100th cycles of the four samples: 0% Ti (a), 33% Ti (b), 50% Ti (c), and 66% Ti (d) (voltage
window: 1.5−4.3 V, 0.1C, 25 °C).
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For the Li2Ti1/3Mn2/3O2F composition (33% Ti), we carried
out ICP-OES post-mortem analysis (Table S4) on the lithium
foil anode (DMC prewashed) after prolonged cycling to detect
any migration of Mn and Ti to the anode side. It can be seen
that even in the best performing sample, Mn dissolution-
related issues can occur, where the Mn amount is 10 times

higher than that of Ti after 100 cycles. Further studies may
deal with the surface coating of the particles to minimize Mn
dissolution.
Besides, the 66% Ti sample shows the lowest initial capacity,

presumably due to the low Mn (+II) content (33%) in
comparison with the other three samples since Mn redox is the

Figure 5. Comparison of the specific discharge capacity and capacity retention (a) of the four samples (0% Ti, 33% Ti, 50% Ti, and 66% Ti) as a
function of cycle number (0.1C, 25 °C). The inset shows the specific charge and discharge capacity and capacity retention of the 33% Ti sample
until 200 cycles. (b) Average voltage, hysteresis (ΔV), and Coulombic efficiency of the 33% Ti sample.

Figure 6. Circle plots of the voltage profiles for the four samples (0% Ti, 33% Ti, 50% Ti, and 66% Ti) after the 2nd (a) and 100th cycles (b),
Nyquist plots of impedance after the 2nd (c) and 40th (d) cycles for the four samples. Details on the fittings and the circuit model can be found in
the SI (Figure S3).
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factor that controls capacity.36 Figure 5 shows that the
discharge capacity increases during the first 20 cycles, before
decreasing again in the following cycles. It cannot be ruled out
that structural modifications may occur during cycling due to
the presence of Ti(III), which is thermodynamically less stable
than Ti(IV). It is interesting to note that the 66% Ti sample
exhibits lower working potential and higher capacity fading
after 100 cycles.
Lithium ion migration within particles is promoted by the

presence of short diffusion pathways, and in the case of smaller
particles, diffusion can be enhanced. However, in the case of
the higher activity of the material, dissolution is more likely to
happen.44−46 In our case, the reason behind the higher rates of
capacity loss by increasing the Ti content might be the smaller
particle size, which amplifies the dissolution of the
corresponding entities in the electrolyte during cycling.43

The voltage versus specific capacity circle plots for the four
samples after the 2nd and 100th cycles are presented in Figure
6. At both cycle numbers, shifts in capacity, charge/discharge
hysteresis, and voltage slope profiles can be found. All four
samples show a sloping voltage profile from the 2nd cycle;
nonetheless, there is no overlap of the curves in the high
voltage region. These differences can be explained by the
different amounts of Mn ions taking part in the redox reaction.
Owing to the small size of the particles for the four composite
electrodes, redox transformations could be mitigated.47

Regardless of Mn ion dissolution, there are always some
interactions between the electrolyte and the active material
that are irreversible reactions. From one side, the electrode−
electrolyte interface can be stabilized after prolonged cycling,
resulting in lower polarization, along with electrolyte depletion.

Otherwise, these interactions can also be translated as capacity
fading due to mass loss.
To get a better understanding of the electrode−electrolyte

interface evolution, electrochemical impedance spectra were
collected. The EIS data and correlated Nyquist plots of the
four cathodes after the 2nd and the 40th cycles in the discharge
state (1.5 V) are shown in Figure 6c,d, respectively. Basically,
they consist of one depressed semicircle at high/middle
frequencies, in addition to a Warburg tail at low frequencies.
The depressed semicircle is linked to charge-transfer resistance
(Rct) and double-layer capacitance, while the Warburg tail is
assigned to lithium diffusion.48

During cycling, the resistive contributions from the different
segments of the batteries such as lithium ion migration through
the electrode surface film, bulk resistance, and charge-transfer
resistance would be increased due to the reduced stability of
the electrolyte and electrode components. As can be seen
based on the Warburg tail at low frequencies, there are some
additional polarization processes that show that the resistance
is not only due to electronic carriers but also related to the
diffusion in the material.49 A general equivalent circuit model,
as shown in the inset of Figure S3a, was used to fit the EIS
data. This model is better resolved for the 0% and 33%Ti
samples after the 2nd cycle: an extrapolated intercept with the
real Z-axis represents the ohmic resistance (Rs) of all cell
components, and the following two suppressed semicircles that
are partially overlapped in the high-to-medium-frequency
range indicate that there are two relaxation processes with
distinct time constants. The higher-frequency semicircle is
attributed to the surface SEI layer (Rsei/Csei) and the medium-
frequency one is associated with charge-transfer resistance
(Rct) and double-layer capacitance (Cdl), followed by the low-

Figure 7. Rate capability comparison of the four electrodes (a) 0% Ti, (b) 33% Ti, (c) 50% Ti, and (d) 66% Ti within a voltage window of 1.5−4.3
V at 25 °C. The right axis indicates the Coulombic efficiency (CE) versus cycle number.
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frequency mass-transfer process (Ws), which is usually shown
as a Warburg-type inclined tail.48 All capacitive components
are modeled using the constant-phase element (CPE) due to
the rough and porous surface of the electrode. For 66% Ti, due
to the large resistance and strong overlapping between
medium- and high-frequency contribution, it is not possible
to distinguish the charge-transfer and mass-transfer processes;
therefore, the fitted Rct values were not taken into account
(more data of the fitting is provided in the SI).
EIS measurements reveal then that all of the four samples

present an increase in impedance upon electrochemical
cycling. Several additional responses are obviously overlapped
due at least to one surface layer. The total resistances after the
first cycle were 49, 38, 195, and 270 Ω for the four compounds
(0% Ti, 33% Ti, 50% Ti, and 66% Ti samples, respectively),
which increase to 341, 176, 510, and 2390 Ω after 40 cycles,
respectively. The increase in charge-transfer resistance is
possibly connected to structural changes on the surface.50

Furthermore, after 40 cycles, a shift in the intercept of the
depressed semicircle with the Zre-axis is observed toward a
higher value, representing an increase in the ohmic resistance
(from 6.5 to 13.6 Ω), which is assigned to a change of the
electrolyte resistance.
Additionally, the 50% Ti sample in comparison with the 33%

Ti sample shows more increase in impedance by cycling, which
supports the hypothesis with regard to the instability of the
50% Ti electrode mentioned earlier. Less increase in
impedance after cycling is a sign of better electrode kinetics.51

The distinguished capacity retention for this electrode (33%
Ti) could then suggest the formation of a more stable
electrode−electrolyte interface during cycling.
The (de)lithiation kinetic processes were studied further by

carrying out rate capability tests within 1.5−4.3 V for the four
electrodes (Figure 7). While the voltage window remained the
same, the electrodes were cycled at varying current rates from
0.1C to 1C. As expected, the capacity of all four electrodes
decreased with increasing current rate, and the Coulombic
efficiency increased due to the shorter interaction of the active
material with the electrolyte at higher potentials.40 The
decrease in charge/discharge capacity as a result of the
increase in the C-rate is due to the inhibition of insertion/

extraction of Li+ cations originating from diffusion barriers and
the increase in surface polarization.52 However, from the
trends, it can be seen that the capacity loss mostly occurs
during charge. Overall, the four electrodes demonstrate
promising rate capability since by decreasing the rate from
1C back to 0.1C, the cathode materials show notable capacity
retention (>90%). The 50% Ti sample shows the highest
discharge capacity at all rates, while the sample with 33% Ti
shows the best stability in charge and discharge at different C-
rates (Figure 7). Low charge−discharge polarization with
better electronic conductivity can also be noticed for the 66%
Ti sample.
To identify of the working potentials and possible redox

activities, differential capacity plots were extracted (dQ/dV vs
voltage) for all samples (Figure S4) and compared with CV
measurements (Figure 8). The derived curves reveal that two
potential areas with high charge flux can be distinguished for
the Ti-containing samples (at around 3.5 and 2.6 V), which
point to two successive redox reactions (Mn2+−Mn3+ and
Mn3+−Mn4+). In contrast, the 0% Ti sample shows only one
maximum (around 3.3 V), which corresponds to one redox
reaction during charge transfer. However, it should be noted
that due to the Jahn−Teller effect, the Mn4+/Mn3+ redox
couple can only be partially used, which could limit the
expected capacity.53 Furthermore, for the 66% Ti sample, an
additional redox process below 2 V can be distinguished, owing
to the presence of an amount of Ti3+. This is in agreement with
the prediction that Ti4+−Mn2+ charge compensation is favored
during synthesis starting from Ti3+−Mn3+ states. The differ-
ences between the redox voltages of the four compounds are
probably due to different redox couples that take part in the Li
ion insertion reaction.54 The voltage deviation between charge
and discharge in the dQ/dV plots may have kinetic origins
resulting from several factors such as surface energy,
nanocrystallinity, and ionic diffusion.55 Furthermore, an
increasing degree of disorder during the charge and discharge
process can influence Li diffusion upon cycling, which can
increase the kinetic polarization as can be seen for the sample
with 50% Ti.16,56

To further assess these statements, CV scans were recorded.
The Mn2+−Mn4+ double redox reaction of the compounds

Figure 8. Cyclic voltammograms (a) and comparison of the 1st (Mn3+/Mn2+) and 2nd (Mn4+/Mn3+) redox potentials for Mn (b) extracted from
dQ/dV (dashed column) and cyclic voltammetry (solid column) plots for the four samples (0% Ti, 33% Ti, 50% Ti, and 66% Ti) at a scan rate of
0.5 mV s−1.
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with Ti (33% Ti, 50% Ti, and 66% Ti) can be well identified
based on the working potentials (Figure 8a). Upon increasing
the Ti amount, both redox peaks are slightly shifted to higher
voltages (Figure 8b). These changes can be assigned most
probably to modification in the chemical environment/
potential, depending on the composition of each sample.54

The half-wave potential deviation and working potential

hysteresis, which is visible between the oxidized and reduced
states, can be attributed to the kinetic barrier and diffusion
process limitations, as discussed above for the dQ/dV curves.
Furthermore, the irreversibility of the redox reactions can
cause deviation between redox voltages (Figure 8b).

Oxidation State Characterization. XPS measurements
were carried out to elucidate the changes in the chemical states

Figure 9. Mn 2p (a) and Ti 2p (b) detail spectra of the electrode samples with 33% Ti (left column) and 66% Ti (right column) at different stages
of electrochemical cycling (as indicated in the figure).

Figure 10. (a) Ti K-edge XANES spectra of pristine 33, 50, and 66% Ti samples with reference standards. (b) The energy shifts of the Ti K-edge
upon composition evolution, i.e., Ti content. Ti2O3 and TiO2 are used as standards for the Ti3+ and Ti4+ oxidation states. (c) Mn K-edge XANES
spectra of 0, 33, 50, and 66% Ti pristine compounds with reference standards. (d) The Mn K-edge shifts with the Mn content (100 − % Ti). MnO,
Mn2O3, and MnO2 are used as standards for Mn2+, Mn3+, and Mn4+, respectively.
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(oxidation states) of Ti and Mn during electrochemical
cycling. More precisely, the 33% (Ti-poor) and 66% (Ti-
rich) samples were selected and analyzed at four different
stages of cycling: in the pristine state (initial), after the 1st
charge, after the 1st discharge, and after the completion of the
10th cycle (discharged state). Figure 9a shows the Mn 2p core-
level spectra of these samples. The spectra of the pristine
electrodes show for both compositions a main Mn 2p peak
doublet with the Mn 2p3/2 peak at 641.3 eV together with a
satellite peak at ∼646 eV. The position of the main peak is in
the range that is usually expected for Mn(II) or Mn(III)
species (between 641 and 641.5 eV). To decide between these
two possibilities, we also measured the Mn 3s peak since it was
demonstrated previously that the degree of the multiplet
splitting of this peak can be diagnostic for the Mn oxidation
state. For oxides with different Mn oxidation states (from
MnO to MnO2), a splitting of ∼6 eV was found for Mn(II),
decreasing to ∼5.5 eV for Mn(III) and ∼4.8 eV for Mn4+.57,58

In our case, the spectra of both pristine samples showed a peak
splitting of 6.0 eV. Therefore, the predominant oxidation state
of Mn in the pristine samples is most probably + II. It should
be noted that a mixture of Mn(II)/Mn(III) would have been
expected for the sample with 33% Ti based on the
stoichiometry (Li2Ti1/3Mn2/3O2F). Indeed, supplementary
EXAFS measurements (Figure 10) showed the Mn K-edge
of this sample between Mn(II) and Mn(III), indicating the
coexistence of these two Mn oxidation states for this sample.
The different results from XPS and EXAFS measurements can
be attributed most likely to a change of the Mn oxidation state
with increasing sample depth from predominantly Mn(II) at
the surface (as detected by the surface-sensitive method XPS)
to a mixture of Mn(II)/Mn(III) in deeper layers (measured by
EXAFS). After the 1st charge, a shift of the main Mn 2p3/2
peak to 642.2 eV (33% Ti) and to 641.8 eV (66% Ti) was
observed, which indicates a change in the chemical
surrounding of Mn upon charging. Usually, the peak shift to
higher binding energy (BE) can be linked to an increasing Mn
oxidation state, which is in agreement with electrochemical
data, although it is difficult to assess this change quantitatively
by surface analysis. The measurements in the Mn 3s region
revealed only a minor reduction of the peak splitting to 5.9 and
5.8 eV for the samples with 33 and 66% Ti, respectively
(Figure S5). It should be noted that it cannot be excluded that
a larger reduction of the splitting is counteracted by effects that
work in another direction (see below). Nonetheless, analysis
corroborates the observed shift to a higher voltage in CV for
the 66% Ti sample, which may suppose that Mn4+ had not
completely formed.
The measurements after the 1st discharge indicate

essentially the return of Mn back to a lower oxidation state
in both samples, with a downshift of the Mn 2p3/2 peaks and an
increase of the Mn 3s peak splitting. Interestingly, the latter not
only returned to 6.0 eV but also widened to 6.2 and 7.2 eV for
the samples with 33 and 66% Ti, respectively. It can be
speculated that this increased peak splitting is caused by an
irreversible modification, such as 1st cycle interface activation,
of the chemical surrounding of the Mn atoms in the electrode
materials upon electrochemical cycling since it was reported
before that a change in the ligands of Mn complexes (with the
same Mn oxidation state) also affects the peak splitting to
some extent.59 Finally, the Mn 2p spectra recorded after 10
cycles (discharged state) show a further minor shift to lower
BE for both samples (Mn 2p3/2 at 641.2 eV), which is,

however, within the error margin of the measurements, while
the splitting of the Mn 3s peak increases further to 6.5 and ∼8
eV for the samples with 33 and 66% Ti, respectively. These
results point at further changes, mainly for the 66% Ti sample,
in the chemical surrounding of the Mn atoms in the materials
upon prolonged cycling. Based on the fact that Mn(I) is less
plausible, it may be speculated that O-deficient regions may
have formed at the surface of the particles.
The results of the measurements in the Ti 2p region are

presented in Figure 9b. The spectra of the pristine electrode
with 33% Ti show only one Ti 2p peak doublet (Ti 2p3/2 peak
at 458.4 eV), which can be attributed to fully oxidized Ti4+.60

In contrast, an additional peak doublet at lower BE (Ti 2p3/2
peak at 456.0 eV) can be detected in the spectrum of the
sample with 66% Ti, which is due to a certain amount of Ti3+

in this sample, as already mentioned above.60 Finally, for all
cycled samples, the peak doublet of fully oxidized Ti4+ is the
main feature, indicating that Ti stays fully oxidized in the
following and at all stages of cycling. However, due to the
instability of the 66% Ti sample during cycling, it is difficult to
ascertain the reversibility of Ti3+, which was present initially in
the sample.
Surface chemical analysis has been supplemented by X-ray

absorption spectroscopy characterization of bulk samples.
Figure 10a shows the Ti K-edge X-ray absorption near-edge
structure (XANES) for pristine Li2Mn1−xTixO2F with 33, 50,
and 66% Ti. By “fingerprint” comparison with the standards,
the 33 and 50% Ti samples show an energy position of the
rising edge close to that of TiO2 (Ti4+ reference), while the
66% Ti sample exhibits an edge shift toward Ti2O3 (Ti3+

reference) at lower energy, as shown in Figure 10b with better
clarity. This result suggests a formal oxidation state close to IV
for the 33 and 50% Ti compounds, in which the predominant
amount of Ti ions is in the Ti4+ states. On the other hand, with
increasing Ti content, the 66% Ti compound shows a mixed
Ti3+/Ti4+ valence state, which is in agreement with the XPS
observation and CV analysis. Although the exact content of
each valence state cannot be quantified due to the limited data
quality, the relative energy position of the K-edge in the 66%
Ti sample implies that the amount of Ti3+ is not negligible. It is
worth noting that the commonly observed four pre-edge peaks
in anatase TiO2

61 are not distinguishable in our study,
probably due to instrument limitations on the lower energy
side. Therefore, it is not yet clear whether the observed single
pre-edge peak could represent the distorted TiO6 octahedral
coordination61,62 with F substitution. Future studies using
more powerful synchrotron X-ray radiation shall help to clarify
this structural feature.
Figure 10c,d shows the Mn K-edge XANES spectra of

pristine Li2Mn1−xTixO2F with 0, 33, 50, and 66% Ti. The edge
energy position of 0% Ti is close to that of Mn2O3, and the
66% Ti sample displays an edge close to MnO, indicating a
formal oxidation state of +3 in 0% Ti and +2 in 66% Ti, and
the latter is in agreement with the XPS observation. On the
other hand, both 33 and 50% Ti pristine compounds
demonstrate mixed (+2−+3) oxidation states. The 50% Ti
sample shows an edge energy shift closer to MnO, suggesting a
larger amount of Mn(II) in this composition compared to the
33% Ti sample.
Taken together, these results support our hypothesis that Ti

atoms in the pristine samples are in their preferred oxidation
state IV. Only for Ti-rich samples (e.g., with 66% Ti), some Ti
atoms can be found in oxidation state III. The preference for
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oxidation state IV is also found during cycling. Conversely, the
preference of Ti for oxidation state IV leads the Mn atoms in
mixed oxyfluorides to assume oxidation state II, which
contributes to the high capacity of oxyfluoride materials. In
addition, the present study confirms the limited contribution of
Ti to the redox capacity in DRS oxyfluorides, while it anyway
allows reaching better stability and achieving high electro-
chemical storage capacity via the Mn4+/Mn2+ double redox
activity.

■ CONCLUSIONS
Four different Li2Mn1−xTixO2F (0 ≤ x ≤ 2/3) compositions
were synthesized using high-energy mechanochemical ball
milling and investigated as potential cathodes for Li-ion battery
applications. We have first shown that Ti substitution can
improve both the structural stability, providing a rigid
framework structure, and the electrochemical properties of
DRS oxyfluorides. Since Ti is redox inactive in the optimized
structure, it appears essential for high capacity, where Mn in
the pristine material is in oxidation state II, enabling a two-step
redox reaction from Mn2+ to Mn4+. By adding a certain amount
of Ti in the structure, the charge gained from the first redox
reaction, which is assumed to be related to the Mn3+/Mn2+

couple, also increased. The capacity fading during cycling may
assume to be the result of irreversible manganese dissolution
and/or electrolyte decomposition during cycling, depending
on the electrode composition. For instance, Ti-rich composi-
tions manifested O-oxidation and cycling instability, probably
due to the presence of Ti with a lower oxidation state, where
Mn3+ is oxidized only partially. However, we found that the
new composition Li2Mn2/3Ti1/3O2F results in considerably
improved electrochemical performance (cyclability and rate
capability) and stability (lowest cell internal resistance and
polarization). It can be deduced that the Ti/(Mn + Ti) atomic
ratio of 33%, with high atomic miscibility in the Ti−Mn phase
diagram, may play a key role in the structural stability of the
composition Li2Mn2/3Ti1/3O2F. With the optimized Ti
content, capacity retentions of 192 mAh g−1 (∼653 Wh
kg−1) after 100 cycles and 136 mAh g−1 (∼462 Wh kg−1) after
200 cycles were obtained, which may open up on further
material improvements and cell engineering for such a class of
cathode materials, featuring a good compromise between
energy and power densities.
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