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ABSTRACT: Li-rich disordered rocksalt (DRS) cathode materials with naturally abundant resources, high power and energy density
have attracted great attention for applications in Li-ion batteries. We have previously investigated the Li,Mn;_,Ti,O,F (0 < x <2/3,
LMTOF) cathode system showing an attractive cycling behavior, which is however limited by poor long-cycle stability and the
unclear cation and anion redox activities in the presence of supposedly inactive Ti. In this work, synchrotron operando X-ray
absorption spectroscopy (XAS) is performed to study the chemical and structural evolution of Mn and Ti in the cathode compounds
during cycling. Selected electrodes with low (x = 1/3) and high (x = 2/3) Ti content are synthesized, and their structural and
electrochemical properties are first characterized a ccordingly. X -ray absorption n ear-edge structure (XANES) and extended X-ray

absorption fine structure (EXAFS) are combined to track the change in oxidation states and local coordination environment for the

active transition metals. In order to follow the dynamics of the active species, chemometric methods such as principal component
analysis (PCA) and multivariate curve resolution (MCR) are applied. Subsequently, the Mn and Ti redox activities are monitored
from initial to extended cycles, in combination with ex-situ studies and operando differential e lectrochemical m ass spectrometry

(DEMS) to understand the capacity fading and the redox-based degradation processes. The results provide insights into the
development of Mn double-redox reactions in the DRS cathodes from initial cycles to prolonged cycling and elucidate the impacts of
the reduced Mn redox activity and the increased local ordering on the cycling stability.

1. INTRODUCTION Recently, vast research progress has been made in the field

With the looming energy crisis and environmental pollution, of Lirich disordered rocksalt (DRS) materials aiming to

Li-ion batteries as the most promising candidates to store exploit high power and energy density batteries with

green energy resources have attracted significant a ttention in environment-friendly and nature-abundant metals, such as
the last decades. Meanwhile, this application has rapidly Mn, Ti, and others.”™® Manganese is an attractive redox-active
expanded from portable electronic devices to large-scale smart transition metal for Li-rich DRS materials, as it allows

grids and electric vehicles."” In constant pursuit of advanced
cathode materials for higher energy storage and better
performance, a lot of efforth asb eend edicatedt o the
development of material systems with low-cost, eco-friendly,
and naturally abundant resources in order to reduce the
dependence on rare transition metals limited by geopolitical
restrictions such as nickel and cobalt.”™*
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multielectron transfer. In addition, manganese is an inex-
pensive and earth-abundant element which is economically
desirable for manufacturing high-energy Li-ion batteries.”"”
Compositions within the formula range Li,Mn,_,Ti,O,F (0 <
x < 2/3)—LMTOF, which combine the high-valent cations
substitution and the partial substitution of F~ for O*~ anions,’
have been proposed as cobalt-free high-energy cathode
materials for Li-ion batteries. The high-valent Ti*" as a 3d°
transition metal (TM) promotes the formation of a disordered
rocksalt structure. Also, the low-valent F~ sets up the charge
balance to favor the incorporation of Mn as Mn?>' in the
structure, allowing the Mn*"/Mn?* double-redox reaction.
Particularly, previous studies showed that the composition
Li,Mn, ;T ;0,F (Ti33) with Ti** and mixed Mn*"/** in the
initial state demonstrated better cycling stability.'' ™' After the
initial charge, this composition can deliver a discharge capacity
comparable to the Lirich layered NMC (200—220 mAh/
g)'""® and greater than the conventional LCO (170 mAh/
g).16 Furthermore, a capacity retention of 190 mAh/g (~650
Wh/kg) after 100 cycles and 136 mAh/g (~460 Wh/kg) after
200 cycles was obtained.'" All of the aforementioned
performance features make the LMTOF system appealing as
a candidate for cobalt-free cathode materials. To further
improve the capacity retention of this LMTOF system, the
current understanding of the structural evolution and its redox
chemistry needs to be improved, especially for the reaction
mechanisms and degradation phenomena during long-time
cycling. For instance, the change of Mn redox due to oxygen
loss at high voltage, along with the Mn dissolution inside the
electrolyte, are known to be responsible for the capacity fading
of Li-rich Mn based cathode materials.'”™*° Moreover, Ti
cations are commonly considered to be inactive during
cycling,”” but the real evolution of Ti in a disordered system
and their change in oxidation state after prolonged cycling have
not been elucidated yet.

X-ray absorption spectroscopy (XAS) has been well
established as a powerful tool to probe the battery chemistry
and materials functionality; especially under operando con-
ditions, the real-time chemical and electronic information can
be achieved.” In this work, operando XAS with a synchrotron
source is applied to understand the redox chemistry and the
cycling-induced local structure evolution in Li-rich DRS
LMTOF cathode materials, aiming to identify the limiting
factors of the cycling stability and to eventually accelerate their
further development as cobalt-free high-energy cathode
materials for Li-ion batteries.

2. EXPERIMENTAL SECTION

2.1. Synthesis. The Li,Mn,_,Ti,O,F (x = 0, 1/3, 1/2, and 2/3,
referred as Ti0, Ti33, TiS0, and Ti66) powder materials, were
synthesized in two steps using high energy mechanochemical ball-
milling processes as described elsewhere. ' Li,0 (99.7%), Mn,0,
(99%), Ti,O; (99.8%), and LiF (99.9%) (all from Alfa Aesar) were
mixed in stoichiometric ratios under an inert atmosphere using silicon
nitride jar (80 mL) and balls (10 mm) as grinding media, with a
constant ball-to-powder weight ratio of 25:1. After milling, the
powders were recovered from the jar in an Ar-filled glovebox and
sieved using a 200 mesh sieve (USA standard sieve series). In this
work, Li,Mn,;Ti,/;0,F (Ti33) and Li,Mn, 3Ti,,;0,F (Ti66) were
selected as the main subjects of interest. In addition, Li,MnO,F (Ti0)
and laboratory-synthesized DRS LiMnO, were used as reference
standards owing to the same disordered rocksalt structure.

2.2. Materials Characterization. The final phase of the
synthesized materials was verified by powder X-ray diffraction using

a STOE STADI-P diffractometer in transmission geometry (Mo Ka,
radiation, 4 = 0.70932 A). Powder samples were sandwiched between
two acetate foils and sealed inside an airtight XRD sample holder.

Transmission electron microscopy (TEM) measurements were
carried out on a Themis300 electron microscope working at 300 kV
and equipped with a DCOR probe corrector and a Super X EDX
detector. The dry powders were directly dispersed on a TEM holey
carbon membrane without using solvents. All samples were prepared
in an Ar-filled glovebox and transferred to the microscope using an
airtight vacuum transfer holder. The K-lines of O, F, Ti, and Mn were
used for quantification in scanning transmission electron microscopy
(STEM)-EDX.

The chemical state of the Mn in the topmost surface layer
(sampling depth ~3—5 nm) for Li,MnO,F and LiMnO, was analyzed
by X-ray photoelectron spectroscopy (XPS) with a PHI S800 Multi-
Technique ESCA System (Physical Electronics). To avoid surface
contamination, the samples were prepared in an Ar-filled glovebox
and transferred to the XPS system using a sealed vessel. The
measurements were carried out using monochromatized Al Ka
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. The samples were neutralized with electrons from a
flood gun (current ca. 3 uA). For binding energy calibration, the C 1s
main peak was set to 284.8 eV. Peak fitting was accomplished by using
the CasaXPS program package with a Shirley-type background and
Gaussian—Lorentzian peak profiles.

2.3. Electrodes and Cells Preparation. To enhance the
electronic conductivity, 70 mg of the active compounds and 20 mg
of super P carbon black were first premixed for 3 h under an inert
atmosphere using 20 mL silicon nitride (SN) vial with 10 SN balls (&
2 mm) as grinding agents in a P7 planetary ball mill. Composite
electrodes were prepared with 70 wt % active materials, 20 wt % super
P carbon black, and 10 wt % poly(vinylidene fluoride) (PVDF) binder
dissolved in N-methyl-2-pyrrolidone (NMP) using a Thinky mixer
(ARE-250, Thinky Inc.). The obtained slurry was coated on
aluminum foil using an automatic doctor blade machine inside an
Ar-filled glovebox. The coating was then dried overnight at 120 °C in
a vacuum oven and a 12 mm disk of the electrode was punched to be
used as positive electrode. The typical loading of the active material
on the aluminum foil disk was fixed at 2.5 & 0.2 mg cm™> In addition,
high-loading-mass electrodes (3—4 mg cm™) were selected for
operando XAS measurements to increase the signal-to-noise ratio.

The laboratory electrochemical characterizations were carried out
with two-electrode Swagelok-type cells, in which 1 M LiPF4 in
ethylene carbonate/diethyl carbonate (EC/DEC) solvent mixture
(1:1, BASF), Whatman glass fiber, and Li-metal foil were used as
electrolyte, separator, and counter/reference electrode, respectively.
The cells were assembled in an Ar-filled glovebox and kept there for
24 h prior to the electrochemical tests.

2.4. Electrochemical Characterizations. Cyclic voltammetry
(CV) was performed on selected Ti33 and Ti66 samples using a
VMP-3 Potentiostat from Bio-Logic over the potential range 1.5—4.3
V and at various scan rates (0.1, 0.5, 5, and 10 mV/s).

To prepare the precycled electrodes for synchrotron XAS, the cells
were cycled at 25 °C in the voltage range from 1.5 to 4.3 V at two C-
rates (1C and 0.1C, based on theoretical capacity for 2 Li per formula
unit) and up to various cycle numbers (1, 9, 10, 49, 50, 99, 100, and
200 cycles) using an Arbin BT2000 electrochemical cycler. After
cycling, the cells were disassembled in an Ar-filled glovebox and the
positive electrodes were collected and washed three times with DMC
to be free from additional salts and solvents. The electrodes were then
dried overnight in a vacuum oven inside the glovebox and then sealed
for transport.

Operando differential electrochemical mass spectrometry (DEMS)
analysis was carried out to determine the presence and composition of
different gases evolved during galvanostatic cycling. A working
electrode (70 wt % active materials, 20 wt % Super P carbon black,
and 10 wt % polytetrafluoroethylene (PTFE) binder), two Whatman
glass fiber separators containing the electrolyte (1 M LiPF4 in
propylene carbonate), and a lithium metal counter electrode were
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Figure 1. (a) X-ray diffraction patterns of as-synthesized Ti33 and Ti66 samples, attributed to a cubic rocksalt phase (space group Fm3m). (b)
HAADF STEM image with (c) the corresponding EDX mapping for the Ti33 sample. Galvanostatic cycling profiles and cyclability plots of (d)

Ti33 and (e) Ti66 electrodes (1.5-4.3 V, 0.1 C, 25 °C).

assembled into a two-electrode type cell (ECC-Std from EL-CELL)
with gas inlet and outlet inside an Ar-filled glovebox. The cell was
further connected to a quadrupole mass spectrometer (Thermo
Fisher) equipped with a turbomolecular pump (Pfeiffer Vacuum) and
mass-flow controllers (Bronkhorst). During the operando DEMS
measurements, high-purity Ar gas at a rate of 1 mL/min was used as
the carrier gas, and the cell was charged/discharged with a constant
current (10 mA/g) in a voltage window of 1.5-4.8 V at room
temperature using a Biologic VMP3 potentiostat.

2.5. Synchrotron XAS. Mn and Ti K-edge XAS measurements
were carried out in transmission mode on the ROCK beamline at the
SOLEIL Synchrotron facility (Proposal number 20210779).>"** Two
Si(111) quickexafs monochromators were used with an oscillation
speed of 2 Hz at the Mn and the Ti K-edge enabling the collection of
one full absorption spectrum in 250 ms. The signal was collected in
transmission using three gas ionization chambers as detectors, which

in series allowed the simultaneous recording of the incident beam, the
beam transmitted by the sample, and the beam transmitted by a sheet
of Mn/Ti metal foil; the latter was used as a reference for energy
calibration.

A Swagelok-type in-situ cell with two Be windows was used for
operando measurements.”> The working electrode, the separator
(soaked with electrolyte), and the lithium counter electrode (all the
same as those used in laboratory Swagelok cells) were stacked layer by
layer between a large Be window and a stainless steel plunger with a
smaller Be window. All cell preparation was done inside an Ar-filled
glovebox. Reference standards were prepared by diluting MnO,
Mn, 03, MnO,, Ti,O; and TiO, powders with cellulose and pressing
them into pellets; as-synthesized pristine Li, Ti,Mn,_,O,F (x =0, 1/3,
1/2, 3/2) and DRS LiMnO, samples were also prepared in the same
way.
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Figure 2. Operando DEMS results from half cells with (a) Ti0-, (b) Ti33-, and (c) Ti66-based electrodes during the first cycle. The solid lines, blue
circles, and red dots correspond to the voltage profiles, O, evolution, and CO, evolution, respectively; (d) the total amount of released CO,
calculated based on the area under the CO, evolution curve for each sample. The gas evolution is given in ymol of gas species released per gram of

active material.

During the operando XAS measurements, the electrochemical cells
were galvanostatically cycled under ambient conditions within the
voltage window of 1.5—4.3 V at a cycling rate of 0.1 C (based on the
theoretical capacity of the electrode) with a BioLogic VMP3 battery
cycler. Mn K-edge absorption spectra were extracted and averaged
over 590 scans (elapsed time, 292 s; exposure, 146 s). The cycling
profiles with the points of XAS data acquisition are shown in Figures
Sla—c. For the Ti66 sample with higher Ti content, Mn and Ti K-
edge XAS were alternatively measured, as shown in Figure S1d. The
energy grids of extracted spectra are listed in Table S1. In addition,
other precycled electrode tapes were sealed in polyethylene bags
inside an Ar-filled glovebox. They were taken out of the glovebox
shortly before being measured ex-situ, together with the reference
standards and pristine materials.

XAS data were further analyzed with Fastosh,”* Athena of Demeter
packages™ and Larch®® software. The calibrated and normalized
XANES spectra were compared with reference standards to
fingerprint the oxidation states and the electronic structure. Principle
components analysis (PCA) and multivariate curve resolution by
alternating least-squares (MCR-ALS) were performed on normalized
spectra from the operando measurements of fresh Ti33 and Ti66
electrodes to extract the possible intermediate constituents and their
evolution during cycling. Linear combination fits (LCF) were also
carried out on normalized Mn spectra over the range from 6520 to
6625 eV based on experimental spectra of selected standards. In
addition, the concentration profiles of precycled Ti33 49C and
Ti33_99C electrodes were obtained by LCF using the theoretical
component spectra obtained from the MCR-ALS of fresh Ti33_0C
electrode. EXAFS spectra were extracted using the AUTOBK
algorithm®” and further Fourier transformed (FT) after applying a
Hanning window function over an appropriate data range (Table S2).
In order to probe the local structure and coordination environment
for Mn and Ti, shell fitting was performed using theoretical models

computed by FEFFS8 in Larch.”**®
Supporting Information.

More details are described in the

3. RESULTS AND DISCUSSION

3.1. Materials Characterization. Li-rich DRS
Li,Mng Tip33,0,F (Ti33) and Li,Mng s TigeO.F (Ti66)
were synthesized using mechanochemical synthesis and the
disordered rocksalt structure was successfully formed as
nanocrystals (Figure la). A shift of XRD reflection peaks
toward higher 20 angles was observed for Ti66, indicating a
slight decrease in lattice parameter.'’ Figure 1b,c displays a
high-angle annular dark-field (HAADF) STEM image,
combined with the results of EDX mapping for the Ti33
sample. Small primary particles together with nanosized
aggregates were observed, and the different shapes and
orientations were typical for polycrystalline particles. The
EDX results demonstrated a homogeneous distribution of all
elements within the sample. Figure 1d,e shows the
galvanostatic cycling plots of the two electrodes measured in
half cells up to 100 cycles. The Ti33 with a higher amount of
Mn, which is the main redox element that undergoes an
electrochemical double redox process upon cycling, showed
higher initial capacities as well as better capacity retention
upon cycling. In contrast to the steady sloping profile of Ti33,
Ti66 showed a plateau-like feature below 2.0 V, suggesting a
possible redox reaction at low voltage. To gain more insight
into the redox reactions happening during the cycling of the
samples, cyclic voltammetry with different scan rates (0.1, 0.5,
S, and 10 mV/s) was measured (Figure S2). The Ti33 sample
showed two consecutive redox processes approximately at
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Figure 3. EXAFS spectra of pristine materials measured ex-situ at Mn and Ti K-edges: k*weighted y(k) spectra and their corresponding magnitude
of Fourier transform for (a, ¢, d) Mn and (b, e) Ti. LiMn Tiy33;0, was measured on as-prepared electrode tape; all other samples were diluted

pellets.

around 3 and 3.5 V. On the other hand, in agreement with the
low-voltage plateau in the galvanostatic cycling profile, the
Ti66 sample demonstrated additional redox peaks in the low
voltage region, which were clarified using further measurement
techniques.

Figure 2 presents the results of real-time gas evolution of
Ti0, Ti33, and Ti66 electrodes in a two-electrode half-cell
during the first cycle, obtained from operando differential
electrochemical mass spectrometry (DEMS). O, and CO,
were measured while charging the cells from open-circuit
voltage (OCV) to 4.8 V followed by discharge to 1.5 V, all at a
rate of 10 mA g . The results showed no evidence of direct
evolution of the O, in all of the samples. However, a small
amount of CO, was evolved in the range of 4.3 V—4.8 V (vs
Li*/Li) at the end of the first charge. The CO, most likely
originated from reactions between reactive oxidized O species
at the cathode surface and the carbonate-based electro-
lytes.”>**73° The total amounts of CO, detected from each
material (<1 pmol/g) corresponded to less than 1 mAh/g of
charging capacity, so the overall extent of oxygen loss from
these materials was very small With an increase in Ti
substitution from 0 to 66%, the quantity of detected CO, was
reduced. For the Ti0 sample, two CO, peaks could be
discerned and the first one (starting at 4.25 V) had more
contributions from the lost lattice O that reacted with
electrolyte and the surface Li,CO; species.”® For the Ti66
sample, CO, was only produced beyond 4.75 V where the
electrolyte oxidation happened,®® indicating that the Ti
substitution helped to stabilize the cathode materials by
suppressing the lattice oxygen loss.

In the next step, XAS measurements were carried out on the
as-synthesized pristine LMTOF samples with varying Ti and F
content. Figure S4 shows the normalized Mn and Ti K-edge
XANES spectra of the LMTOF, together with the reference
standards. In agreement with our previous works measured
with a laboratory instrument,'' a shift of the Mn K-edge
toward lower energy was noted with increasing Ti content for

the Li,Mn,_,Ti,O,F (0 < x < 2/3) samples, reflecting a
gradual decrease of the Mn oxidation state by introducing
higher-valent Ti, from ca. 3+ in LiMnO, (LMO) and
Li,MnO,F (LMOF, Ti0) to close to 2+ in Li,Mng;;Ti¢O0,F
(Ti66). For the Ti K-edge, only the Ti66 sample showed a
slight edge shift toward lower energy, while all other
compounds exhibited the same edge energy, evidencing a
reduced Ti oxidation state in Ti66. In addition to oxidation
states, EXAFS results demonstrated the change of the Mn and
Ti local coordination environment upon cation and anion
substitution (Figure 3). The Fourier transform (FT) of
weighted y(k) represents the radial distribution of half-path
lengths (R)—the interatomic distance between the central
absorbers (Mn or Ti) and the neighboring scattering atoms.
The global y(k) is a summation of all scattering paths in the
material, in which the faster/slower component oscillations
correspond to the longer/shorter path lengths (2R) and can be
represented as peaks located at respective R (R with a constant
phase shift for all contributions) in the plot of magnitude of FT
(Iy(R)!); the amplitude of y(k) oscillations determines the
amplitude of the |y(R)! peaks.”” For Mn, Li,MnO,F showed a
slight decrease of amplitude in the first coordination shell
(Mn—O/F) compared to the parent compound LiMnO,, while
a 6-fold TM—ligand octahedral coordination was preserved
(Figure 3c). This presumably resulted from the increased local
disordering by F substitution for O. When 33% Ti was
substituted for Mn in LiMng ¢Tig3;0, (LMTO), the first shell
Mn—O bond length slightly shortened while R for the second
Mn—Mn/Ti shells increased. In the case of Li,Mn,_,Ti,O,F
with a constant fluorination and increasing Ti content x from 0
to 2/3 (Figure 3d), stronger modulation and disordering were
introduced, leading to a general increase of average interatomic
distance for both the first and the second coordination shells.
Compared to Mn, the change in the local environment of Ti
was modest (Figure 3e) with slight variations of Ry;_¢ s and
Rri_1i/mq- Only the Ti66 sample demonstrated a pronounced
increase in Rey_ti/pp-
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Figure 4. (a) Contour plot of normalized Mn K-edge spectra from the Ti33_0C electrode. The chemical shift is highlighted by the variation of
energy position from the point corresponding to the 0.7 edge step on the rising edge. (b) Normalized Mn K-edge XANES of the fresh Ti33
electrode from the Ist to 3rd cycles and precycled electrodes for the S0th and 100th. The enlarged pre-edge regions shown on the right of the
charge (ch) and discharge (dis) illustrate the 1s—3d quadrupole transition. Dashed lines represent the standard references Mn**O, Mn**,0;,
LiMn**0,, and Mn**0,. The solid purple line represents the pristine Ti33 while the dashed purple line was measured on the as-assembled fresh
electrode at OCV (2.77 V) before cycling. The darker/lighter color in the XANES spectra represents higher/lower voltage, respectively.

3.2. Operando Mn K-edge XAS of Ti33. Operando Mn K-
edge XAS measurements were carried out for Ti33
(Li;Mng ¢Tig330,F) on freshly prepared (Ti33_0C) and
precycled (Ti33_49C and Ti33 99C for 49 and 99 cycles,
respectively) electrodes with a cycling rate of C/10 (based on
theoretical capacity) in the voltage window of 1.5—4.3 V.
Figure 4a depicts the contour plots of normalized Mn K-edge
spectra from the fresh electrode (Ti33_0C). A gradual cyclic
shift of the edge toward higher/lower energy during charge
(ch)/discharge (dis) was observed, as highlighted by the
energy change of a point on the rising edge corresponding to
0.7 edge step, which showed a shift of ~5 eV. This evolution

represented the oxidation and reduction of Mn upon
delithiation and lithiation, respectively; the shifts between
Mn?**, Mn*, and Mn*" standards were in agreement with the
Mn?*/3*/Mn**/* double redox processes, as shown in the
normalized XANES (Figure 4b). Consistently, the pre-edge
peaks associated with the 1s — 3d quadrupole transitions also
exhibited an intensity raise during charge (Mn oxidation) due
to increased amount of available empty 3d states, which led to
higher transition probability and more distinguishable splitting;
an inverse trend was observed upon discharge. The Mn K-edge
energy shifts evidenced the reversible Mn redox activities.
However, we have noticed a shrinkage of the Mn redox range.
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Figure S. EXAFS spectra (presented in R-space) from operando Mn K-edge XAS measurements on the Ti33 electrodes recorded during various
electrochemical cycles. The k*-weighted y(k) spectra of the first charge (ch)/discharge (dis) are exemplified on the leftmost panels; the red dashed
lines represent the window function (Hanning window of dk = 2 A™") for Fourier transform. The inset color scale bars with arrows indicate the
direction of voltage change, and the numbers are the voltages at which the absorption spectra were recorded: yellow—orange—red — charge, dark
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Figure 6. Parameters obtained from shell fitting of ly(R)I; from (a) to (d) the 1st—4th cycle of a fresh electrode, and (e) the SOth and (f) 100th
cycle of precycled electrodes: R stands for the interatomic distance between the central absorbing Mn atoms and the first Mn—O/F coordination
shell (M, Ry;,_o/¢) as well as the second Mn—Mn/Ti coordination shell (@, Ry, _y/11); 0 represents the mean-square relative displacement in R
(structural disordering factor) for the Mn—O/F (O, *yy_0,r) and Mn—Mn/Ti (O, ¢*ym—o/p)-

In the fresh electrode, the Mn K-edge shifted between the
pristine/OCV and MnO, indicating a change of oxidation
states from the mixed 3+/2+ to approximately 4+. Upon
prolonged cycling, the energy range of the edge shifts became
narrower. Especially for the precycled electrodes, the formal
Mn oxidation state in the discharged state (1.5 V) was

prominently higher than that at the OCV of the fresh electrode
(2.77 V, dashed purple lines).

The evolution of the Mn local structure upon charge/
discharge during cycling was further probed by EXAFS as
shown in Figure 5. For all cycles, the magnitude [y(R)! of the
Fourier transformed (FT) k*-weighted y(k) showed an
increased amplitude during charging for both the first Mn—
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Figure 7. (a) Results (normalized singular values excluding the first component) of principal components analysis (PCA) based on normalized Mn
K-edge spectra of Ti33_0C electrodes from the four initial cycles. (b) Constituent spectra representing the three pure components (PCs) obtained
by MCR-ALS and their comparison with standards. (c) Example of an experimental spectrum (Ist charge 3.6 V) represented by PCs with
respective concentration fraction. (d) Concentration profiles of the Ti33 electrode: initial cycles (1st ch—4th dis) were obtained directly from
MCR-ALS. (e) Extended cycles were received from a linear combination fit (LCF) using the pure spectra from (b) as components.

O/F and the second Mn—Mn/Ti coordination shells, resulting
from the decreased local disordering upon the release of Li'.
Inversely, during discharge, reduced amplitudes were observed
due to increased disordering by lithiation. Moreover, the [y(R)I
peaks representing the Mn—Mn/Ti shell showed an evident
decrease (increase) in the average interatomic distance R upon
delithiation (lithiation). This is in agreement with the lattice
change observed by ex-situ XRD measurements in our previous
work.”®

The interatomic distances (R) between the central absorbing
Mn and the first (Ry,_o,s) and second (Ryp_wn/ti)
coordination shells were obtained through shell fitting,
together with the disorder factor ¢* (Figure 6). A simple
model with two single-scattering paths was used to minimize
the number of variables due to the limited data k range, as
exemplified in Figure S5 and Table S3. In general, both
Ryto—oye and Ry, po/1i showed a decrease during charge and
an increase upon discharge, indicating a local structure
contraction with delithiation and expansion upon lithiation.
The evolution of the first shell Ry, _o/p also agreed with the
edge shifts probed by XANES, reflecting the inverse correlation
between the bond length and formal oxidation state of the Mn
in similar ligand coordination environment.””*” The disorder
factor 6> showed similar evolution, though less representative
compared to the amplitude change in Figure 5 The second

Mn—Mn/Ti shell showed higher o values and larger variations
with cycling because of Li insertion/extraction on these
equivalent sites. Similar to the reduced shifts in edge energy
within the S0th and 100th cycle, the Ry, o/r and Ry a/i
evolved in a narrower range (1.88—1.95 A for Ry, _o/p 2.91—
2.96 A for Ryy_nm/1i) compared to the initial cycles (1.86—
2.20 A for Ryp—_o/p 2-88—3.02 A for Ry nin/1i)-

During the Mn**/Mn* and Mn*/Mn*" double redox
processes of LMTOF materials upon cycling, intermediates
with different Mn oxidation states may coexist, depending on
the state of charge, and the measured absorption spectrum can
be treated as a linear combination of such intermediates or
transient constituents. The concentrations of these compo-
nents to the averaged spectrum can be represented by
experimental standards through linear combination fit
(LCF), which is however limited by the choice of standard
references.””*"  Alternatively, principle component analysis
(PCA) can mathematically determine the amount of
intermediates in operando XAS data sets containing multiple
spectra, and the independent components can be recon-
structed as “pure spectra” through multivariate curve resolution
by alternating least-squares (MCR-ALS).*' ™ In both cases,
information about the intermediates that actively participate in
the complex reactions and the general trends can be extracted.
Figure 7a shows the normalized singular value against the
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Figure 8. (a) Normalized Mn and Ti K-edge XANES results of fresh Ti66 electrode during the first charge (ch)—discharge (dis) cycle; arrows
indicate the direction of edge shifts; dashed lines represent the standard references. (b) Corresponding Fourier transform of k*-weighted y(k)
EXAFS. Darker (lighter) color represents higher (lower) voltage. The inset color scale bars with arrows indicate the direction of voltage change,
and the numbers are the voltage at which the absorption spectra were recorded: yellow—orange—red — charge, dark blue—light blue — discharge.
(c) EXAFS shell fitting using two paths (Mn—O/F and Mn—Mn/Ti) for Mn while only the first coordination shell (Ti—O/F) was included for Ti:
R — interatomic distance from the central absorbing Mn or Ti atom to the neighboring atoms within the coordination shell, o — disordering factor.
(d) Normalized concentration profiles obtained by MCR-ALS using three PCs for Mn and two PCs for Ti.

component number obtained from PCA based on the spectra
collected from the fresh Ti33_0C electrode without the first
component to exclude the variance contribution of the edge-
jump. Apart from the first and second points with major
contributions, the third one represented about 4% of the sum
of all singular values and seemed in trend with the remaining
data points reaching a minimum close to zero. Therefore, we
concluded that three components in total incorporated the
majority of the structural information in this data matrix, in
agreement with our prior knowledge of the system with Mn
double redox. Accordingly, three pure components were taken
into account in MCR-ALS and their “pure spectra” (PCs) were
extracted from the initial cycles (1st—4th) of the fresh Ti33 0
electrode. These pure spectra showed distinct edge shifts and
were attributed to three Mn intermediate states (Figure 7b).
Compared to the experimental standards, PC2 was close to
LiMn**O, and Li,Mn**O,F—both were laboratory synthe-
sized with the same DRS structure as LMTOF and XPS
confirmed their Mn** valence state. PC3 showed an edge
energy close to that of Mn*O, as well as the overcharged Ti33
electrode (Ti33 4.8 V), in which Mn was oxidized to 4+. A
larger discrepancy was observed between PC1 and Mn*'O,
most likely due to the fact that Mn in LMTOF could not be

completely reduced to Mn®>" and PC1 represented a mixed
Mn?*/3* valence.

Furthermore, the experimental spectra were reconstructed as
a linear combination of these PCs with their respective
concentration fractions, as exemplified in Figure 7c with more
details in Figure S6 and Figure S7. Accordingly, Figure 7d
shows the development of percentages of these three
components for the fresh Ti33_0C electrode during the four
initial cycles. Taking the first charge as an example: from OCV
with a mixture of PC1+PC2, the concentration of PCl
decreased while PC2 increased. Above 3 V, PC3 that
represents the highest Mn oxidation state emerged, and PC2
reached an inflection point, after which it started to decrease
together with PC1. At even higher voltages, the fraction of PC3
surpassed PC2 (intersection of both curves) and eventually
became predominant at a fully charged state (4.3 V) with a
weight close to unity. This variation demonstrated a transition
process during charge as PC1 — PC2 — PC3, which
corresponded to the oxidation of Mn as LM*”/**TOF —
LM*TOF — LM*TOF upon delithiation. During the
subsequent discharge, a reverse trend was observed, where
PC1 dominated at 1.5 V revealing that Mn was more reduced
in the discharged state then at the OCV. These reversible
interchanges between the components reflected the Mn>'/
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Figure 9. Normalized XANES spectra at Mn and Ti K-edge spectra from discharged Ti33 (a, b) and Ti66 (c, d) electrode tapes measured ex-situ:
as-prepared tapes without cycling (Ti33_ and Ti66_initial) and tapes cycled at 1C and 0.1C rate until 10, 49, 50, 100, or 200 cycles, respectively.
Spectra from pristine materials (Ti33_p and Ti66_P) and one charged Ti33 electrode cycled to high voltage at C/10 (0.1C_4.8 V) are compared.
The lower graphs show the corresponding Fourier transform ly(R)| of k*-weighted y(k).

Mn*" and Mn**/Mn* double redox reactions during the
electrochemical cycling. In general, a similar evolution was
observed during the four initial cycles. However, it is worth
noting that the extent of variations was gradually reduced with
cycling. During the first two cycles, an almost full
concentration (~100%) of PC3 was obtained at 4.3 V while
PC1 dominated in the discharged state at 1.5 V. In the third
and fourth cycles, a small amount of PC2 was not oxidized to
PC3 at 4.3 V resulting in mixed PC2+PC3 components.
Moreover, a considerable fraction of PC2 was still observed in
the discharged states with a comparable concentration with
respect to PC1. This phenomenon became more prominent
after extended cycling of the precycled electrodes (Figure 7e),
especially after the first (SOth and 100th) cycle. We noticed a
drastically reduced variation among the three components, and
PC2 eventually became predominant regardless of the voltage.
In agreement with the reduced Mn chemical shifts probed by
XANES, the concentration variation also indicated a
degradation of the Mn double-redox activity.

For comparison, linear combination fit (LCF) was also
performed using experimental spectra measured from Mn**O,
LiMn**0,, and Mn*"O, standards (Figure S8a). In this study,
laboratory synthesized LiMnO, was used as Mn*" standard
thanks to the same DRS structure and similar coordination
environment as in the LMTOF materials, and its 3+ oxidation
state was confirmed by XPS (Figure S3) and XANES (Figure
S4a). The results were more suggestive, as LMTOF in this
study showed no intermediates corresponding to Mn**O, and
thus the fitting uncertainties (reduced-y*) were large for the
discharged states (Figure S9a). Nevertheless, the variation of
component fractions obtained by LCF showed a comparable
evolution as in MCR-ALS (Figure S10b,c). From OCV with a
combination of Mn*" and Mn*', the weight of Mn** deceased
upon charging while that of Mn®" increased as a result of the
Mn**/Mn** redox, followed by the subsequent Mn’*/
Mn*"redox at higher voltages with the appearance and growth

of Mn*". This process was also reversible in discharge, and the
mixture of 2+ and 3+ components at 1.5 V for the initial cycles
could be correlated to the PC1. From the third discharge,
Mn*" showed much smaller weight (<0.1) in the discharged
state as well as a reduced variation in the fourth cycle. After
extended cycling (Figure S8c), the contribution of Mn?*
remained low in any state of charge. In accordance with
MCR-ALS, with continuous cycling and degraded capacity,
Mn** and Mn*" became the main varying constituents, and the
former was prevailing.

3.3. Operando Mn and Ti K-Edge XAS of Ti66. For the
Li,Mng 33 Tip6¢0,F (Ti66) electrode with a higher Ti
concentration, both Mn and Ti K-edge operando XAS
measurements were performed. Figure 8a,b shows the
normalized XANES spectra and FT |y(R)| of Ti66 during
the first cycle. Similar to the Ti33 electrode, Ti66 exhibited a
progressive Mn K-edge shift toward higher energy as well as an
increasing amplitude of ly(R)| during the charge, resulting from
the Mn oxidation and the reduced local disordering upon
delithiation; and vice versa for the discharge. Ti also exhibited
small edge shifts (indicated by the gray arrows), which were
more distinct during discharge over a wider voltage range
(4.3—1.5 V). By comparing between the charged (4.3 V) and
discharged (1.5 V) states, a small shift of the pre-edge peak
(~0.12 eV) to lower energy and a slight decrease of peak
intensity were observed (Figure S11). These modifications can
be mainly attributed to a local structure change of Ti upon
lithiation and delithiation.**** As observed in ly(R)l, Ti
showed relatively weaker amplitude variation, suggesting that
the Ti local environment was less influenced by lithium release
and uptake compared to Mn. This was also supported by the
shell fitting shown in Figure 8c. The distance from a central Ti
atom to the O/F ligands Ry o,z showed only negligible
changes upon charge—discharge, while a more pronounced
evolution in Ryy,_o,r was observed for Mn. Compared to Ti33,
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Ti66 showed overall lower Mn oxidation states as well as larger
Ry_oyr (1.89—2.06 A, vs 1.86—2.02 A for Ti33).

MCR-ALS was also performed for Ti66. Three pure
components were extracted for Mn and the concentration
profile (Figure 8d) evidenced the Mn double redox. However,
it is worth noting that these pure spectra (PCs) were not the
same as for Ti33 and, in general, exhibited lower edge energy
(Figure S10a). Therefore, a more straightforward comparison
between Ti33 and Ti66 was made by LCF based on the same
experimental standards (Figure S10b). From the component
variation during the first cycle, the Mn*" in Ti66 (solid
symbols) showed higher weight at all voltages, while the
higher-valent Mn** and Mn* were present with reduced
fractions in comparison with those in Ti33 (open symbols).
This was probably due to the predominant amount of low-
valent Mn*" in pristine Ti66 in favor of the Mn**/Mn*" redox
couple in the initial cycles. For Ti, the two pure components
PC1 and PC2 obtained from MCR-ALS were attributed to two
distinct local environments for Ti between the charged and
discharged state. As EXAFS showed distinct variation in ly(R)I
amplitude but no prominent changes in Ry;_q/p, it is likely due
to a rearrangement of coordination atoms rather than any
distortion of octahedra.

3.4. Ex-Situ XAS on Precycled Electrodes. Ti33 and
Ti66 electrodes cycled at different rates and up to various
cycles were also compared using electrode tape measured ex-
situ, as shown in Figure 9. For Ti33, all discharged electrodes
showed a slight shift of the Mn K-edge toward higher energy in
comparison to the pristine (Ti33_p) and the uncycled
electrode (Ti33_initial) regardless of the charge—discharge
rate and the cycle number (Figure 9a, upper). To represent the
delithiated state for comparison, an electrode that was charged
to 4.8 V (0.1C_4.8 V) was also investigated, which showed a
Mn K-edge approaching that of Mn*'O,. The Fourier
transform ly(R)| showed distinct Mn coordination environ-
ments between the state of charge (Figure 9a, lower): all
discharged electrodes (1.5 V) exhibited similar amplitudes for
the first coordination shell, which were stronger than that of
the uncycled Ti33_initial (OCV = 2.8 V) but weaker than the

fully charged electrode (4.8 V). For Ti, no prominent Ti K-
edge shift was observed (Figure 9b, top), except for the
overcharged 0.1C_4.8 V sample. Unlike for Mn, the [y(R)! for
the first Ti—O/F shell could not be categorized by the state of
charge, probably due to the redox inactivity of Ti in Ti33.
Moreover, the large and random variation in ly(R)| amplitudes
might suggest a strong modulation of the Ti local structure by
Li insertion—extraction. This is in agreement with a previous
Raman study on Ti33, where it was found that Li had a
tendency to insert into sites close to Ti favoring the TiO4 and
LiF4 coordination.”® With cycling going on, such site-selective
occupancy could lead to a continuous change of the Ti local
environment and a strong deviation from the initial structure.

Similarly, all discharged Ti66 electrodes showed increased
Mn oxidation states (Figure 9c, top) compared to the pristine
materials (Ti66_p). In addition, a slight shift of the Ti K-edge
was observed (Figure 9d, upper) for all cycled electrodes,
indicating an irreversible local structural modification from the
initial state. Moreover, no prominent variation was observed in
ly(R)l for Mn and Ti (Figure 9c,d, lower), implying similar
local environments in discharged states after long cycles.

In summary, Ti33 electrodes cycled over 1.5—4.3 V showed
a predominant redox contribution from Mn without an evident
Ti redox activity. After long cycling, the higher Mn oxidation
state with decreased local disordering in the discharged state
might suggest an increasingly hindered lithation, preventing
the electrode from reverting to its initial status. For Ti66, a
relatively more stable local structure subject to lithiation—
delithiation cycling was observed.

3.5. Discussion. So far, the capacity loss in Li-rich Mn
based cathode materials has usually been attributed to oxygen
loss, Mn dissolution into electrolytes, and/or irreversible
structure changes.'”*® For the DRS LMTOF materials system,
the DEMS results evidenced that the Ti substitution
successfully stabilized the electrode with respect to lattice
oxygen loss, and the overall extent of oxygen loss from these
materials was very small even with higher cutoff voltage (1.5—
4.8 V). Therefore, for the selected Ti33 and Ti66 electrode
cycled in a voltage window of 1.5—4.3 V, oxygen loss was
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considered as neither a primary mechanism for the capacity
degradation after prolonged cycling nor an affecting factor for
the oxidation states and local structure of the redox-active
transition metals.

From the operando XAS results of Ti33 electrodes, we
observed declining Mn K-edge shifts in XANES as well as a
reduced variation of pure components derived from MCR-ALS
and LCF after prolonged cycling, evidencing a gradual
degradation of the Mn double-redox activity that was most
likely responsible for the capacity degradation. Assuming Mn is
the only redox-active transition metal and Ti remains +4, it is
possible to reconstruct the composition of Ti33 on an
indicative basis using the fraction of pure components at
OCV. By arbitrarily assigning PC2 as Mn®** and PC3 as Mn*",
the oxidation state of PC1 was obtained as
Li,Mn3di>*Mni&, Mn3¢, O,F, which is equivalent to the
nominal composition Li,Mn,;;**"Ti*|,;0,F. Based on the
concentration profiles (Figure 7), the average Mn oxidation
states (av. Ox) can be simulated by 2.152 X PC1 + 3 X PC2 +
4 X PC7 as shown in Figure 10. From the initial cycle, the
variation of average Mn oxidation states (A) between the
charged and discharged states showed a gradual decrease, from
ca. 1.53 in the first discharge to 0.96 in the fourth discharge
and significantly lower in extended cycles (50th dis and 100th
dis). If Ti is considered stable at +4 and oxygen redox is not
taken into account, the charge compensation becomes solely
based on Mn reduction during lithiation; the lower and lower
A upon cycling can be directly correlated to the observed
decrease of the discharge capacity. Moreover, the reduced
height changes between the PC1, PC2, and PC3 columns can
also reflect the gradual loss of Mn redox activity, in accordance
with the decreased Mn edge shifts and reduced local structure
evolution, as well as the resulting capacity degradation (Figure
S12).

For Ti33, the local structure change of Mn probed by
EXAFS revealed distinct variations in the interatomic distance
and disorder parameters in the initial cycles. After prolonged
cycling, though a similar radial distribution in the Fourier
transformed ly(R)! evidenced no drastic structure change such
as a phase transition, the reduced variation in the Mn—O/F
bond length and in the amplitude of the Mn—Mn/Ti
coordination shell suggest an increased local ordering with
decreased reversibility for the Li incorporation. The capability
of reversibly accommodating the Li insertion—extraction was
no longer preserved. Consistently, from the ex-situ measure-
ments, all discharged electrodes demonstrated convergent
characteristics for Mn with an average oxidation state close to
Mn®" as well as a general increase of local ordering compared
to pristine materials. This might result from the site-selective
occupancy and preferential coordination as shown in our
previous Raman study on LMTOF, which also detected an
overall symmetry deviation from a simple DRS structure upon
cycling.38 Moreover, it is worth noting that Mn?* is more
vulnerable to the Jahn—Teller distortion due to the odd
electron on ¢, (tzg3eg1).47 Partial fluorination can mitigate the
Jahn—Teller distortion and thus improve the Mn redox.’!
However, this benefit would be compromised if more Mn
became coordinated as Mn**Og instead of Mn>*/ 3JrOG_yFy
throughout the long cycling due to increased short-range
order.™

4. CONCLUSION

In this work, synchrotron operando XAS was applied to
understand the chemical and local structure evolution of a
representative class of Mn-based disordered rocksalt cathode
materials, Li,Mn,_,TixO,F (LMTOF, 0 < x < 2/3), upon
electrochemical cycling. For Li,Mng ¢Ti; 330,F (Ti33), Mn K-
edge XANES and EXAFS confirmed the reversible Mn double
redox activities in the initial cycles, which successively
degraded in longer cycles, as reflected by a s maller variation
in oxidation state and bond-length. Both MCR-ALS and LCF
analyses showed a reduction of the Mn component with the
lowest oxidation state, indicating the disappearance of Mn>*/
Mn®" redox activity with prolonged cycling. In the case of
Li,Mny, 33Ty ¢O,F (Ti66), similar redox behavior was found
for Mn and a cycling-induced local structure modification was
observed for Ti in the initial cycle. The comparison of LCF
indicated that the larger content of Ti might attenuate the
presence of Mn*/Mn* in favor of the Mn>*/Mn* redox
couple. EXAFS evidenced cycling-induced local structure
changes for Mn and a rather stable coordination environment
for Ti. Ex-situ XAS on cycled Ti33 and Ti66 electrodes
revealed a similar higher Mn oxidation state in the discharged
state compared to the pristine materials, independent of cycle
number and charge—discharge rate. In summary, the gradual
alteration of Mn double-redox activity with prolonged cycling
is considered responsible for the capacity degradation
associated with the cycling-induced irreversible local ordering.
For further development of these DRS oxyfluoride cathodes,
optimization of the cycling stability with a more precise control
over the cations’ local environment can be envisaged.
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