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ABSTRACT 
Developing high-capacity, long-life cathodes is critical to overcome the energy limitations of 
current Li-ion batteries. Here, we report a Li-excess cation-disordered rocksalt (DRX) cathode, 
Li₁.₁₆₇Mn₀.₇Ti₀.₁₃₃O₁.₈F₀.₂ (M₀.₇F₀.₂), which demonstrates excellent electrochemical performance. 
This cathode delivers a capacity approaching 250 mAh g⁻¹ and maintains 200 mAh g⁻¹ over 200 
cycles with an average discharge voltage of 3.1 V at 2 V cutoff. The formation of a spinel-like 
phase during cycling enables fast charging, achieving over 240 mAh g⁻¹ at 2C for 100 cycles. 
Combined X-ray absorption spectroscopy and transmission electron microscopy reveal reversible 
electrochemical redox processes and stable Mn local structures during 2 V discharge. These 
results highlight the potential of DRX cathodes for next-generation Li-ion batteries and provide 
insights into strategies to overcome kinetic limitations and optimize the cathode-electrolyte 
interface. 

Keywords: Li-ion battery cathode, cation disordered rocksalts, electrochemical kinetics, 
fast-charging capability, spinel-like phase transformation, cathode-electrolyte interphase 

 

1.​ INTRODUCTION 
Lithium-ion batteries play a crucial role in powering a range of applications, from portable 
electronics to electric vehicles. However, they still rely on cathode materials such as lithium iron 
phosphate (LFP) and lithium nickel manganese cobalt oxides (NMC), where were developed 
over two decades ago.1-5 Currently, LFP cathode has reached its energy density limit, while 
conventional layered NMC cathodes dominate energy-intensive applications.6 However, the 
reversible capacity of NMC cathodes has been constrained to around 200 mAh g-1 to maintain 
structural stability.7 To further advance lithium-ion battery technology, new cathode materials are 
needed to operate at higher capacities without compromising other critical performance metrics. 

Extensive search has led to the development of two classes of cathode materials that excel in 
capacity: Li-rich layered oxides8-9 and Li-excess cation-disordered rocksalts (DRXs)10. Both 
cathodes consistently deliver high capacities (> 250 mAh g-1) with other performance metrics 
comparable or not significantly inferior to conventional layered oxides. Li-rich layered oxides 
share similar atomic arrangements to conventional layered oxides with primary transition metals 
(TMs) of Mn, Ni, and Co. The presence of Li ions in the TM layers shifts the stoichiometry 

1 
 



toward a Mn-rich regime for charge neutrality. Despite decades of research, Li-rich layered 
oxides are still hindered by issues like capacity and voltage decay.11-12 In 2014, Lee et al. 
introduced a new class of high-capacity DRX cathodes.13 In the rocksalt structure, Li and TM 
ions occupy a cubic close-packed lattice of octahedral sites, with Li diffusing via an 
octahedral-tetrahedral-octahedral (o-t-o) hopping mechanism. Sufficient Li excess increases the 
availability of active 0-TM channels, facilitating macroscopic Li diffusion and enhancing 
electrochemical performance. Unlike conventional layered oxides, DRX cathodes allow random 
cation distribution, where 'disorder' specifically refers to cation (Li and TM) mixing, which 
distinguishes DRX from layered oxides that also adopt a rocksalt structure but retain cation 
order. Similar to other disordered electrodes,14 DRX exhibits reduced lattice expansion15 and less 
changes in local Li environments across different states of charge.16 Furthermore, cation disorder 
in DRX eliminates the need for Co and Ni, which are essential to separate Li sites from the TM 
sublattice in layered structure. This structural flexibility enables the use of cost-effective and 
earth-abundant TMs like Mn and Fe17-21 as redox centers like in lithium manganese oxide and 
LFP cathodes.22 Additionally, DRX can accommodate high-valence TMs (e.g.,Ti,23-24 Nb,18 V,25 
and Mo,26-27) and significant fluorine substitution, expanding its compositional variety.28-30 

Numerous DRX compositions with varied Li excess and TMs have been reported. Among these, 
Mn redox-active materials show the most promising performance in terms of capacity, rate 
capability, and cycling performance.31-34 Mn is often paired with Nb and Ti metals, and the 
oxidation states of Mn (Mn2+ and Mn3+) in Mn-based DRXs depend on the degree of Li excess 
and fluorination.19-20, 35 The extent of fluorination in DRX materials is significantly influenced by 
the synthetic methods. For example, high energy milling has achieved fluorination levels as high 
as 34% in Mn2+-based DRX materials,20, 35 while solid-state synthesis has enabled about 10% 
fluorination in Mn3+-based DRX materials.36 Nevertheless, it has been shown that sufficient 
fluorination can significantly improve the cycling stability of DRX cathodes,37 while their 
capacity is less sensitive to the fluorination degree. This is largely attributed to the utilization of 
more TM redox than oxygen redox and enhanced surface stability by fluorination.38-41 Oxygen 
redox tends to dominate when there is a lower amount of redox-active metals or a greater lithium 
excess.42 Optimal Li excess typically falls between 10-20%, facilitating sufficient Li ion 
diffusion and efficient redox utilization.29 Research on Mn-based DRXs has shown that materials 
with higher Mn content utilizes more Mn redox and delivers better cycling performance 
compared to those with lower Mn content.38 We recently demonstrated stable cycling of a 
Mn-Ti-based DRX cathode, delivering over 200 mAh g-1 for 200 cycles.43 Building on the 
promising performance, affordability, and resource availability, efforts are being made to 
optimize Mn-Ti DRX compositions with even higher Mn content for enhanced capacity and 
improved cycling stability. Additionally, high-Mn DRX materials exhibit a local structural 
transformation from rocksalt to spinel-like phase during electrochemical cycling.44 This phase 
change has sparked interest in its impact on electrochemical performance, particularly in terms of 
rate capability, due to the fast Li ion diffusion in spinel structure.45 

In this work, we report a newly developed DRX compound, Li1.167Mn0.7Ti0.133O1.8F0.2 (M0.7F0.2), 
with Li-to-TM ratio of 1.4, which exhibits significantly improved performance. Notably, a 
capacity above 200 mAh g-1 for 200 cycles (90% capacity retention) is achieved at a discharge 
cutoff voltage of 2 V, enabling a high average discharge voltage of 3.1 V. Additionally, it shows 
strong potential for fast-charging applications, delivering a capacity over 240 mAh g-1 for 100 
cycles at a 2C charge rate (730 mA g-1). Using a combination of X-ray absorption spectroscopy 
(XAS), resonant inelastic X-ray scattering (RIXS), and transmission electron microscopy (TEM) 
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analyses, we investigate the chemical and structural evolution of this DRX cathode during 
cycling. These studies address the need to overcome the challenges in kinetic barriers during 
discharge and surface stability. Our findings reveal the new potential of this class of cathodes and 
provide valuable insights into possible pathways for further performance improvements. 

2.​ EXPERIMENTAL METHDOS 
2.1 Synthesis and Characterization 

Li1.167Mn0.7Ti0.133O1.8F0.2 cathode material was synthesized by a solid-state reaction using lithium 
carbonate (Li2CO3), manganese oxide (Mn2O3), titanium oxide (TiO2), and lithium fluoride (LiF) 
as the precursors. Stoichiometric amounts of the precursors except Li2CO3 (10% Li excess) are 
thoroughly mixed and annealed at 1030 °C for 4 h under Ar atmosphere. X-ray diffraction 
(XRD) patterns were collected on a Bruker D2-Phaser with Cu Kα radiation (λ = 1.54178 Å) 
from 10 to 80 degree. Conventional Rietveld method was performed to analyze the XRD pattern 
using the general structure analysis system package with graphical user interface (EXPGUI). 
Scanning electron microscopy (SEM) image was collected on Zeiss Gemini Ultra-55 Analytical 
Field Emission Scanning Electron Microscope coupled with the Bruker X-Ray Energy 
Dispersive Spectrometer with the beam energy of 7 kV. 

For TEM analysis, pristine cathode particles were prepared by dispersing them onto lacey carbon 
copper grids inside an Ar-filled glovebox. The cycled electrodes were disassembled inside a 
glove box, and then subjected to cross-sectional cutting using a focused ion beam with Xenon 
plasma as a source. The as-prepared TEM lamella samples were investigated using an aberration 
corrected Titan 80-300TM scanning/transmission electron microscope operated at 300 kV. 
HAADF images were collected with a convergence angle of 30 mrad and a collection angle of 
68-180 mrad. Electron diffraction images were conducted on a Titan 80-300TM 
scanning/transmission electron microscope operated at 300 kV using a 10 μm aperture, which 
produced a probe diameter of ~200 nm. Energy dispersive X-ray spectroscopy (EDS) data were 
collected using an Oxford X-Max TEM EDS detector. Electron diffraction and fast Fourier 
transforms (FFT) patterns were processed using the Digital Micrograph software. To prevent 
beam-induced damage, a probe current of 25 pA was employed throughout the investigation. 

2.2 XAS and RIXS Characterization 
X-ray absorption near edge structure (XANES) measurements were carried out at 20BM of 
Advanced Photon Source (APS) at Argonne National Laboratory (ANL). Extended X-ray 
absorption fine structure (EXAFS) was performed at the Beamline 2-2 and 4-3 in a transmission 
mode using a (220) monochromator at Stanford Synchrotron Radiation Lightsource (SSRL). Ex 
situ DRX electrodes were removed when the cells reached the designed states of charge, then 
rinsed by dimethyl carbonate solvent and dried inside an Ar-filled glovebox. Hard XAS data 
were analyzed using SIXPACK software. RIXS maps were collected on the ultra-high efficiency 
iRIXS endstation at Beamline 8.0.1 at the Advanced Light Sources (ALS).46 All samples were 
sealed in a home-made sample transfer kit inside an Ar-filled glove box, then transferred to the 
iRIXS vacuum system through the sealed kit to avoid any air exposure. The sample surface was 
mounted at 45° to the incident beam, and the outgoing photon direction along the RIXS 
spectrograph was 90°. The resolution of the excitation and emission energy was about 0.2 and 
0.35 eV, respectively. An excitation energy step size of 0.2 eV was used for RIXS mapping. All 
the spectra were normalized to the beam flux measured by the upstream gold mesh, and RIXS 
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spectra were also normalized to the collection time for each individual cut. Other technical 
details and parameters could be found in the previous report.46 

2.3 Electrochemical Characterization 
DRX cathode powder was milled with acetylene carbon black (Denka, 50% compressed, surface 
area: 58 m2 g-1) to prepare DRX-carbon composite, which was then mixed with polyvinylidene 
fluoride (PVdF) dissolved in N-methylpyrrolidone solvent to form a slurry with LMNOF: 
acetylene black: PVdF of 70:20:10 (wt%). The slurry was cast on an aluminum foil using a 
doctor blade and then dried under vacuum at 120 °C overnight. The dried electrode was 
assembled using a 2032-type coin cell with Li metal foil, Celgard 2400 separator, and 1 M LiPF6 
in 1:2 w/w ethylene carbonate / diethyl carbonate inside an Ar-filled glovebox. The active DRX 
material loading is ~2.5 mg cm-2. The galvanostatic charge-discharge cycling is performed on an 
Arbin battery testing station. 1C capacity is defined as 313 mAh g-1. Electrochemical impedance 
spectra (EIS) measurements were conducted in the pristine and selected discharged states in the 
frequent range of 1 MHz to 100 mHz with an amplitude voltage of 10 mV using Biologic VMP3. 

3.​ RESULTS AND DISCUSSION 
3.1 Synthesis and Structural Characterization 
Previous studies indicate that DRX materials synthesized via conventional solid-state method 
exhibit a fluorine solubility of approximately 10%,36 and fluorination can suppress gas evolution 
from the DRX cathode.35, 38 To optimize the composition of Li2-x-yMnxTiyO2-zFz, a preliminary 
study on varying Li/Mn/F ratios is performed. To ensure sufficient Li percolation pathway and 
mitigate oxygen release, we set boundaries of Li ≥ 1.1 and F ≥ 0.1. The goal is to enhance Mn 
content and thus redox capacity by decreasing Li or TM content while keeping the fluorine at a 
similar or slightly lower level. As a result, three DRX compositions are designed and synthesized 
via a solid-state reaction. XRD analysis (Figure S1A) confirms pure rocksalt phases for 
Li1.167Mn0.7Ti0.133O1.8F0.2 and Li1.15Mn0.7Ti0.15O1.85F0.15. However, a small amount of LiF impurity is 
observed in Li1.15Mn0.75Ti0.1O1.8F0.2 when Mn content is further increased. At a fixed Mn content, 
higher Li and F levels could enhance capacity and improve capacity retention (Figure S1B). 
Herein, detailed characterization is focused on Li1.167Mn0.7Ti0.133O1.8F0.2, denoted as M0.7F0.2.  

The phase formation of M0.7F0.2 material is carefully examined by XRD. As shown in Figure 1A, 
all Bragg peaks are well indexed to the cubic rocksalt phase with the Fm3m space group, with no 
secondary phase being detected in the final product. Rietveld refinement shows a good fit to the 
cubic rocksalt structure (a = 4.1344 Å, Rp = 3.08%). To enhance critical contact within the DRX 
electrode, the as-prepared DRX material is milled with carbon to form a DRX-carbon composite, 
resulting in a particle size ranging from a few hundred nanometers to approximately one 
micrometer (Figure 1B). EDS analysis via TEM (Figure 1C) shows a uniform elemental 
distribution across the DRX electrode, with no noticeable segregation. Scanning transmission 
electron microscopy (STEM) is used to probe the structure at the atomic level. Both the selected 
area electron diffraction (SAED) pattern (Figure 1D) and high-angle annular dark-field 
(HAADF) image (Figure 1E) confirm that the cation arrangement is consistent with the rocksalt 
phase. Additionally, HAADF image indicates that the milling process does not cause visible 
damage to the surface of DRX electrode material. The circle-like diffuse scattering effect 
observed in the SAED pattern and FFT (inset in Figure 1E) suggest the presence of cation 
short-range order (SRO), which is commonly observed in DRX compounds.47 Overall, XRD and 
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STEM analyses show that the high-Mn DRX material maintains a long-range cubic rocksalt 
structure while exhibiting localized SRO. 

3.2 Electrochemical Performance 

The as-prepared DRX is subjected to electrochemical testing within a voltage range of 4.8 to 1.5 
V. Cells are cycled at three different rates, i.e., C/20, C/10, and C/3, based on a theoretical 
capacity of 321 mAh g-1 for 1 Li+ per formula unit. As shown in Figure 2A, the cell capacity 
increases as the current decreases. The initial discharge capacity reaches 250 and 226 mAh g-1 at 
C/20 and C/10, respectively, but drops to 181 mAh g-1 at C/3. During the initial cycles, all cells 
exhibit an increase in discharge capacity, reaching up to 288, 262, and 212 mAh g-1 around 20 
cycles. This capacity increase is attributed to enhanced kinetics resulting from a rocksalt to 
spinel-like phase transformation during early cycling. Such partial spinel-like ordering with short 
coherence length is beneficial for Li ion diffusion due to the enhanced 0-TM percolation 
network. More specifically, 16c/16d disorder (octahedral sites in spinel with Fd-3m space group) 
creates more accessible environments for Li on tetrahedral and octahedral sites to be in a 
face-sharing configuration and thus new Li migration channels.44 The XRD pattern of the DRX 
electrode at the 30th discharged state (Figure S2) shows new Bragg peaks around 18.7° and 
35.4°, alongside the characteristic rocksalt peaks. While the presence of only two broad peaks 
limits the feasibility of a reliable Rietveld refinement, previous studies on similar DRX cathode 
suggest that these features are indicative of a cation-ordered phase with a spinel-like structure.40, 

44, 48 After this phase transformation stabilizes, the cells show good cycling stability, retaining 
over 80% of their capacity after 250 cycles. 

To further investigate the rate capability, a series of tests are conducted using different charge 
and discharge protocols. A standard protocol with identical charge/discharge rates (e.g., C/20, 
C/10, C/5, C/2, 1C, 2C) is employed to determine the capacity at different rates. Two additional 
protocols with slow charge/varied discharge and varied charge/slow discharge (slow rate is C/20) 
are designed to isolate the impact of discharge and charge rates, respectively, thus identifying the 
rate-limiting processes. Rate tests are performed initially and after 20 cycles at C/20 to assess the 
impact of the rocksalt-to-spinel-like phase transformation. As shown in Figure 2B, after the 
C/20 cycling (following the phase transformation), the cell tested with a slow discharge rate 
(black in Figure 2B) consistently exhibits the highest discharge capacity at all rates, ranging 
from 265 mAh g-1 at C/20 to 219 mAh g-1 at 2C, with 82.6% retention at 2C. In contrast, the cell 
tested at the same charge/discharge rate (blue in Figure 2B) delivers the lowest discharge 
capacity, while the cell cycled with a slow charge rate exhibits intermediate performance. These 
results indicate that the discharge process is more kinetically limited than the charge process for 
this high-Mn DRX cathode. Additionally, they underscore the potential of this high-Mn DRX 
material for fast-charging applications. We then cycle this DRX material at a fast charge rate of 
2C (642 mA g-1) (Figure 2C). While fast charging slightly delays the phase transformation, the 
structural mechanism remains unchanged, achieving a maximum capacity of 250 mAh g-1 by the 
45th cycle, with 240 mAh g-1 being maintained after 100 cycles. Notably, the high charge rate 
does not significantly reduce the discharge capacity. 

The DRX electrode is also cycled at different discharge cutoff voltages to examine their impacts 
on cycling performance. Discharging the DRX electrode to 1.75 and 2 V results in nearly 
identical performance, with an initial capacity of 215 mAh g-1 followed by a slight increase 
during the first 20 cycles. After 200 cycles, the capacity remains at 200 mAh g-1, corresponding 
to 93% capacity retention (Figure 2D). Remarkably, cycling with a 2 V cutoff leads to a 
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significant increase in the average discharge voltage, reaching to 3.1 V by the 200th cycle, 
compared to 2.8 V when discharged to 1.5 V (Figure S3A). Interestingly, 2 V discharge cutoff 
doesn’t alter the phase transformation observed with 1.5 V cutoff. As shown in the dQ/dV curves 
(Figure S3B&C), cells cycled with discharge cutoffs of 2 V and 1.5 V display identical features 
within the voltage range of 2 - 4.8 V. The charge profile starts to evolve during the 2nd charge and 
stabilizes by the 10th cycle, showing two discrete plateaus at around 4 and 3 V associated with 
the electrochemical redox of the newly formed spinel-like phase. During discharge, the plateau 
near 4 V remains stable over extended cycling, while the plateau at ~3 V exhibits gradual 
capacity decay (Figure 2F). This indicates that the reduction process at ~3 V during discharge is 
crucial for improving long-term cycling performance. When comparing the 1.5 and 2 V 
discharge cutoff voltages, the most notable difference lies in the discharge profile between 2 and 
1.5 V. A close comparison of discharge capacities above 2 V at the 200th cycle reveals that the 
cell cycled with a 2 V cutoff exhibits a higher discharge capacity than the 1.5 V discharged cell 
(guided by dash line in Figure S3D), although the cell discharged to 1.5 V achieved a higher 
total capacity due to the additional plateau below 2 V. In contrast, the 1.5 V cell displays a higher 
charge capacity, primarily in the high-voltage region. These results suggest that the 
electrochemical processes occurring below 2 V are strongly correlated with those in the 
high-voltage region and may negatively impact the long-term cycling stability, despite the small 
capacity gain below 2 V. This electrochemical behavior aligns with a previous study on DRX 
cathode at various cutoff voltages, suggesting that a reductive process (e.g., ethylene carbonate 
decomposition) occurs at the DRX surface below 2 V, leading to CO2 evolution during the 
subsequent charge.49 To further investigate the impact of the electrochemical process below 2 V 
on overall cell performance, we collect the EIS data for DRX cells cycled with discharge cutoffs 
of 2 V and 1.5 V. As shown in Figure S4, both cells exhibit similar impedance in the pristine 
state. However, upon cycling, the cell discharged to 1.5 V shows a greater impedance buildup 
than the cell discharged to 2 V, even at the 10th and 20th cycle, which is consistent with the 
cycling performance. 

3.3 Charge Compensation Mechanism 

XAS and RIXS are employed to elucidate the charge compensation mechanism for both 
transition metals and oxygen during cycling. Inverse partial fluorescence yield extracted from 
RIXS data (iPFY-RIXS) has been established as a bulk probe without the notorious lineshape 
distortion typically observed in conventional fluorescence yield of XAS, making it particularly 
useful for quantitative analysis of the bulk Mn state.50 Figure 3A shows the Mn L-edge 
iPFY-RIXS spectra, with reference spectra to determine the formal Mn valance, as previously 
reported.51 In the pristine state, the bulk DRX contains Mn primarily in the 3+ oxidation state, as 
designed. After the 1st charge to 4.8 V, most Mn is oxidized to 4+, with an average oxidation 
state of 3.83 obtained from spectral fitting. Upon discharge to 2 V, Mn is reduced back to 3+, 
with a minor fraction of Mn2+, as evidenced by a small shoulder peak at 639.8 eV. The Mn 
oxidation state after the 1st discharge is estimated to be 3.14. Even after extended cycling, Mn 
oxidation during charge and reduction during discharge remain dominant. By the 65th discharge, 
a slight increase in Mn2+ is observed compared to the 1st discharge, and the Mn oxidation state 
after the 65th discharge is 2.97, close to pristine state. Surface-sensitive total electron yield (TEY) 
of the Mn L-edge is also collected to investigate the Mn chemical state at the surface of DRX 
electrode material (Figure 3B). The Mn oxidation state at the surface of pristine DRX is 2+, 
likely induced by the high energy milling in the presence of carbon black, a reducing agent, 
during the fabrication of DRX-carbon composite. Interestingly, the Mn2+ at the DRX surface is 
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electrochemically active, undergoing oxidation during charge and reduction during discharge. 
After extended cycling, accumulation of Mn2+ at the surface becomes more evident, particularly 
after the 65th charge. We also investigate the Mn oxidation state of Mn during cycling with 1.5 V 
discharge cutoff. In comparison, further Mn reduction to 2+ is more pronounced, especially at 
the surface, when it’s discharged to a lower voltage (Figure S5A, B). 

Figure 3C shows the O K-edge RIXS map at the 1st charged state. The characteristic feature of 
oxidized O at an emission energy of 524 eV and excitation energy of 531 eV confirms the 
oxidation of O during the 1st charge.50 Comparison of the O K-edge RIXS cuts in Figure 3D 
reveals the disappearance of this oxidation feature after the 1st discharge, suggesting a reversible 
O reduction. This O redox process remains electrochemically active after 65 cycles, as shown in 
Figure 3E, where the peak at 524 eV emission energy (red arrows) confirms the O oxidation at 
531 eV excitation energy. Unlike some other Li excess TM oxides,52 the O oxidation and 
reduction in this DRX electrode are still visible during the 65th cycle, suggesting the good 
reversibility of O redox process, which contributes to the superior cycling performance. 
Similarly, electrodes cycled between 4.8 and 1.5 V also exhibit reversible O redox during cycling 
(Figure S5C, D). 

XANES and EXAFS data are collected to investigate the chemical states and local environments 
of Mn/Ti in the bulk electrode upon cycling. In XANES, shifts in absorption edge energy 
indicate changes in valence state, with a shift to a higher energy suggesting oxidation and lower 
energy corresponding to reduction. Consistent with the Mn L-edge RIXS, the XANES spectra 
(Figure 4A) show a slight decrease in Mn oxidation state after the 65th cycle with 1.5 V cutoff 
voltage (dash lines) compared to the 2 V discharge (solid lines), which is dominated by 
Mn4+/Mn3+ redox. These results suggest a small reduction of Mn to 2+ occurs when discharged to 
1.5 V, possibly contributing to the capacity gain below 2 V. The Ti K-edge (Figure 4B) remains 
mostly unchanged, as expected, Ti is electrochemically inactive within the voltage ranges. 
EXAFS data reveal further insights into the local structure. The Mn K-edge EXAFS spectra 
exhibit two main peaks at 1.4 and 2.7 Å, corresponding to the first shell Mn-O coordination and 
second shell Mn-TM coordination, respectively. In Figure 4C, D, dash and solid lines indicate 
the EXAFS spectra for discharge cutoffs of 1.5 and 2 V, respectively, with the pristine state 
shown as a reference (black line). After the 1st charge, the amplitudes of both the Mn-O and 
Mn-TM peaks increase, indicating more cation order at the charged state, which persists after the 
65th charge. After discharge, the local structure of Mn largely reverts back to its pristine state. 
However, after the 65th discharge, a noticeable difference in the EXAFS is observed. With 1.5 V 
discharge cutoff, the Mn-O bond length increases and the amplitudes of Mn-O and Mn-TM 
peaks decrease compared to the pristine state. The increased bond length is consistent with the 
reduction to Mn2+, which has a larger ionic radius than Mn3+. The lower peak intensities suggest 
that the 1.5 V cutoff leads to more cation disorder in the Mn local environment after prolonged 
discharge, whereas the cation rearrangements at 2 V discharge cutoff appear similar to the 
pristine state. In contrast, the local environment of Ti remains relatively unaffected by 
electrochemical cycling, except after the 65th discharge at 1.5 V. The amplitude of the Ti-O peak 
increases after the 65th discharge at 1.5 V, indicating more cation order for Ti. These results 
suggest that the local environments of Mn and Ti continue to evolve throughout charge and 
discharge, even after the spinel-like phase formation. Electrochemically induced changes in the 
TM local coordination are more stable when cycling with 2 V discharge cutoff. In contrast, while 
discharging to 1.5 V results in more pronounced changes, which may negatively impact 
electrochemical performance. 
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3.4 Structural Evolution Upon Cycling 

To further investigate the local structural changes after cycling, TEM is employed to examine the 
atomic arrangements in the DRX electrode after the 65th discharge (Figure 5). The SAED 
patterns for both DRX electrodes cycled with 2 V (Figure 5A, B) and 1.5 V (Figure S6A, B) 
discharge cutoff voltage display similar structures. As described in Figure 1D, a notable feature 
is the circle-like diffuse scattering effect, which is characteristic of short-range cation order. In 
contrast, such diffuse scattering effect disappears, suggesting the absence of short-range cation 
order in the DRX core, after cycling (Figure 5A). Instead, additional diffraction spots (marked 
by white arrows in Figure 5B) are observed on the edge, indicating the formation of spinel-like 
structure at the surface. This phenomenon has been observed in a similar DRX cathode40 and is 
consistent with the XRD result (Figure S2) obtained on the cycled DRX electrode as discussed 
previously. EDS maps of the discharged electrodes reveal that Mn, Ti, O, and F are uniformly 
distributed with no evidence of elemental segregation or hole formation at either 2 V (Figure 
5C) or 1.5 V (Figure S6C) discharge cutoff, which is essential for achieving good cycling 
performance. A closer examination of the cycled DRX electrode surface using high-resolution 
TEM reveals the presence of a cathode-electrolyte interphase (CEI), composed of 
amorphous/nanocrystalline phases. Notably, the electrode discharged to 1.5 V exhibits a thicker 
CEI layer (Figure S6D) compared to the one discharged to 2 V (Figure 5D), indicating the 
detrimental effect of 1.5 V discharge voltage on the surface structure. Like the EXAFS results, 
which shows more significant changes in the local structure at 1.5 V discharge cutoff, the TEM 
observation also supports the electrochemical performance of this cathode at different cutoff 
voltages. Given previous report of CO2 evolution triggered by discharging to 1.5 V,49 it is likely 
that side reactions below 2 V occur and are accompanied by further Mn reduction. 

CONCLUSIONS 
We present a new variant of high-Mn DRX cathode, Li1.167Mn0.7Ti0.133O1.8F0.2, synthesized by a 
solid-state reaction. The high Mn content enhances the utilization of the Mn redox mechanism, 
resulting in excellent electrochemical performance. A capacity of over 200 mAh g-1 for 200 
cycles has been achieved at 2 V discharge. When the discharge cutoff is lowered to 1.5 V, a 
higher capacity is achieved, due to the emergence of a pronounced plateau below 2 V. However, 
the discharge capacity at the 200th cycle with a cutoff of 2 V surpasses that with 1.5 V cutoff, 
suggesting the electrochemical processes at the plateau below 2 V adversely affects long-term 
cycling stability. The electrochemical performance aligns with hard and soft XAS results, 
indicating predominant Mn4+/Mn3+ redox activity along with a finite contribution from reversible 
O redox. A slight reduction to Mn2+ is observed after extended cycling, however, this reduction is 
less pronounced at a cutoff of 2 V compared to 1.5 V. The reversible Mn and O redox, facilitated 
by high Mn content and fluorination, are crucial to achieving the high electrochemical 
performance. 

Rate capability assessments focusing on the distinct roles of charging and discharging rates 
reveal its potential for fast-charging applications and the kinetic limitations during discharge. A 
maximum discharge capacity of 250 mAh g-1 has been demonstrated, while 240 mAh g-1 is 
maintained after 100 cycles. The rate tests highlight its potential for fast-charging applications, 
attributed to the rocksalt-to-spinel-like phase transformation. EXAFS characterization provides 
insights into the local structural changes around Mn and Ti during cycling and the impact of 
discharge cutoff voltage. With 2 V discharge cutoff, the cation order around Mn increases during 
charge and it reverts back during discharge, with minimal local structural change around Ti. 
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However, discharging to 1.5 V leads to more local structural changes, with Mn more disordered 
and Ti more ordered after prolonged discharging. High-resolution TEM reveals the formation of 
a CEI layer composed of amorphous/nanocrystalline phases on the DRX surface. Cycling at 2 V 
discharge cutoff results in a thinner CEI than 1.5 V cutoff. To further improve the performance, it 
is necessary to overcome kinetic barriers during discharge and improve structural stability. 
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