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ABSTRACT 1 

Cation-disordered Li-excess cathodes with oxygen redox reactions are promising 2 

candidates for high-energy-density Li ion batteries. Nevertheless, the oxygen redox 3 

process that is required for the high capacity often comes with the oxygen loss, which 4 

leads to severe capacity degradation and voltage decay. In this work, we have 5 

successfully synthesized a series of Li-excess cation-disordered cathodes 6 

(Li1.2Mn0.4+xTi0.4-xO2-xFx) (0 ≤ x ≤ 0.2) with different fluorine (F) contents. The 7 

electrochemical performance results show that the Li1.2Mn0.55Ti0.25O1.85F0.15 (LMTOF0.15) 8 

exhibits the highest reversible capacity (275 mAh g-1, under 30 mA g-1), cyclability, and 9 

voltage retentions. The mapping of resonant inelastic X-ray scattering (mRIXS) and 10 

differential electrochemical mass spectroscopy (DEMS) results reveal that the fluorination 11 

enhances the reversible lattice oxygen redox reaction while suppressing irreversible gas 12 

release and surface reactions. The X-ray Absorption Spectroscopy (XAS) during the initial 13 

two cycles shows that F-substitution alleviates the reduction of the Mn valence state 14 

during the whole (dis)charge processes in the bulk and at the surface of the material, 15 

results in higher average discharge voltage. In addition, the introduction of F improves the 16 

structural stability and suppresses local lattice distortion of the material. Therefore, 17 

LMTOF0.15 is able to cycle with smaller polarization, less interfacial side reaction and Mn 18 

dissolution, and therefore results in enhanced cyclability. This work provides a 19 

comprehensive understanding of the fluorination effect on the cationic and anionic redox 20 

activities in cation-disordered Li-excess cathodes. 21 

22 



1. Introduction1 

The demand of high-energy-density and low-cost cathode materials for high 2 

performance Li-ion batteries (LIBs) is increasing, due to the rapid growing of the electrical 3 

vehicles market. [1, 2]  At present, the classical transition metal (TM) layered oxides 4 

(such as LiCoO2, LiNixCoyMn1-x-yO2) and LiFePO4 dominate the cathode markets. [3-5] 5 

However, the performance of these materials is limited by the cationic redox reaction, with 6 

some of them reach almost the theoretical limits. [6-8] As a comparison, the Li-excess 7 

materials (Li1+xTM1-xO2) deliver much higher capacities of > 300 mAh g-1, which is 8 

attributed to the participation of the anionic redox processes. [3, 9] Li-excess materials 9 

create linear Li-O-Li configurations in which the O 2p orbitals do not hybridize with a TM 10 

orbital, and the higher energy of these labile O 2p states makes them easier to trigger the 11 

oxidation of O2- to O- or the release of O2. [10] Recently, Ceder and Yabuuchi et al. 12 

unlocked the cation-disordered Li-excess cathode materials for LIBs, which possess 13 

abundance redox reactions from both TM (Cr3+/Cr5+, Mn3+/Mn4+, Ni2+/Ni4+, Mn2+/Mn4+, 14 

Mo3+/Mo6+, Fe3+/Fe4+, V3+/V5+) and O (e.g., O2-/O2
n-), leading to high capacities. [11-17] 15 

Up to now, cation-disordered Li-excess materials such as Li1.3Nb0.3Mn0.4O2, [15] 16 

Li1.2Ti0.4Mn0.4O2, [6, 18] Li1.2Ni1/3Ti1/3Mo2/15O2 [12] and Li1.3Ta0.3Mn0.4O2 [19] have attracted 17 

a lot of research attentions, which are capable of delivering reversible capacity of higher 18 

than 300 mAh g-1. However, almost all of the reported cation-disordered cathodes suffer 19 

from the large voltage hysteresis and fast capacity fade induced by the TM cations 20 

migration and severe oxygen loss upon cycling. [20-25] Therefore, tuning oxygen reaction 21 

is the key towards better performance. Recently, substitution of part O2- ions by F- ions 22 



was proposed as an effective way to enhance cycling stability and reduce the oxygen loss 1 

from the cation-disordered compounds. [26-30] For instance, Li1.15Ni0.45Ti0.3Mo0.1O1.85F0.15 2 

(LNF15) contains more redox-active TM (Ni2+) and less oxygen redox compared with 3 

Li1.15Ni0.375Ti0.375Mo0.1O2 (LN15), which leads to an increase in TM redox reservoir and 4 

less oxygen oxidation. [30] They also showed that Li2Mn1/2Ti1/2O2F and Li2Mn2/3Nb1/3O2F 5 

exhibit better cycling stabilities than their F free analogs. It was proposed that combining 6 

the reversible Mn2+/Mn4+ two-electrons redox couple and the partial F-substitution of O in 7 

cation-disordered oxides cathode can produce high capacity. [26] However, the detailed 8 

fluorination effect for enhancing the electrochemical performance of these cathode 9 

materials remains elusive. In addition, the effects of F-substitution on the cationic and 10 

anionic redox processes have not been comprehensively clarified. Therefore, a 11 

comparative study of the fluorination on redox mechanism and the structural evolution 12 

during cycling is crucial to both understand and to achieve excellent cyclability and voltage 13 

retention performances of cation-disordered compounds. 14 

In this work, Li1.2Mn0.4Ti0.4O0.2 (LMTO) and a series of F-substituted Li-excess 15 

cation-disordered cathodes (LMTO2-xFx) were prepared. The Li1.2Mn0.55Ti0.25O1.85F0.1516 

(LMTOF0.15) exhibits less capacity and voltage decay than LMTO. Multiple 17 

characterization techniques (e.g. XRD, DEMS, XAS, mRIXS, etc.) combined with 18 

first-principles calculations are used to study their cationic and anionic redox activities, 19 

and structure evolution (average & local) upon cycling. We found that F-substitution 20 

suppresses irreversible oxygen loss, which significantly mitigate the Mn valence reduction 21 

and structural degradation. In addition, a LiF-rich protective layer was also formed to 22 



protect the surface of the material. 1 

2. Experimental2 

2.1 Material synthesis 3 

A solid-state method was used for synthesizing all the cation-disordered Li-excess 4 

oxides including Li1.2Mn0.4Ti0.4O2 (LMTO), Li1.2Mn0.45Ti0.35O1.95F0.05 (LMTOF0.05), 5 

Li1.2Mn0.5Ti0.3O1.9F0.1 (LMTOF0.1), Li1.2Mn0.55Ti0.25O1.85F0.15 (LMTOF0.15) and 6 

Li1.2Mn0.6Ti0.2O1.8F0.2 (LMTOF0.2). Stoichiometric amounts of Li2CO3 (10 wt % excess, 7 

Sinopharm Chemical Reagent Co., Ltd. ≥98.0%), Mn2O3 and TiO2 (Alfa Aesar, 99.0%) and 8 

LiF (Aladdin Industrial Corporation, 99.9%) were firstly grinded and then ball milled at 300 9 

rpm for 6h via a planetary ball milling machine (QM-3SP04, Nanjing Nanda Instrument 10 

Plant). The mixture was then dried and pressed into pellets and was calcined at 950 °C for 11 

16 h in an inert Ar atmosphere followed by natural cooling down in the furnace. The pellet 12 

was then ground into fine powder and mixed with acetylene black (AB) (samples: AB = 13 

90:10 wt%) by using a planetary ball mill for 24 hours at a speed of 500 rpm in a zirconia 14 

container. 15 

2.2 Electrochemical measurements 16 

All electrochemical tests were conducted in CR2025 coin-type cells. The active 17 

material, acetylene black (AB) and poly(-vinylidene fluoride) binder (PVDF) were ball 18 

milled in a weight ratio of 8:1:1 in N-methyl-2-pyrrolidene (NMP) solvent to obtain the 19 

slurry, which was then cast on an aluminum foil and used as the positive electrode. 1 M 20 

LiPF6/EC-EMC (3:7 by vol.) (Shenzhen CAPCHEM Co., Ltd. (China)) was used as the 21 

electrolyte. The cells were assembled in an argon-filled glovebox, using Li metal as the 22 



negative electrode. Galvanostatic tests were performed on a LAND (CT-2001A, Wuhan, 1 

China) battery test system. 2 

2.3 Material characterization 3 

The powder and ex-situ X-ray diffraction (XRD) patterns were recorded with a Rigaku 4 

Ultima IV powder X-ray diffractometer using Cu Kα radiation (λ = 1.5406 Å). The Neutron 5 

powder diffraction (NPD) data were collected at the beamline of general purpose powder 6 

diffractometer (GPPD) at the China Spallation Neutron Source (CSNS). Rietveld 7 

refinement against the neutron diffraction was performed using General Structure Analysis 8 

System (GSAS) software with EXPGUI interface to obtain the lattice and atomic 9 

parameters of the powder samples. [31] Morphological features of the samples were 10 

observed using a scanning electron microscope (SEM, ZEISS Sigma, Germany) with an 11 

energy-dispersive X-ray spectroscopy (EDS) detector used for EDS elemental mapping, 12 

operating at 15 kV, and conducted on a scanning transmission electron microscope (TEM, 13 

F-20, FEI, Netherlands), operating at 200 kV. The exact compositions of Mn and Ti were14 

determined by using Optima 2000-DV inductively coupled plasma emission spectrometry 15 

(ICP-OES, Perkin Elmer, United States). 16 

A custom-built differential electrochemical mass spectrometer measurement (DEMS, 17 

Hiden, United Kingdom) and the cell geometry used are described in previous 18 

publications. [6, 32] The cell assembly was conducted in an Ar glovebox. High purity Ar at 19 

a speed of 0.5 mL min-1 was used as the carrier gas upon cycling. 20 

The mapping of resonant inelastic X-ray scattering (mRIXS) experiments were 21 

performed in the high-efficiency iRIXS endstation at Beamline 8.0.1 of Advanced Light 22 



Source (ALS) at Lawrence Berkeley National Laboratory. [33] All the RIXS data were 1 

collected under ultrahigh vacuum through the high-resolution spectrometer with an 2 

excitation energy steps of 0.2 eV. [34] The resolution of the excitation energy and 3 

emission energy are about 0.35 eV and 0.25 eV, respectively. Both entrance and exit slits 4 

of beamline monochromater were set as 40/40 to control the energy resolution of incident 5 

X-ray beam. The recorded spectra were measured from the side of electrode facing the6 

current collector and then plotted in color scale. The TiO2 was used as reference sample 7 

of a series O K-edge spectra. Final two-dimensional mRIXS images were obtained via 8 

background subtraction, energy calibration, normalization and a multistep data processing 9 

in a previous study. [35] 10 

The ex-situ hard X-ray absorption spectrum (hXAS) data were collected in 11 

transmission mode at a room temperature, using ion chamber detectors at beamline 12 

BL14W1 of the Shanghai Synchrotron Radiation Facility (SSRF) and a Si (111) 13 

double-crystal monochromator. The focal spot size at the position of the sample was 0.25 14 

mm. The monochromators were calibrated to reject higher harmonics of the selected15 

wavelength (harmonic content < 10-4) and data were collected over a range of energies, 16 

from 200 eV below to 500 eV above the Mn (6539 eV) and Ti (4979 eV) K-edges, 17 

respectively. The incident photon energy was calibrated with Mn/Ti metal foils just prior to 18 

data collection in all measurements. The soft X-ray absorption spectrum (sXAS) were 19 

collected in electron yield modes at beamline 4B7B (O/F K-edge and Mn/Ti L-edge) of the 20 

Beijing Synchrotron Radiation Facility (BEPC). The postedge background was determined 21 

using a cubic spline procedure. Processing and fitting of the all XAS data were performed 22 



using an Athena software. [36] 1 

2.4 First Principles Calculations 2 

First-principle calculations were performed with a plane basic set and the projector 3 

augmented method, as implemented in the Vienna Ab Initio Simulation Package. [37, 38] 4 

The exchange-correlation interactions were treated with the generalized gradient 5 

approximation (GGA) and PBE function. [39] The effects generated by the localization of d 6 

electrons of TM ions were also taken into account by the GGA +U approach of Dudarev et 7 

al. [40] The cutoff energy was set to be 550 eV. Brillouin-zone integrations are 8 

approximated by using special k-point sampling of Monkhorst-Pack scheme [41] with the 9 

k-point mesh of 3×3×1. The convergence criterion for the electronic self-consistency loop10 

was set to 10-5 eV, and atomic positions were relaxed until atomic forces were less than 11 

0.05 eV Å-1. 12 

3. Results and Discussion13 

3.1. Crystal Structure, Morphology, and Electronic Structure Characterizations 14 

15 



Fig. 1. (a) XRD patterns (λ = 1.5406 Å) of LMTO, LMTOF0.05, LMTOF0.1, LMTOF0.15 and LMTOF0.2. 1 

(b) The refined lattice parameter a of all materials. Insert figure is a schematic diagram of2 

cation-disordered LMTO2-xFx cathode materials. XAS  spectra of all materials. (c) Mn K-edge. (d) Mn 3 

L-edge. (e) F K-edge. (f) O K-edge.4 

Fig. 1a shows the powder XRD patterns of LMTO2-xFx (x=0, 0.05, 0.1, 0.15, 0.2). All 5 

samples can be indexed as the cation-disordered rock-salt phase (Fm-3m). The 6 

magnification of the (200) reflection highlights the effect of F-substitution on the lattice 7 

parameters. The lattice parameter a of LMTO is 4.1452(2) Å (Fig. 1b), while for 8 

LMTOF0.05 and LMTOF0.1 the lattice parameter a slightly decreases (4.1425(3) Å and 9 

4.1394(8) Å, respectively), which is due to the smaller ionic radius of F− (r = 1.33 Å) 10 

compared with that of O2− (r = 1.40 Å). [30] Meanwhile, the replacement of Ti4+ (r = 0.605 11 

Å) by Mn3+ (r = 0.58 Å) also reduces the lattice parameters. As for LMTOF0.15 and 12 

LMTOF0.2, the lattice parameter a is slightly larger than that of LMTOF0.1, which is 13 

attributed to the presence of small amounts of Mn2+ (r = 0.67 Å). The ICP results in Table 14 

SI 1 confirm the chemical composition of the synthesized materials and show that the 15 

Mn/Ti ratio is slightly less than the designed value for high F content materials. Therefore, 16 

it can be considered that the existence of Mn2+ is account for balancing the charge of the 17 

material. The SEM images of all samples are shown in Figs. SI 1a-e, which consist of 18 

irregular polyhedral particles with an average particle size of approximately 1 μm. F 19 

uniformly distributes throughout the LMTOF0.15 particle is clarified by energy dispersive 20 

spectroscopy (EDS) (Figs. SI 1f-h). 21 



The electronic structures of TM/F/O in the bulk and at the surface are detected by 1 

hXAS and sXAS. [18, 42] All L/K-edge of TM/F/O absorption spectra of LMTO2-xFx powder 2 

samples were displayed in Figs. 1c-f and Fig. SI 2. The Mn K-edge energy (Fig. 1c) of 3 

LMTO, LMTOF0.05, LMTOF0.1 and LMTOF0.15 are all close to Mn2O3 (Mn3+ reference), 4 

and shifts to lower energy for LMTOF0.15 and LMTOF0.2. This indicates that the 5 

oxidation state of Mn in the bulk slightly decreases with the increase of F content, which is 6 

consistent with the XRD and ICP results. The TEY model used in the sXAS test has a 7 

good response to the material surface (detecting depth is nearly 10 nm). [42-44] 8 

According to the sXAS results, the oxidation states of surface Mn and Ti remain +3 and +4 9 

for all materials(Fig. 1d and Fig. SI 2). The F K-edge spectra in Fig. 1e shows the 10 

existence of LiF at the surface of LMTOF0.15 and LMTOF0.2. The TEM images(Fig. SI3) 11 

reveals that the surface of the LMTOF0.15 is covered by a thin layer of LiF. The pre-edge 12 

features (orange region) in O K-edge sXAS (Fig. 1f) represent the TM-O hybridization 13 

states. The decreasing pre-edge peak intensity from LMTO to LMTOF0.2 indicates a 14 

reduced TM-O hybridization as the F content increases. In summary, the F is successfully 15 

introduced into the bulk of LMTOF0.05 and LMTOF0.1, while partial of the F forms LiF on 16 

the surface of the LMTOF0.15 and LMTOF0.2. 17 

18 

19 

20 

21 

22 



3.2. Electrochemical test 1 

2 

Fig. 2. (a) The first cycle voltage profiles of the LMTO, LMTOF0.05, LMTOF0.1, LMTOF0.15 and 3 

LMTOF0.2 between 1.5 and 4.8 V under current density of 30 mA g-1 at room temperature. (b) 4 

Corresponding dQ/dV curves for Figure 2(a). (c) Comparison of discharge capacities of all materials at 5 

the 1st and 20th cycle between 1.5 and 4.8 V under current density of 30 mA g-1 at room temperature. The 6 

numbers next to the bars represent the capacity retention. (d) Average discharge voltage over the course 7 

of 50 cycles of LMTO and LMTOF0.15. 8 

The electrochemical properties of LMTO2-xFx are compared by galvanostatic cycling 9 

them between 1.5 and 4.8 V in Fig. 2a. The specific discharge capacities of LMTO2-xFx10 

(x=0, 0.05, 0.1, 0.15) increases from 241 mAh g-1 to 275 mAh g-1 as the F content 11 



increases to 0.15. Further increasing the F content shows lower initial discharge capacity, 1 

for example the LMTOF0.2 delivers low initial discharge capacity of 199 mAh g-1. In order 2 

to understand the effect of F on the electrochemical behavior of cationic and anionic redox, 3 

the dQ/dV curves of all LMTO2-xFx materials are shown in Fig. 2b. A broad peak centered 4 

at around 3.5 V (Mn3+/Mn4+, the slope, Ox1) and a sharp peak at around 4.5 V (O2−/(O2)n−, 5 

the long plateau, Ox2) were observed during the first charge process, which corresponds 6 

to the two-step redox process reported in previous works. [6] It is notable that Mn 7 

oxidation reaction slightly increases (Ox1), while the O oxidation reaction gradually 8 

reduces as a function of the F content in the LMTO2-xFx (Ox2). During the discharge, only 9 

a single broad peak (Re1) was observed, which suggests that the reduction of the Mn and 10 

O species are coupled. The oxidation of oxygen has been effectively suppressed in 11 

LMTOF0.2. The detailed voltage profile and cycling performance of the LMTO2-xFx are 12 

presented in Figs. SI 4a-e. After 20 cycles (Fig. 2c), LMTO electrode shows a discharge 13 

capacity of only 164 mAh g-1, with a low capacity retention of 68%. As a comparison, 14 

LMTOF0.05, LMTOF0.1, LMTOF0.15 deliver higher discharge capacities up to 192, 199 15 

and 218 mAh g-1, with capacity retention of 75.35, 75.45 and 79.38%, respectively. The 16 

cyclability result in Fig. SI 5 shows that capacity fading can be mitigated with the 17 

F-substitution. Since the LMTOF0.15 delivers the highest specific capacity and capacity18 

retention, it is further characterized to study the mechanism of F-substitution. Fig. 2d 19 

shows the average voltages of LMTO and LMTOF0.15. The average voltage equals 20 

energy density divided by capacity. Clearly, the voltage fading of LMTOF0.15 (ΔE=0.48 V) 21 

is inhibited compared with that of LMTO (ΔE=0.60 V) for the first 50 cycles. All the 22 



electrochemical tests show that F-substitution improves the (dis)charge specific capacity,1 

capacity retention and alleviates voltage decay.2 

3.3. The anionic redox activity 3 

4 

Fig. 3. (a) The dQ/dV curves at the 1st, 2nd and 20th cycles of LMTO and LMTOF0.15 between 1.5 and 5 

4.8V under current density of 30 mA g-1. Operando DEMS results of O2 (b) and CO2 (c) for LMTO and 6 

LMTOF0.15, respectively. (d) The O K-edge mRIXS images of LMTO and LMTOF0.15 electrodes at 7 

representative electrochemical states. The red arrows indicate the oxygen oxidation state that is clearer 8 

in LMTOF0.15 than LMTO. (e) The RIXS spectra of LMTO and LMTOF0.15 collected with 531 eV 9 

excitation energy. The intensity in the orange shaded area corresponds to the oxidized oxygen triggered 10 



by oxygen redox reaction at the charged state. “1C/D” represents first charged/discharged state. 1 

The dQ/dV curves of the LMTO and the LMTOF0.15 are compared to better 2 

understand their cationic and anionic redox behavior. For the first charge process, the 3 

capacity provided by TM oxidation (Ox1 region) for LMTOF0.15 is higher than that of 4 

LMTO, while the capacity from oxygen oxidation (Ox2 region) is less (Fig. 3a). At the 5 

second cycle, the Ox2 peak of LMTOF0.15 is stronger than LMTO, indicating that oxygen 6 

redox provides more reversible capacity in LMTOF0.15. In particular, the Ox2 peak in 7 

LMTO almost diminishes after 20 cycles, while the LMTOF clearly shows the anionic 8 

oxidation activity. This result implies that F-substitution improves the reversibility of 9 

oxygen redox process, which contributes to the better cyclability. The voltage profiles of 10 

two materials with various cutoff voltages of 4.3 and 4.8 V are presented in Figs. SI 6a,b. 11 

There is almost no capacity loss below 4.3V with only the Mn redox process. Once the O 12 

activity involves into the whole electrochemical process, serious capacity decay is 13 

observed (4.8 V). Therefore, it is concluded that the capacity decay is mainly induced by 14 

the oxygen oxidation. The LMTOF0.15 electrode material shows less capacity decay 15 

within the voltage range of 1.5V to 4.8V. 16 

Operando DEMS and ex-situ mRIXS measurements are conducted on LMTO and 17 

LMTOF0.15 to directly monitor both the irreversible (released) and the reversible (redox in 18 

lattice) oxygen activities, respectively. [45, 46] Figs 3b, c present the DEMS results of the 19 

two materials. At the end of the first charge, the amount of O2 generated from LMTOF0.15 20 

is less than that of LMTO (orange region), indicating more irreversible oxygen loss in the 21 

form of O2 for LMTO. Besides, a noticeable amount of CO2 gas generation (0.109 and 22 



0.072 µmol mg-1) were detected on both LMTO and LMTOF0.15. According to the 1 

literature, at least 70% of CO2 gas evolution is attributed to surface carbonate 2 

decomposition (e.g. Li2CO3) between 3.8 and 4.0 V (orange region). [26] The remaining 3 

CO2 gas generated at a high voltage presumably originates from the electrolyte oxidized 4 

by surface oxygen (blue region). [30, 45] The DEMS results show that LMTOF0.15 5 

material produced less O2 and CO2, indicating the LMTOF0.15 features less irreversible 6 

oxygen loss and less surface side reactions than those of the LMTO. 7 

The mRIXS has been developed as a powerful tool to detect the lattice oxygen 8 

reaction by resolving the energy distribution of the emitted photons at the sXAS 9 

absorption edges. [46] In general, the O mRIXS results are dominated by broad and 10 

strong vertical features centered around 525 eV emission energy from the hybridization 11 

between O 2p and TM-d states. Meanwhile, a mRIXS feature at around 531 eV excitation 12 

energy and 523.7 eV emission energy is a fingerprint of the oxidized oxygen, [46] which 13 

has been found in model non-divalent oxygen systems such as Li2O2 and O2. [46, 47] Fig. 14 

3e displays the key mRIXS fingerprinting portion of the oxidized oxygen feature around 15 

531 eV excitation energy, with the full maps of the representative samples shown in Fig. 16 

SI 7. The comparison between the LMTO and LMTOF0.15 at the fully charged states (1C 17 

4.8V) shows directly that the oxidized oxygen feature of LMTOF0.15 is much stronger 18 

than that in LMTO, as indicated by the red arrow on Fig. 3d. This contrast could be better 19 

seen in the RIXS spectra collected at 531 eV excitation energy, which are over-plotted 20 

together in Fig. 3e, where the oxidized oxygen feature of LMTOF0.15 in the shaded area 21 

is much more prominent when the electrode is at the charged state. It is important to note 22 



that, the oxidized oxygen signals of mRIXS are from the lattice oxygen that is 1 

fundamentally different from the irreversible O2 release and surface reactions. [48] Indeed, 2 

contrasting the relatively less gas evolution in the DEMS results of LMTOF0.15 compared 3 

with LMTO, the lattice oxidized oxygen is much stronger in LMTOF0.15, and displays a 4 

reversible oxygen redox reaction, indicated by the disappearance of the clear oxidized 5 

oxygen feature when the electrode is discharged (1D 1.5V). Therefore, the F in 6 

LMTOF0.15 suppresses the irreversible gas evolution and electrolyte decomposition, 7 

while enhances the reversible oxygen redox reactions in the system. 8 

3.4. The cationic redox activity 9 

10 

Fig. 4. (a) Oxidation state evolution of Mn at the surface of LMTO and LMTOF0.15 in the 1st and 2nd 11 

cycles charge at 30 mA g-1 by sXAS. The pristine electrodes have been immersed in the electrolyte for 8 12 



hours. 1C and 1D represent first charging and discharging processes, respectively. (b) The quantitative1 

analysis of Mn oxidation states change based on the fitted Mn L-edge sXAS spectra in Fig. S8b. The 2 

error is below ± 3 percentage estimated from the uncertainty in the fitting procedure. (c) Oxidation state 3 

evolution of Mn in the bulk for LMTO and LMTOF0.15 in the 1st cycle and 2nd charge at 30 mA g-1 by 4 

hXAS. (d) Average Mn oxidation state (determined from XANES absorption energies) as a function of 5 

different states of charge. 6 

sXAS and X-ray absorption near-edge structure (XANES) measurements are 7 

employed to investigate the cationic redox activity at the surface and in the bulk during the 8 

initial and second charge cycles. [18, 42, 49] Fig. 4a gives the oxidation state evolution of 9 

Mn at the surface of LMTO and LMTOF0.15, and the quantitative analysis [22] based on 10 

the fitted Mn L-edge sXAS spectra (Fig. SI 8) is in Fig. 4b. About 32% Mn2+
, 61% Mn3+ and 11 

7% Mn4+ are found at the surface of pristine LMTO electrode, which was soaked into the 12 

electrolyte for 8 hours. The presence of Mn2+ and Mn4+ can be ascribed to the reactive 13 

interface. The trace amount of HF and other acidic species formed by the oxidation of 14 

carbonate solvents lead to the disproportion of Mn3+, and then Mn dissolves after charging 15 

process. [50, 51] The fully charged (1C 4.8V) LMTO electrode exhibits about 68% Mn4+, 16 

19% Mn3+ and 13% Mn2+. The formation of Mn3+ and Mn2+ is possibly caused by partial 17 

reduction of Mn4+ or some chemical reaction between Mn4+ and exited O(2-x)- species. In 18 

addition, the electrolyte is prone to be oxidized and decomposed at high voltage, 19 

accompanying with severe side reactions with TM. [12, 52] During the discharge process, 20 

more Mn3+ and Mn2+ are generated. The fully discharged (1D 1.5V) electrode shows about 21 

36% Mn2+, 60% Mn3+ and 4% Mn4+, respectively. At the fully charged state in 2nd cycle (2C 22 



4.8V), there is only about 7% Mn4+. This may be due to the violent surface reaction 1 

forming a thick and dense layer (oxygen deficient structure) , reducing the valence state of 2 

Mn. [53, 54] For LMTOF0.15 material, the LiF protective layer prevents the material from 3 

acid attacking, so that Mn3+ disproportion is alleviated. As a result, the Mn of the 4 

LMTOF0.15 pristine material contains Mn2+ (10%), Mn3+ (81%) and Mn4+ (9%), and Mn4+ 5 

(38%) at 1C 4.8V. The fully discharged (1D 1.5V) electrode have about Mn2+ (68%), Mn3+ 6 

(26%) and Mn4+ (6%). At the second fully charged state (2C 4.8V) shows about 29% Mn4+, 7 

obviously more than the Mn4+ at the surface of the LMTO. At the same time, the TM in 8 

these compounds dissolves into the electrolyte and diffuses to the lithium metal anode 9 

and separator as evidenced by the presence of Mn/Ti ion shown in the ICP-OES 10 

measurements (Table SI 2). The dissolved substances have been considered as MnO or 11 

manganese ion compound and will further transform to other stable manganese oxides. 12 

[55] We also deduce that irreversible lattice oxygen loss at the surface would lead to13 

surface reconstruction in LMTO, which will destabilize the Mn-O bond and eventually 14 

cause Mn dissolution. Significantly lower concentration of dissolved cations (Mn) are 15 

detected in the case of LMTOF0.15 compared with LMTO upon cycling. Therefore, the 16 

less oxygen loss and the LiF protection layer of LMTOF0.15 material suppress the TM 17 

dissolution (Table SI 2) and improve the capacity retention. The Ti dissolution also occurs. 18 

The little change of shape and position for LMTO Ti L-edges at 1D 1.5V indicates that Ti 19 

actually reacts with the electrolyte (Fig. SI 9). The LMTOF0.15 (Fig. SI 9b) result suggests 20 

that the Ti4+ is stable during (dis)charge processes. 21 



Fig. 4c shows the Mn K-edge XANES of LMTO and LMTOF0.15 at various voltages. 1 

For both materials, bulk Mn3+ is oxidized towards Mn4+ during charge, and a reverse 2 

reduction process occurs upon discharge. However, Mn oxidation state in LMTOF0.15 are 3 

higher than LMTO during the entire (dis)charge processes according to Fig. 4d, especially 4 

at fully charged (1C 4.8 V) and discharged (1D 1.5V) states. There are two reasons for the 5 

higher Mn valence state of LMTOF0.15. The less irreversible loss of lattice oxygen of 6 

LMTOF0.15 maintains more Mn4+ at the fully charged state. The other reason is that the 7 

content of Mn in LMTO is 27% less than that in LMTOF. It seems that the Mn in LMTO is 8 

further reduced to compensate the charge during the lithiation process, which will lead to 9 

the reduction of Mn3+ to Mn2+ during the discharge. Therefore, the Mn valence in 10 

LMTOF0.15 is close to Mn3+ at the fully discharged state, while the Mn in LMTO is below 11 

+3. For the electrodes at the second cycles, Mn valence state in the bulk of LMTOF0.15 is12 

higher than that of LMTO, indicating that F-substitution alleviates the reduction of the Mn 13 

valence to the Mn2+. Therefore, the Re1 region of dQ/dV curves in Fig. 3a presents that 14 

the discharge voltage of LMTOF0.15 is higher than that of LMTO, which is also reflected in 15 

the discharge voltage profiles (Fig. 2d). 16 

From the perspective of the cationic redox activity for LMTO and LMTOF0.15, it 17 

clearly shows that F-substitution alleviates the reduction of the Mn4+ to the Mn3+/Mn2+18 

during charge process and Mn3+ to Mn2+ during discharge process. Therefore, 19 

LMTOF0.15 exhibits an optimal cyclability and voltage retention. 20 

3.5. Structural evolution upon cycling 21 



1 

Fig. 5. (a) Ex-situ XRD patterns of LMTO and LMTOF0.15 during the 1st and 2nd cycles. (b) Mn K-edge 2 

pre-edge hXAS spectra of LMTO and LMTOF0.15. (c) The Fourier-transformed k3-weighted EXAFS 3 

spectra. The first peak corresponds to the first shell of Mn-O coordination. (d) The high resolution TEM 4 

image for pristine and after 50 cycles of LMTO and LMTOF0.15. The scale bar is 5 nm. 5 

To investigate the structural evolution of LMTO and LMTOF0.15, ex-situ XRD of the 6 

two materials were carried out. As displayed in Fig. 5a, the (200) diffraction peak of LMTO 7 

starts to shift to higher angle at 1C 4.4 V as a result of Mn oxidation (Mn3+ to Mn4+). From 8 

4.4 V to 4.8 V there is no obvious peak shift, indicating the lattice parameter a is almost 9 

unchanged. During discharge process, the peak shifts to a lower angle. The similar trend 10 



can be also observed in LMTOF0.15. Compared to LMTO, a smaller shift of (200) peak is 1 

observed on LMTOF0.15, indicating that the lattice parameters of LMTOF0.15 show a 2 

relatively smaller variation after one cycle. The pre-edge peak in Fig. 5b represents the 3 

transition of Mn 1s electron to Mn 3d orbital that is electric dipole forbidden, and thus 4 

could not appear in a high-symmetry coordination. [12, 56] From OCV to 1C 4.3 V, the 5 

pre-edge peak intensity gradually becomes stronger, suggesting the existence of local 6 

lattice structural distortion. From 1C 4.3 V to 1C 4.8 V, distortion of LMTO is significantly 7 

enhanced during the oxygen oxidation process. It is probably because the formation of 8 

On− (n < 2) or O2 leads to the structural distortion. [57] During the rest of (dis)charge 9 

processes, the pre-edge peak intensity of LMTO is still stronger than that of LMTOF0.15. 10 

This result shows the poor structural stability and more severe distortion of LMTO, which 11 

affects the cycling performance. Besides, the Fourier-transformed k3-weighted EXAFS 12 

(Fig. 5c) displays a great change of Mn-O bond length for LMTO. The Mn-O coordination 13 

peak intensity decreases at 1C 4.8 V, which indicates the local structural disorder of the 14 

electrode material. [58] The peak intensity of LMTO remains lower than LMTOF0.15, 15 

suggesting the local structural disorder is more severe in the LMTO material. In addition, 16 

there is a significant change in bond length during the charging of the LMTO electrode. 17 

The change in the bond length of LMTOF0.15 is smaller than that of LMTO, indicating that 18 

the local structure of LMTOF0.15 is more stable. The TEM images and ex situ X-ray 19 

diffraction patterns were collected for the pristine and after 50 cycles, as shown in Figs. 20 

5d and S10. The distortion of crystal planes  (yellow regions) and the decrease and shift 21 

of diffraction peaks of LMTO are more severe than that of LMTOF0.15. These results 22 



confirm that the labile activated oxygen in LMTO is easily overoxidized to generate gas 1 

results in such large structural variation, indicating that F-substitution effectively stabilizes 2 

the structure upon cycling.3 

4 

5 

Fig. 6. (a) PDOS of the O 2p orbitals in different O local environments. (b) Total DOS and PDOS of the O 6 

2p orbitals for LMTO and LMTOF0.15. Rietveld refinement of NPD patterns of LMTO (c) and LMTOF0.15 7 

(d). The inset schematic illustration is the result from DFT calculation. (e) Schematic illustration of the 8 

structural change and Mn/O ions gradient distribution for LMTO and LMTOF0.15 cathode (first charge 9 

4.8 V). 10 



The electrochemical results show that the LMTOF0.15 delivers higher capacity, 1 

coulomb efficiency and capacity retention than the LMTO, which is benefited from the 2 

enhanced reversibility of the O redox reaction. There are two main reasons for the 3 

increased reversibility of the oxygen reaction. Due to the overlap between TM d orbitals 4 

and O 2p orbitals, the increase of Mn redox reaction leads to the decrease of O activity as 5 

a result of the competition between TM and O redox reactions. [15, 18] The DFT 6 

calculations were carried out to understand the fundamental reasons of oxygen oxidation 7 

potential change in LMTO (Li12Mn4Ti4O20) and LMTOF0.15 (Li12Mn5Ti3O19F1). Based on 8 

the structural parameters from the diffraction data, a series of LMTO structural units were 9 

constructed. Here Li, Mn and Ti atoms are randomly distributed at 4a sites and O is only 10 

located at 4b sites. The calculated results of different structure models are displayed in 11 

Figs. SI 11a, b. The formation energy of #1 structure (Fig. SI 11c) with alternating 12 

distribution of Mn and Ti is the most stable one compared to other structures. The #1 13 

structure have four different local oxygen environments coordinated by six atoms. To 14 

explain the oxygen oxidation, the projected density of states (pDOS) of oxygen 2p states 15 

of different oxygen configurations (Fig. 6a) are compared. The pDOS of the oxygen 2p 16 

states with six Li around is much closer to the Fermi level than that with other 17 

configurations. The contribution of pDOS near the Fermi level is largely affected by the 18 

M-O orbital interactions. The substitution of O2− by F− is regarded as one O atom19 

substituted by one F. By calculating the formation energies of different F environments 20 

(Fig. S11d), the lowest formation energies are obtained when F is surrounded by 6 Li from 21 

thermodynamic energy. This weaker interaction leads to the decreasing oxygen pDOS 22 



below the Fermi level and reducing the above orbitals’ overlap, which suggests a less 1 

oxygen oxidation (Fig. 6b). 2 

From the structural point of view, both the Neutron powder diffraction (NPD) [59] data 3 

and DFT results show that the average bond length of TM-O decreases after 4 

F-substitution (Figs. 6c, d and Table SI 3). The shrinkage of TM-O bond distance can5 

increase the covalency of the TM-O bonding and the energy level of hybridized TM d 6 

states with antibonding characteristic (eg*). Due to strong TM-O covalency bond is 7 

favorable for the thermodynamic stabilization of the O- oxidized species, [21, 60] 8 

F-substitution material stabilized the structure to prevent overoxidized of O2- to generate9 

O2. In addition, with the increase of F content, the number of Mn-O bonds gradually 10 

decreases as well as the activity of O2-, [61] leading to less oxidation of oxygen anions. 11 

Hence, the LMTOF0.15 does lose less oxygen and maintains more reversible oxygen. 12 

However, the (dis)charge capacity of LMTOF0.2 is significantly reduced due to the highly 13 

mitigated oxygen redox reaction and thick LiF surface layer. Different degree of 14 

irreversible oxygen redox reaction and oxygen loss affect the oxidation states of Mn in the 15 

bulk and at the surface of electrode material (Fig. 6e). The reduction of irreversible 16 

oxygen loss after F-substitution increases the amount of Mn4+ in the bulk at fully charge 17 

state and reduce the formation of Mn2+ at fully discharge state. Consequently, the lattice F 18 

substitution retains both anionic and cationic redox activities. Finally the surface LiF 19 

coating layer also protects the material from reacting with the electrolyte and dissolving 20 

the TM from the surface. 21 

22 



4. Conclusion1 

This comprehensive study reveals the fluorination effect on the electrochemical2 

performance improvement of cation-disordered cathode materials. The electrochemical 3 

tests, DEMS and mRIXS showed the F-substitution enhances the reversible lattice 4 

oxygen redox reaction while suppressing the irreversible oxygen release and surface 5 

reactions. Thus improves cyclability, and voltage retention. In addition, the LMTOF 6 

exhibits higher oxidation state of Mn than the LMTO during (dis)charge process, which is 7 

another reason that alleviates the voltage decay. XRD, TEM, and EXAFS spectra results 8 

indicate that this F-substitution strategy also mitigates structural distortion during 9 

(dis)charge process. NPD data and DFT results prove that F-substitution can stabilize 10 

TM-O bonds of material to reduce oxygen release. The formation of surface LiF layer is 11 

another protection for the electrode from etching by acidic species in the electrolyte or 12 

other parasitic reactions and suppressing the TM dissolution. With all the positive effects 13 

of the F-substitution, LMTOF0.15 material exhibits much better cyclability and voltage 14 

retention. In summary, F-substitution, as one effective strategy, could mitigate the oxygen 15 

loss of the electrode, suppress the side surface reactions, and stabilize the 16 

surface/interface structure upon cycling. 17 

18 
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