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Abstract 

The capacity of lithium transition-metal (TM) oxide cathodes is directly linked to the 

magnitude and accessibility of the redox reservoir associated with TM cations and/or oxygen 

anions, which traditionally decreases with cycling as a result of chemical, structural or mechanical 

fatigue. Here we show that capacity increase over 125% can be achieved upon cycling of high-

energy Mn- and F-rich cation-disordered rocksalt (DRX) oxyfluoride cathodes. Our study reveals 

that in Li1.2Mn0.7Nb0.1O1.8F0.2, repeated Li extraction/reinsertion utilizing Mn3+/Mn4+ redox along 

with some degree of O-redox participation leads to local structural rearrangements and formation 

of domains with off-stoichiometry spinel-like features. The effective integration of these local 

“structure-domains” within the cubic disordered rocksalt framework promotes better Li diffusion 

and improves material utilization, consequently increased capacity upon cycling. Our study 

provides important new insights into materials design strategies to further exploit the rich 

compositional and structural space of Mn chemistry for developing sustainable, high-energy 

cathode materials.  
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1. Introduction 

The combined utilization of cationic transition-metal (TM) and anionic oxygen (O) redox 

processes in Li-excess TM oxides presents new opportunities for the development of high-energy 

cathode materials for Li-ion batteries (LIBs).1-3 Li-rich Mn-based Li1+x(Mn,M’)1-xO2 (x > 0), either 

forming a layered structure (LMR, M’ = Ni, Co, Al etc.) or a cation-disordered rocksalt structure 

(DRX, M’ = d0 TM such as Nb, Ti, Zr etc.), are particularly attractive due to the natural abundance, 

low cost and thermal stability of Mn.4 However, both families of cathodes face significant 

challenges in maintaining their structural integrity and rate capability upon cycling, with rapid 

capacity fade, significant voltage hysteresis and impedance rise often accompanying the gradual 

transformation in local and/or long-range structure upon Li (de)intercalation.5-8 At the material 

level, side reactions with the electrolyte, TM reduction and dissolution, TM migration and 

structural transformation as well as irreversible O redox chemistry, have all been suggested to 

contribute to these issues.9-15  

To minimize capacity loss in DRX, increasing Mn redox contribution at the expense of O-

based redox processes is an effective strategy, as the former chemistry is inherently more reversible 

than the latter.15-18 Fluorine substitution into the O anion sublattice not only stabilizes O redox, as 

shown by a number of recent studies,10,18-22 but also lowers the overall anionic valence and allows 

for an increased amount of Mn to be incorporated into the material. In contrast to the layered 

structure, F substitution into the cubic DRX structure can easily be achieved during synthesis. 

Substitution levels up to 10 at.% and 33 at.% have previously been reported on fluorinated Mn-

based DRX samples prepared by solid-state and high-energy ball milling synthesis methods, 

respectively.10,18,19,20 Although electrochemical performance improvements have been observed 

even at low levels of F substitution, these oxyfluoride cathodes still suffer from gradual capacity 



4 
 

decay during long-term cycling. Upon further increasing F and Mn contents, the charge/discharge 

voltage profiles evolve quickly with cycling, as shown by recent studies carried out on the Li1.2-

Mn3+-Nb(Ti)-O-F system.18,20,23 With up to about 5 at.% F substitution, both voltage and capacity 

decrease are observed and their trends are similar to that of non-fluorinated DRX.10,12,19,20 On the 

other hand, when F substitution level reaches 10 at.%, DRX compound Li1.2Mn0.7Nb0.1O1.8F0.2 

(denoted as F10 hereafter) delivers a high capacity of more than 250 mAh/g after extended 

cycling,20 representing a rare example of LIB cathodes with a capacity retention greater than 100%. 

The observation opens up new avenues for the development of Mn-based high-energy cathodes, 

yet such unique cycling behavior remains to be elucidated.  

Here, we use a variety of X-ray and electron spectroscopy/microscopy techniques as well 

as bulk and local structure probes to investigate the evolution of the redox chemistries as well as 

the chemical and structural origins of unique electrochemical behavior of a Mn-rich 

Li1.2Mn0.7Nb0.1O1.8F0.2 cathode. We reveal that local structural rearrangement and the formation of 

local “structure-domains” in the three-dimensional cubic DRX framework are responsible for the 

evolution of the voltage profiles as well as the increase in capacity during cycling. We further 

discuss the importance of Mn- and F-rich chemistry in enabling favorable Li transport properties 

and the unique cycling performance in DRX cathodes. 

 

2. Results and discussion 

2.1. F10 synthesis and properties  

F10 with 10% F substitution in the oxygen sublattice was synthesized by a solid-state 

method.20 The cubic rocksalt crystal structure with a Fm3̅m space group was confirmed by powder 
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X-ray diffraction (XRD) analysis (Fig. 1a). Based on the Rietveld refinement of the XRD pattern, 

the lattice parameter was determined to be 4.1770 Å, consistent with the previous report.20 

The local structure of the as-synthesized material was characterized by using solid-state 

magic angle spinning (MAS) nuclear magnetic resonance (NMR). The 7Li NMR spectrum (Fig. 

1b, black line) exhibits a broad signal spanning a frequency range from 2000 to –1500 ppm which 

is composed of multiple broad and overlapping signals, corresponding to Li nuclei in a variety of 

local environments in the bulk DRX structure. The distribution of Li environments, highlighted in 

the pj-MATPASS24,25 spectrum (grey shading in Fig. 1b), reveals a wide range of 7Li isotropic 

chemical shift upon suppression of the spinning sidebands. A low amount of diamagnetic Li (about 

7% ± 5% of the total integrated 7Li signal intensity) is observed close to 0 ppm (marked with an 

asterisk), along with the observation of multiple spinning sidebands on both side of the center band, 

indicating possible presence of Li2CO3, LiOH, Li2O and/or LiF.26 The amount of diamagnetic Li 

in F10 is similar to that in the non-fluorinated DRX counterpart (Li1.2Mn0.6Nb0.2O2, F0, 

approximately 7% ± 5%, Supplementary Fig. 1a), suggesting that the main Li-containing 

diamagnetic impurity in F10 is unlikely to be LiF. Further insights into the nature of the 

diamagnetic impurities and the level of F incorporation into the DRX lattice were obtained from 

19F solid-state NMR measurements. A broad resonance spanning a wide range of chemical shifts 

between 1000 and –1000 ppm is observed on the spectrum (Fig. 1c), which can be ascribed to F 

ions in the bulk DRX structure with a range of local environments. In addition, a sharp signal at 

an isotropic shift of –204 ppm (marked with an asterisk) with multiple spinning sidebands is also 

observed, suggesting the presence of a small fraction of LiF-like environments (about 11% ± 5% 

of the total integrated 19F signal intensity). We note that this is an overestimated value, as our 

previous work on related DRX compounds18,19,27,28 showed that NMR signals of F nuclei directly 
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bonded to a paramagnetic species (such as Mn) are too broad and too short-lived to be observed. 

The majority of the diamagnetic Li signal, therefore, arise from F-free impurities, confirming the 

near full incorporation of F into the bulk DRX lattice. As the 7Li and 19F NMR spectra collected 

on Li1.2Mn0.725Nb0.075O1.75F0.25 (F12.5) show a significant increase in diamagnetic Li and LiF-like 

signals (Supplementary Fig. 1b,c), the results further confirm that 10% is near the F solubility limit 

in solid-state synthesized Li1.2-Mn-Nb-O-F series. 

To prepare composite cathodes, the as-synthesized F10 powder was first mixed with carbon 

(in a weight ratio of 8:2) via high-energy ball milling. The process largely reduces particle size, as 

observed with scanning electron microscopy (SEM) (Supplementary Fig. 2a,b), and leads to slight 

peak broadening on the XRD pattern (Supplementary Fig. 2c). However, the crystal structure and 

lattice parameter remain unchanged (Supplementary Fig. 2d). The particle-level elemental 

distribution was determined by using energy-dispersive X-ray (EDX) mapping under a scanning 

transmission electron microscopy (STEM), which shows that all elements are uniformly dispersed 

at a single particle level (Fig. 1d). The high angle annular dark field (HAADF)-STEM image and 

corresponding fast Fourier Transform (FFT) pattern collected near the particle surface region along 

the [001] zone axis confirm the cubic crystal structure (Fig. 1e).12,23 In a broad view, the intensity 

distribution in different atomic columns, visualized by the spot brightness in HAADF-STEM 

images, appears largely random (Fig. 1e, left). This is consistent with the random distribution of 

cations clearly shown in the magnified areas ⅰ and ⅱ (Fig. 1e, top right). The intensity contrast is 

likely associated with short-range ordering (SRO) as previously reported in DRX systems.29,30 For 

F10, SRO presence is also confirmed by the observation of circle-like diffuse scattering in the FFT 

pattern (Fig. 1e, bottom right).  
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2.2. Electrochemical performance  

In our previous study,20 we compared the cycling performance of a series of DRX with 

varying F substitution: F0 (0%), Li1.2Mn0.625Nb0.175O1.95F0.05 (F2.5, 2.5%), Li1.2Mn0.65Nb0.15O1.9F0.1 

(F5, 5%) and F10 (10%). While both F2.5 and F5 experience a continuous capacity decrease with 

cycling (Supplementary Fig. 3), which is the typical behavior of LIB cathodes, a considerable 

improvement in discharge capacity is observed on the F10 cathode that has the highest Mn and F 

contents in the series. Fig. 2a and b show the electrochemical performance of the F10 cathode 

when cycled at a current density of 10 mA/g between 1.5 and 4.8 V. The 1st cycle voltage profile 

displays a slopping curve upon both charge and discharge (blue lines in Fig. 2a) and a single redox 

couple in the differential capacity versus voltage plot (dQ/dV, Fig. 2b), corresponding to a solid-

solution dominated process. Contrary to F2.5 and F5 where the involvement of oxygen redox is 

evident at the high voltage region above ~ 4.2 V14,20 during the initial cycles (Supplementary Fig. 

3a-d), the intensity of the O redox peak is minimal for F10. Only about 0.75 Li per formula unit 

(f.u.) or 62% of 1.2 mole Li per f.u. is extracted during the 1st charge. On discharge, nearly 0.57 

Li per f.u. or 48% of 1.2 mole Li per f.u. is reinserted. This leads to a low 1st cycle coulombic 

efficiency of 77% and a specific discharge capacity of 207 mAh/g. 

Significant changes in the voltage and dQ/dV profiles are observed upon further cycling. 

As the number of cycles increases, the voltage regions around 3.0, 4.0 and 4.6 V on charge and 

4.0, 3.0 and 1.5 V on discharge become flatter, implying changes in the material’s chemistry and/or 

crystal structure that affect the Gibbs free energy and the Li chemical potential.31 This is in stark 

contrast with the smooth sloping voltage curve observed during the 1st cycle. As a result, the 

discharge capacity increases to over 258 mAh/g after 30 cycles, a net gain of ~ 25%. Substantial 

capacity increase comes from voltage regions above 3.7 V as well as below 2.9 V. The dQ/dV 
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peaks in the specific voltage regions aforementioned also evolves when cycled over narrower 

voltage windows of 1.5–4.6 V, 1.8–4.6 V or 1.8–4.8 V (Supplementary Fig. 4a,b).  Although the 

intensity ratio of the dQ/dV peaks vary, the cycling-induced capacity increase is observed in all 

cases (Supplementary Fig. 4c,d). Unsurprisingly, the most drastic changes are observed for the 

largest voltage window of 1.5–4.8 V while the least amount of change is observed for the smaller 

window of 1.8–4.6 V. Both high-voltage and low-voltage processes appear to influence the 

evolution of the redox peaks. On the other hand, the average discharge voltage decreases 

continuously, with the extent of decrease positively correlated to the total capacity (Supplementary 

Fig. 4c-f). Upon close examine, voltage decay appears to be more closely related to the lower 

cutoff voltage, with more severe reduction seen when the cell is discharged to 1.5 V as compared 

to that of 1.8 V (~ 12% vs. 6% loss after 50 cycles, Supplementary Fig. 4e,f). 

Similar trend was also observed when increasing current density to 20, 30 or 100 mA/g 

(Supplementary Fig. 5a-c and f-h). The peak discharge capacity (and discharge energy) are reached 

after about 30 cycles, with values of 258 mAh/g (716 Wh/kg), 229 mAh/g (634 Wh/kg), 208 

mAh/g (574 Wh/kg) and 173 mAh/g (481 Wh/kg) obtained at 10, 20, 30, and 100 mA/g, 

respectively, corresponding to a capacity retention/energy retention of 1.25/1.12, 1.17/1.05, 

1.13/1.03 and 1.09/1.00 (Fig. 2c-f). The evolution of the redox features is less defined when the 

current density is further increased to 200 or 400 mA/g (Supplementary Fig. 5d,e and i,j). In both 

cases, a capacity/energy increase is not observed (Fig. 2e,f), indicating kinetic limitation in the 

cycling-induced chemical/structural changes.  

To further understand the kinetic behavior, rate capability tests were performed on the cell 

after 30 cycles. As the current density increases from 10 to 1000 mA/g, the discharge capacity 

decreases from 251 to 49 mAh/g (Fig. 3a). The intensity of the redox features near 3 V discharge 
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and 4 V charge remain strong up to a current density of 100 mA/g (Fig. 3b), consistent with the 

cycling performance shown earlier. The contribution to capacity from the specific voltage regions 

of 2.5–3.5 V (A), 3.5–4.6 V (B), 4.6–4.8 V (C) on charge and 4.8–3.5 V (D), 3.5–2.2 V (E), 1.8–

1.5 V (F) on discharge are shown as a function of the current density (Fig. 3c,d). As the current 

density increases, the charge capacity in the voltage region A decreases while that of region B 

increases (Fig. 3c), indicating that the redox process in region A is more rate limiting. At a high 

current density of 100 mA/g, about twice of the capacity are obtained in region B than that in A. 

On discharge, majority of the capacity (~ 70%) is obtained from region E at all current densities, 

with the contribution increasing with higher current densities (Fig. 3d). This suggests that 

compared to the other cathodic processes in the voltage window, the redox process around 3 V has 

better kinetics.  

Area specific impedance (ASI) analysis was performed by using a hybrid pulse power 

characterization (HPPC) method.32,33 This allows us to evaluate the cell resistance arising from 

ohmic drop, Li-ion diffusion through the electrolyte, and solid-state diffusion within the 

electrode.34 The measurements were carried out during the 1st and 30th discharge, using a step size 

of 0.2 V. The examples at the open circuit voltage (OCV) of 4.16 V and 2.92 V are shown in 

Supplementary Fig. 6a,b, where voltage and current responses are plotted as a function of time. 

Fig. 3e shows the measured ASI as a function of depth of discharge (DOD) in F10, and the 

relationship between ASI and OCV is shown in Supplementary Fig. 6c. For F10, the ASI is 

generally lower during the 30th discharge process compared to that of the 1st, suggesting 

improvement in kinetics after cycling. Relatively lower impedance values are recorded at the 

beginning of discharge state around 4 V, which then reaches the minimum during the flatter voltage 

region around 3 V where the cathodic peak (E) in Fig. 3b is located (Fig. 3e, Supplementary Fig. 
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6a,b). The results further confirm that the process occurring through the 4 V- and 3 V-regions 

improves Li transport kinetics. For comparison, an overall increase in the ASI is observed upon 

cycling F2.5 (Supplementary Fig. 6d,e). The impedance values collected during the 30th cycle are 

higher than those obtained for the 1st cycle in nearly the entire voltage range (or DOD), which is 

consistent with what is typically observed on LIB cathode materials.35,36  

 

2.3. Understanding cycling-induced capacity increase and improvements in kinetics  

2.3.1. Evolution of redox chemistry  

As TM cations with a d0 electronic structure (such as Nb in F10) often serve as structural 

stabilizers and they are redox-inactive in DRX compounds,29 here we focus our studies on the 

evolution of Mn and O redox. Ex situ hard X-ray absorption spectroscopy (hXAS) and soft X-ray 

mapping of resonant inelastic X-ray scattering (mRIXS) measurements were performed at the Mn 

K-edge and L-edge, respectively. The samples examined include the pristine F10 cathode (P) and 

cycled cathodes recovered at the end of 1st charge (C1), 1st discharge (D1), 30th charge (C30) and 

30th discharge (D30), with an upper voltage cutoff of 4.8 V for charge and a lower voltage cutoff 

of 1.5 V for discharge, respectively. On X-ray absorption near-edge structure (XANES) spectra 

collected on the P, D1 and D30 samples, the Mn K-edge energy position at the half-height of 

normalized intensity, commonly used for determining Mn oxidation state,5,37 is close to that of the 

Mn2O3 standard containing Mn(Ⅲ) (Fig. 4a). As expected, the K-edge position shifts to a higher 

energy near that of MnO2 (Mn(Ⅳ)) upon charge (C1 and C30). The values of the charged 

electrodes are within the error range of the Mn(Ⅳ) reference.5 Fig. 4b shows the evolution of the 

edge energy as a function of cycle number, confirming an overall Mn3+/Mn4+ redox process in the 

bulk. A more detailed analysis of the Mn K-edge data shows that majority of Mn oxidation state 
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increase occurs between OCV and 4.2 V on 1st charge (C1”, supplementary Fig. 7a–c). After that, 

the changes are insignificant up to the upper cutoff voltage of 4.8 V (C1). Similar evolution is 

observed during the 30th charge, with nearly identical energy positions observed at the end of 

charge when the cell is cycled up to 4.6 V (C30’) or 4.8 V (C30, Supplementary Fig. 7d–f). On the 

other hand, Mn reduction occurs mostly from 3.2 to 1.5 V, showing a continuous edge shift towards 

lower energy in that window (Supplementary Fig. 7g–i).  

Mn L-edge mRIXS measurements were carried out in both inverse partial fluorescence 

yield (iPFY) and total fluorescence yield (TEY) mode to probe the Mn chemical distribution near 

particle subsurface and surface regions, respectively. The typical probing depth is 100–200 nm for 

iPFY and 10–20 nm for TEY.38 The experimental (dotted line) and fitted (solid line) mRIXS-iPFY 

spectra obtained at the Mn L3-edge on the P, D1 and D30 electrode samples are plotted in 

Supplementary Fig. 8a-b. The quantification of the Mn valence is shown in Fig. 4c by fitting the 

data using a linear combination of Mn reference spectra (Supplementary Fig. 8c). As expected, 

both discharged cathodes (D1 and D30) primarily consist of Mn3+ (pale blue bar, Fig.4c). After 

the 1st discharge, the presence of Mn2+ (blue bar, 7.7% and 27.3% for iPFY and TEY, respectively) 

and Mn4+ (green bar, 7.8% and 6.0% for iPFY and TEY, respectively) are also detected in the 

subsurface and surface regions. After the 30th discharge, the average oxidation state of subsurface 

Mn remains close to 3+ while that of the surface Mn is significantly lower (~ 2.6+), with a slight 

increase in Mn2+ content in the former (8.5%) and a much large increase in the latter (45%). The 

relatively higher Mn2+ content is consistent with previous reports on surface Mn reduction during 

cycling of similar compounds.9,39 A comparison with data collected on 30th charged sample (C30, 

2.6% for iPFY and 28.4% for TEY, Supplementary Fig. 8d,e) further suggests that Mn2+ formation 
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predominantly occurs during the discharge process. Our study further reveals the presence of Mn4+ 

cations (6.1% for iPFY and 1.5% for TEY) in D30.  

It has been shown that oxygen redox processes in DRX consist of both reversible O2-/On-

(0 < n < 2) redox and irreversible O loss.7,40,41 Here we used operando differential electrochemical 

mass spectrometry (DEMS) analysis and mRIXS mapping to probe the O redox chemistry. DEMS 

is capable of detecting oxidized O species removed from the lattice and released in the form of O2 

gas during cycling. In this case, while a small amount of O2 evolution (0.3 mmol per mol DRX) 

with an onset voltage of ~ 4.3 V is observed during the 1st charge, negligible O2 release is observed 

after 30 cycles (Supplementary Fig. 9a-c). In the O K-edge two-dimensional mRIXS data, the 

signal at the excitation energy of 531 eV and the emission energy of ~ 524 eV is often used as a 

fingerprint for oxidized oxygen (On-) species.29,42 In some DRX materials, however, the oxidized 

O signal is indistinguishable from the TM–O hybridized states which also appear at ~ 531 eV.43,44 

Indeed, in our case, the characteristic features are not easily discernable for the P, C1 or C30 

electrode samples (Fig. 4d). To this end, a semi-quantitative analysis of the amount of oxidized O 

at various states of charge was carried out by comparing the RIXS cut at 531 eV (dotted line in 

Fig. 4d) with the shoulder peak at ~ 524 eV. Using the RIXS cuts obtained for the P and fully 

discharged (D1) samples (Fig. 4e and f, respectively) as references, a small intensity increase in 

the oxidized O features is observed at charge voltages of 4.2 and 4.6 V during the 1st cycle (C1” 

and C1’, respectively, Fig. 4f and Supplementary Fig. 10a). These changes become more 

pronounced at 4.8 V (C1 in Fig. 4f), suggesting that a significant portion of O oxidation takes place 

near the end of charge. Similar trend is also observed during the 30th charge (C30, Fig. 4g). The 

changes are much smaller when cycled to a lower upper cutoff of 4.6 V (C30’), suggesting that 

most of the O oxidation also occurs near the end of the 30th charge, between 4.6 V and 4.8 V. A 
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comparison of the 531 eV RIXS cuts for the C1, C12 and C30 samples (after the 1st, 12th and 30th 

charge, respectively, Supplementary Fig. 10b) indicates that while the presence of oxidized oxygen 

species is clear even after 30 cycles, its intensity decreases after the 1st charge. The observed 

capacity increase with cycling, therefore, is unlikely a result of more O redox contribution in later 

cycles. 

 

2.3.2. Evolution of the local structure 

Changes in Li environments upon cycling were followed by 7Li solid-state NMR (Fig. 5a). 

To improve NMR spectral resolution, ex situ P, D1, and D30 cathode samples were characterized 

at a low magnetic field (B0 = 2.35 T) and a fast sample spinning frequency (νR = 60 kHz) to reduce 

NMR line broadening that occurs because of the strong paramagnetic interactions between the 7Li 

nuclei and nearby Mn species. Again, the broad resonance on the pj-MATPASS isotropic spectra 

(grey shading) corresponds to a distribution of Li environments within the DRX structure. The 

average 7Li chemical shift in the spectrum collected on the P sample is ~ 290 ppm (blue line), 

consistent with octahedral (Oh) Li site occupancy in DRX. This value increases to ~ 420 ppm in 

D1 and ~ 500 ppm in D30 (red line), along with an increase in chemical shift distribution. In 

addition, a small intensity increase between 1000 and 1300 ppm (outlined by the green rectangle) 

was also observed on both D1 and D30. These results suggest that upon cycling, the average Li 

environment evolves and the degree of disorder in Li nuclei within the DRX framework increases. 

The values in the 500 ppm range have previously been reported on cubic spinel-type phases where 

Li occupies tetrahedral (Td) 8a sites, such as stoichiometric ordered LiMn2O4 and Li-excess 

partially-ordered Li1.68Mn1.6O3.7F0.3 and Li1.68Mn1.6O3.4F0.6 oxyfluorides.45-47 While it is possible 

that an increase in disordering along with the inclusion of spinel-like “structure-domains” can lead 
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to a wider chemical shift distribution, this specific chemical shift range is most often observed on 

partially-ordered spinels with Li/Mn distribution in the 16c and 16d Oh sites.48 The study suggests 

that F10 cycling likely involves partial relocation of Li cations and formation of partially-ordered 

spinel-like cation arrangements.  

Further analysis using time-of-flight neutron diffraction (ND) provides additional evidence 

for site migration. In order to monitor changes in site occupancy, refinements of all ND patterns 

were performed based on the face-centered-cubic Fd3̅m space group instead of Fm3̅m, including 

the pristine sample. Upon 1st Li extraction, the lattice parameter decreases from 8.327(2) Å (P) to 

8.131(2) Å (C1, Fig. 5b and Supplementary Fig. 11a–d). No additional peaks are detected at the 

end of charge. After the 1st discharge, the lattice expands to 8.269(2) Å (D1), which is well below 

the pristine value. Most of the lattice contraction occurs during the 1st discharge, with only small 

changes are observed upon further cycling. A lattice parameter of 8.255(2) Å is obtained on the 

D30 sample. Overall, the refined structural parameters shown in Supplementary Table 1 agree well 

with the structural model with partial displacement of Li to Td 8a sites and partial Li/Mn occupancy 

in 16c and 16d Oh sites of the spinel crystal structure. Furthermore, neutron pair distribution 

function (PDF) patterns collected on the D1 and D30 samples show an increase in the negative 

nuclear scattering intensity with cycling (Supplementary Fig. 11e,f). This can be attributed to an 

increase in tetrahedral Li-O and/or Mn-O bonding with a bond length of  1.7 Å, along with 

various O-O pair distribution with a bond length of  2.3-3.1 Å.42,48,49 

Complementary insights into the structural rearrangements were also obtained from single-

particle studies using TEM and selected area electron diffraction (SAED). Here, the local structure 

changes were monitored by comparing SAED patterns collected on a pristine (P) and discharged 

F10 particle recovered after 25 cycles (D25, Fig. 5c). Viewed along the [001] direction, the SAED 
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pattern obtained on P corresponds to a typical DRX structure. In addition to bright Bragg 

diffraction features, the circle-like diffuse scattering (red triangle) attributed to local SRO is also 

shown (similar to Fig. 1e). After 25 cycles, the SRO features disappear while additional diffraction 

features (red arrow) appear along with the initial cubic structure. This is clearly illustrated in the 

intensity profiles of I (for P) and II (for D25) in Fig. 5c. The new diffraction peaks can be assigned 

to a spinel-like structure where TMs occupy the Td sites, consistent with the recent reports.12,23 We 

note that observation of structural transformation to spinel-like features in electron diffraction 

studies is not unique to F10. This was previously shown in other Mn-based DRX cathodes such as 

Li1.2Mn0.4Ti0.4O2, Li1.2Mn0.625Nb0.125O1.95F0.05, and Li1.2Mn0.6Ti0.2O1.8F0.2.
12,23  

Local Mn environments and metal-ligand interactions in F10 were further probed by 

Raman spectroscopy.50,51 Ex situ Raman spectra and their fitting using Voigt functions for P, C1, 

D1, C30 and D30 electrode samples are shown in Fig. 5d. In the P state, the strong Raman band 

(blue line) centered around 625 cm–1 is assigned to an A1g symmetric stretching mode of the MnO6-

αFα (0 ≤ α ≤ 6) framework.50 Unlike what is observed in the layered structure,52-54 the broad 

shoulder peaks near 516 cm–1 (corresponding to Eg vibrations, grey shaded) and 445 cm–1 (green 

shaded) arise from the disordered nature of the rocksalt structure. Deconvoluting Raman spectra 

collected on disordered materials is inherently challenging due to the broad and overlapping peaks 

resulting from the wide distribution of coordination environments.55,56 For F10, the experimental 

evidence for local structural rearrangements gathered by other techniques serves as a basis to 

identify the heterogeneous structure in the material. Compared to the P state, the A1g peak and its 

shoulder for the C1 sample largely shifted towards lower wavenumbers of ~ 614 cm–1 and ~ 505 

cm–1, in accordance with the expected changes in the Mn octahedra upon Mn3+/Mn4+ oxidation. 

Along with this, new vibrational modes at ~ 665 cm–1 (orange shaded) are also observed. The 
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peaks in the spectral range from 660 to 665 cm–1 are traditionally associated with A2u asymmetric 

stretching vibration of MnO6 octahedron in Li-Mn-O spinel-type phases.50,51,57-60 This is often seen 

in off-stoichiometry spinel phases in the presence of crystal defects and anion substitutions,59-61 

which differ from the stoichiometric cubic LiMn2O4-type spinel or the tetragonal Li2Mn2O4 

structure formed upon further lithiation.51,62,63 The presence of this new feature at ~ 665 cm–1 

therefore not only confirms local structural rearrangement to spinel-like environment but also 

reveals the off-stoichiometry nature of the formed local structure. For the D1 sample, the shoulder 

peak further shifts towards a lower wavenumber of ~ 485 cm–1 and becomes fully resolved from 

the A1g peak. A significant reduction in 665 cm–1 peak intensity suggests that local “structure-

domains” are partially reversible during the charge and discharge process. After 30 cycles, the A2u 

Raman peak becomes stronger on both discharge (D30) and charge (C30), suggesting an overall 

growth upon cycling. The substantial increase in the width of half maximum peaks in the lower 

Raman shift range further implies a greater degree of local disorder (Supplementary Table 2). We 

note that the presence of this new Raman feature at ~ 665 cm–1 is significantly reduced in DRX 

samples with lower Mn and F contents, as shown in the data collected on the F5, F2.5 and F0 

cathodes after 30 cycles (Supplementary Fig. 12). The Raman peak at ~ 620 cm–1 shown in the 

cycled F2.5 and F0 is closer to the location of symmetric stretching vibrations seen in cubic 

LiMn2O4-type spinel than that of off-stoichiometry spinel phases.12 The results suggest that the 

nature and extent of local rearrangements are sensitive to Mn and F contents as well as the redox 

chemistry in DRX. 

  

2.4.  Discussion 
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The results presented herein offer new and important insights into the distinctive evolution 

of chemical, structural and electrochemical properties in Mn-rich DRX oxyfluoride cathodes such 

as F10. We believe that the combination of a high F content in the oxygen anionic sublattice, the 

random distribution of cations, the vast presence of Mn and its high mobility are responsible for 

the structural rearrangements during cycling. Refinement of neutron diffraction pattern along with 

particle-level electron diffraction pattern indicate partial displacement of Li and TM to the 

tetrahedral sites. Further characterization through NMR and Raman spectroscopy clearly show 

local structural changes throughout the bulk particles, with the appearances of new chemical shift 

and Raman shift spectra that are consistent with cubic Li-Mn-O spinel-type phases. A comparison 

with the data collected on the pristine DRX containing short-range ordering shows different length 

scale of the new structure, confirming that the structural rearrangement occurs in local domains 

rather than in cation clusters. Theses prominent changes in the local structure cannot be explained 

by individual cation migration.  

The process of structural rearrangement initiates during the 1st cycle and continues through 

the subsequent cycles, enabling a broad integration of local “structure-domains” with off-

stoichiometry spinel-like-feature into the cation-disordered cubic rocksalt framework in the long 

range. This leads to the distinct evolution of voltage regions near 4 V and 3 V,64,65 similar to what 

was observed on metastable DRX materials such as Li4Mn2O5.
66-68 The arrangements not only 

create excellent percolation pathways of low activation energy Li migration channels69-71 but also 

mitigate Jahn-teller distortion and enhance structural stability,63,72 leading to better material 

utilization at a given current density, increased accessible capacity and more than 100% of capacity 

retention with cycling. It is conceivable that over-lithiation of the off-stoichiometry spinel-like 

domains occurs upon discharging below 3 V, enabling additional capacity not accounted in the 
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pristine material and contributing to additional discharge capacity. Further studies are needed in 

order to gain insights on the dynamic evolution of the local domains.  

Finally, we wish to make a comparison of the disordered rocksalt to spinel-type 

transformation occurs in Mn-based DRX cycling vs. layered to spinel-like transformation occurs 

in LMR cycling. While the cation redox process primarily involves Mn3+/Mn4+ in the former, the 

latter is mainly based on Ni2+/Ni4+ and/or Co3+/Co4+ redox along with a small contribution from 

the Mn3+/Mn4+ process.5 In LMR, the structural transformation has been linked to property changes 

such as hysteresis and impedance rise, which leads to material performance issues such as voltage 

fade, capacity decay and worsening kinetics.5,15,73-76 While the nature of the formed spinel-like 

structure is likely different in these two scenarios, the observed kinetic improvement and capacity 

increase as a result of integration of local “structure-domains” in the highly fluorinated Mn-rich 

DRX is intriguing. Further studies on the chemical and structural nature of the local structure are 

needed in order to better understand these unique properties.  

 

3. Methods 

3.1 Synthesis 

Details on the solid-state synthesis of the DRX cathode materials can be found in a previous 

publication.20 Stoichiometric amounts of Mn2O3 (99.9%, ACS reagent), Nb2O5 (99%, ACS reagent) 

and poly(tetrafluoroethylene) (PTFE, 6–9 μm particle size, Goodfellow) together with Li2CO3(≥ 

99.0%, ACS reagent) in 10 mol% excess were mixed in ethanol using a planetary ball mill (PM100, 

200 rpm for 18 h). The resulting mixture was dried at 80 °C in a vacuum oven, followed by 

calcination at 1000 °C for 12 h under an argon atmosphere. The heating and cooling rates were set 
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to 5 °C/min. The resulting powder was ground with mortar and pestle in an Ar-filled glove box. 

The as-synthesized power was mixed with acetylene black (HS-100, Denka) in an 8:2 weight ratio 

and blended together using a planetary ball mill (300 rpm for 12 h). 

 

3.2. Electrochemical measurements 

For composite electrode fabrication, 7:2:1 wt% of carbon-blended DRX, acetylene black 

(Denka), and polyvinylidene difluoride (PVDF, kynar flex 2801) binder dissolved in N-methyl-2-

pyrrolidone (Sigma-Aldrich) were mixed at 2000 rpm using a Thinky mixer (AR-100, Thinky Inc.). 

The resulting slurry was cast onto an aluminum current collector in an Ar-filled glove box and 

then dried at 120 °C in a vacuum oven. The coin-type half cells (CR2032) were assembled with 1 

M lithium hexafluorophosphate (LiPF6) in 1:1 v/v of ethylene carbonate (EC):diethyl carbonate 

(DEC) (PuriEL, Soulbrain) electrolyte and a microporous trilayer polypropylene/polyethylene/ 

polypropylene (Celgard 2325) separator. Lithium foil (Alfa Aesar) was used as counter and 

reference electrodes. The electrochemical measurements were carried out using constant current 

in various voltage windows as well as using various current densities. The rate capability 

performance was evaluated in 1.5–4.8 V at a varying current density of 10, 20, 40, 100, 200, 400, 

and 1000 mA/g. All charge and discharge capacities were calculated based on the net active 

material loading on the electrode. Area specific impedance was measured using hybrid pulse 

power characterization. Coin-type half-cells were discharged for 10 s at the current density of 400 

mA/g and then relaxed to the open-circuit voltage for 40 s during charge and discharge. The cells 

were charged for 10 s at 300 mA/g after each discharge steps. This procedure was repeated for 

every 0.2 V of discharging, and each step was followed by 1 h rest period. The impedance was 

calculated based on ΔV/ΔI value at each discharge pulse, where V is voltage difference for 10 s 
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and I is the discharge pulse current. All the electrochemical data were acquired using a VMP3 

battery potentiostat (Bio-Logic science) at room temperature.  

 

3.3. Characterization 

X-ray and neutron diffraction. The powder X-ray diffraction was analyzed by a Bruker D2 

powder X-ray diffractometer (Cu Kα, 40 kV, 30 mA, λ = 1.54 Å). The refinement of the XRD 

patterns was obtained using a Fullprof software. Neutron powder diffraction was performed using 

the Nanoscale Ordered Materials Diffractometer (NOMAD) at the Spallation Neutron Source at 

Oak Ridge National Laboratory. Powder samples were loaded into a 3 mm thin-walled quartz 

capillary. Four 30-min scans were collected at 300 K and then summed together to improve the 

statistics of the data. Signals from the empty quartz capillary measurement was subtracted as 

background from the sample measurement and data were normalized by the scattering intensity 

from a 6 mm vanadium rod to correct for detector efficiencies. The refinement was carried out 

using TOPAS software version 6.  

Solid-state NMR. Solid state NMR spectra of pristine and ex situ cycled DRX cathode 

samples were acquired at B0 = 7.05 T (300 MHz for 1H) using a super wide bore Bruker BioSpin 

spectrometer equipped with an AVANCE-III console and a 2.5 mm HX MAS probe tuned to 19F 

(282.4 MHz) and 7Li (116.6 MHz) Larmor frequencies. Additionally, 7Li solid-state NMR spectra 

of the pristine F10, D1 and D30 samples were acquired at B0 = 2.35 T (100 MHz for 1H) using a 

wide bore Bruker BioSpin spectrometer equipped with a DMX 500 MHz console and a 1.3 mm 

HX MAS probe tuned to 7Li (38.9 MHz). For each sample, approximately 12 or 5 mg of material 

was loaded into a 2.5 mm or 1.3 mm zirconia rotor, respectively, and the rotors were closed using 
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Vespel caps in an Ar-filled glovebox. To avoid air and moisture exposure during data acquisition, 

the samples were spun at the magic angle (MAS) at a frequency υR = 30 kHz (2.5 mm) or 60 kHz 

(1.3 mm) using dry nitrogen. 19F and 7Li NMR chemical shifts were externally referenced against 

lithium fluoride standard powder (LiF, δiso(
19F) = −204 ppm and δiso(

7Li) = −1 ppm). The solid-

state NMR data were processed using the Bruker TopSpin 3.6.0 software and the spectra were 

fitted using DMfit.77 Please refer to Supplementary Note 1 for additional details on the solid-state 

NMR data acquisition parameters used in this work.  

SEM and TEM. The SEM images were obtained by a Field Emission Scanning Electron 

Microscopy (JEOL 7500F) at 15 KV. For TEM observation, the particles were dispensed onto 

TEM lacey carbon grids in an Ar-filled glovebox to avoid the exposure to air. TEM and STEM 

imaging and EDX mapping were performed on an aberration corrected JEOL JEM-ARM200CF 

with an operation voltage of 200 kV. The convergence semi-angle was 20.6 mrad, and the signals 

with semi-angles spanning from 68 to 280 mrad were collected for STEM-HAADF imaging. The 

EDS data analysis was performed using the pathfinder software where the overlapped peaks were 

deconvolved by using the stored standard reference spectra and employing a multiple and linear 

least-squares fitting method.  

Hard and soft XAS. XANES spectra were collected using hard XAS at Stanford 

Synchrotron Radiation Lightsource (SSRL) beam line 2-2. Extracted electrode samples from the 

coin cell after electrochemical testing were rinsed with dimethyl carbonate (DMC), dried and 

sandwiched between Kapton tapes and placed at 45° to the incident X-ray beam. The data was 

processed using a Sam’s Interface for XAS Package (SIXPACK) software. Soft XAS analysis was 

conducted at SSRL beam line 10-1 and 8-2. Spectral measurements were performed on the 31-

pole wiggler with a ring current of 350 mA, a 1000 line mm-1 grating monochromator with 20 mm 
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entrance and exit slits, and a 1 mm2 beam spot. XAS profiles were collected under ultrahigh 

vacuum (10-9 Torr). The data was collected using the Pymca software. For reference, MnO 

(Mn(II)), Mn2O3 (Mn(III)), and MnO2 (Mn(IV)) powder standards were measured concurrently. 

The mRIXS measurements were performed at the iRIXS end station, Beamline 8.0.1 at the 

Advanced Light Source (ALS). Extracted electrode samples cycled in coin cells were rinsed with 

DMC, dried, and pasted on the Cu tape, after which the Al current collector was removed from the 

electrode in Ar-filled glove box. The prepared samples were transferred into the main chamber at 

the iRIXS end station under vacuum. The emission data were collected by the ultrahigh-efficiency 

modular spectrometer (HR RIXS) with the excitation energy change every 0.2 eV. The resolution 

of the excitation and emission energy is 0.35 eV and 0.25 eV, respectively. The mRIXS data was 

processed using the Igor code developed by the W. Yang group. Mn L3-edge data was obtained by 

the inverse fluorescence yield (iPFY) as described in previous work.78 The Mn L3-edge total 

electron yield (TEY) data was collected at the same time. Detailed composition of Mn(II), Mn(III) 

and Mn(IV) was obtained by fitting the Mn L3-edge with standard spectra of MnO, Mn2O3, and 

MnO2.
79 A standard 1 sigma fitting error applies in data processing.  

Operando DEMS. The electrodes were prepared by pressing powder mixture of carbon-

blended DRX, carbon black (super P, Timcal) conductor, and PTFE (1 μm particle size, Sigma-

Aldrich) binder on to the stainless-steel mesh. For cycled samples, the cathodes cycled in a coin 

cell were extracted and rinsed with DMC. For DEMS, hermetically sealed half cells with a DRX 

cathode and a Li metal anode were assembled in an Ar atmosphere glove box using custom-

designed Swagelok-type cells, as described in previous publications.14 The cells were assembled 

with 1 M LiPF6 in 1:1 v/v of EC:DEC (Sigma) electrolyte and a dual layered separator consisting 

of a microporous monolayer polypropylene membrane (cathode side, Celgard 2500) and quartz 



23 
 

filter paper (anode side, Whatman QMA). The cathode active material loadings were 

approximately 5 mg/cm2. The cells were cycled at a constant current of 20 mA/g on a Bio-Logic 

VSP-series potentiostat under positive Ar pressure (≈ 1.2 bar) while any gas evolution was 

monitored in situ using the custom-built DEMS apparatus.80-82 The cell headspace was sampled 

every 10 min and any accumulated gases were swept with Ar to the mass spectrometer chamber 

for analysis.  

Raman Spectroscopy. Raman spectroscopy of ex situ electrode samples were conducted on 

Renishaw in-ViaTM Qontor confocal Raman microscope equipped with 633 nm (He-Ne source) 

and 10 mW laser source. The power of the laser was adjusted to 10 μW to avoid any accidental 

laser damage. The samples were sealed in Ar atmosphere in a Kurt & Lesker QF25 viewport 

equipped with a fused silica (quartz) window. Each spectrum is an average of spectra collected 

over five spots on the sample. The experimental Raman profiles were deconvoluted and fitted 

using a Voight function. 

 

4. Conclusions 

In this study, we report the unique behavior of capacity increase upon cycling of high-

energy Mn- and F-rich cation-disordered rocksalt (DRX) oxyfluoride cathodes. In F10 cathode, 

the source of capacity was attributed to dominant Mn3+/Mn4+ redox along with additional 

contribution from O redox, both of which remained relatively unchanged in the bulk. 

Comprehensive analysis using a suit of diagnostics techniques delivered robust evidence on the 

formation of local “structure-domains” with off-stoichiometry spinel-like features, while in the 

long-range, the cubic disordered rocksalt structure remained. This unique arrangement enables fast 
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Li-ion movement throughout the three-dimensionally connected Li pathways, leading to distinct 

changes in the voltage profile. The ability to effectively integrate such local structure into the cubic 

structure was attributed to the cation disordered Mn- and F-rich chemistry. Our findings provide 

guidelines on further utilizing Mn-redox based systems for developing next-generation high-

energy cathode materials. 
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Figure 1. Material characterization. a) Powder XRD refinement of the as-synthesized F10 

sample. b,c) 7Li and19F MAS NMR spectra collected on as-synthesized F10 powder (black line) 

at a magnetic field B0 = 7.05 T with a sample spinning frequency of 30 kHz. Spin echo (7Li) and 

VOCS (19F) spectra are shown in black. An isotropic 7Li pj-MATPASS spectrum where spinning 

sidebands are suppressed is shown as a grey shading in (b). For comparison, a 19F NMR spectrum 

collected on standard LiF powder is shown in blue in (c). The asterisks indicate a small fraction of 

diamagnetic impurity signal in both the 7Li and 19F NMR data. d) STEM-EDX maps of a single 

particle for Mn (red), Nb (yellow), O (cyan), and F (magenta) elemental distribution. The scale bar 

is 200 nm. e) HAADF-STEM image and corresponding FFT pattern of a region near the surface 

of a single particle projected along the [001] zone axis. The scale bar is 1 nm. The magnified 

images from the areas of ⅰ and ⅱ are also shown.   

  



35 
 

 

 

 

 

Figure 2. Cycling performance of the F10 cathode. a,b) Voltage profiles and corresponding 

dQ/dV plots for the 1st (blue line), 2nd, 10th, 20th and 30th (red line) cycles. The cells were cycled 

between 1.5 and 4.8 V at a current density of 10 mA g–1. The numbers in the legend indicate the 

cycle number. c-f) Comparison of the (c) specific discharge capacity, (d) specific discharge energy, 

(e) capacity retention, and (f) energy retention during the first 50 cycles between 1.5 and 4.8 V at 

current densities of 10, 20, 30, 100, 200 and 400 mA g–1. 
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Figure 3. Kinetic properties. a,b) The voltage profiles and corresponding dQ/dV plots at various 

current densities collected on the cell after 30 cycles. c,d) The charge and discharge capacity 

portions as a function of current density determined over the following voltage regions: (A) 2.5–

3.5 V, (B) 3.5–4.6 V and (C) 4.6–4.8 V on charge, and (D) 4.8–3.5 V, (E) 3.5–2.2 V and (F) 1.8–

1.5 V on discharge. e) Area specific impedance as a function of the depth of discharge during the 

1st (blue) and 30th (red) discharge. 
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Figure 4. TM and O redox processes. a) Normalized Mn K-edge XANES spectra collected on 

the pristine electrode (P), recovered electrodes after 1st charge to 4.8 V and 1st discharge to 1.5 V 

(C1, D1), and 30th charged and discharged electrodes with the same cutoff voltages (C30, D30). 

Reference spectra from Mn3+/Mn4+ oxide standards are shown in grey. The enlarged region is 

shown in the inset. b) Mn K-edge energy position and average Mn valence as compared to the 

Mn3+/Mn4+ references. c) Quantification of the Mn valence distribution and the average Mn 

valence from Mn L3-edge mRIXS-iPFY spectra collected on the D1 and D30 electrodes. d) O K-

edge mRIXS data obtained for the P, C1 and C30 electrodes. e-g) Normalized O K-edge RIXS 

cuts at an excitation energy of 531 eV for the following samples: (e) P, (f) C1, D1, and samples 

obtained on 1st charge to 4.2 V (C1”) and 4.6 V (C1’), (g) C30 and D30, and a sample obtained on 

30th charge to 4.6 V (C30’). Fingerprint oxidized oxygen features are marked by the dotted area 

near ~524 eV and TM–O hybridization at 525.5 eV. The C30 and D30 samples were cycled 

between 1.5 and 4.8 V and C30’ was cycled between 1.5 and 4.6 V at 20 mA g-1, whereas the C1, 

C1’, C1” and D1 samples were charged or discharged at a current density of 10 mA g-1.   
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Figure 5. Local structural evolution during cycling. a) 7Li spin echo MAS NMR spectra (black 

lines) and pj-MATPASS isotropic spectra (grey shaded areas) recorded at a magnetic field B0 = 

2.35 T and a sample spinning frequency of 60 kHz on the pristine (P) cathode, and on samples 

obtained after the 1st discharge (D1) and 30th discharge (D30) process. The blue, red and green 

lines at about 290 ppm, 500 ppm, and 1000-1300 ppm, respectively, highlight the evolution of the 
7Li resonant frequency with cycling. b) Rietveld refinement result of time-of-flight neutron 

diffraction data collected on electrodes at P, C1, D1 and D30 states. c) TEM selected area electron 

diffraction patterns obtained on the pristine cathode (P) and on an electrode obtained after the 25th 

discharge process (D25) viewed along [001] zone axis. The scale bar is 5 nm-1. Intensity profiles 

were obtained from the diffraction regions marked with Ⅰ and Ⅱ. d) Raman bands for the Mn–O 

stretching modes collected on the pristine cathode (P) and on electrode samples C1, D1, C30 and 

D30. Spectra fitting was carried out using Voigt functions.  

 




