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ABSTRACT: 

In the last years, disordered rocksalt structure materials (DRS) was proposed as positive electrode 

for lithium-ion batteries. In particular, the fluorinated DRS were proposed to be more stable upon 

cycling than pure oxides counterparts. These materials are mainly obtained by mechanosynthesis 

in order to incorporate a significant amount of F ions and maintain a disordered structure. Since 

the local structural arrangement is crucial for battery application, we aim to monitor its evolution 

upon the synthesis of Li2MnO2F from two sets of precursors: Mn2O3, Li2O and LiF, or LiMnO2 

and LiF. The synthesis progress was thus followed, by 7Li and 19F MAS-NMR coupled to XRD to 

probe the structure at different scale. This allowed to identify an optimal milling time to reach the 

final compounds. We show that they exhibit similar morphology (by SEM), medium- and short-

range orders (by XRD, 7Li and 19F NMR, EXAFS) and average Mn oxidation degree (by XANES). 

The electrochemical performances of the two compounds are almost similar, with high specific 

capacities of 319 mAh.g-1 (“from LiMnO2”) and 304  mAh.g-1 (“from Mn2O3”) for the first charge 

to 4.8 V vs Li+/Li, proving their interest as post-NMC candidates as positive electrode materials. 
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Introduction:  

The last years have seen the development of fluorinated lithium-rich (Li-rich) disordered 

rocksalt structure materials (DRS) used as positive electrode materials in lithium batteries1. In 

contrast to layered oxides, where Li+ ions are intercalated in the interslab space, in Li-rich DRS 

materials, the transition metal (TM) and Li ions share the same octahedral sites in the lattice. 

Lithium diffusion is thus three-dimensional and relies on percolation pathways which are only 

observed for a Li excess Li/M~1.3 and Li/M disorder2–4 DRS materials are expected to be more 

stable upon cycling than Li-rich layered oxides thanks to their three-dimensional structure. High 

capacities for those materials, larger than those based on the redox activity of the transition metal 

ion, are observed due to contribution of the oxygen to the redox process, which however induces 

significant capacity loss. Fluorine substitution of O has been proposed as an efficient way to limit 

the capacity loss3,5,6 and, as the same time, to increase the capacity based on the TM ions, thanks 

to the increase of their oxidation state. For example, compared to Li2MnIVO3 (model compound 

for Li-rich layered oxides), partial O substitution by F, leads to Li2MnIIIO2F where the Mn3+/Mn4+ 

redox couple can be active. This fluorination therefore prevents the use of heavy elements such as 

Nb or Mo for substitution to Mn to do so5.  

DRS materials had proven being able to deliver reversible capacities over 300 mAh.g-1 with 

various active redox metals : Li2VO2F6, Li2V0.8Cr0.2O2F7, Li2FeO2F7, Li1.25Mn0.5Nb0.25O2
8, 

Li1.2Mn0.4Ti0.4O2
9 or Li4Mn2O5

10 as well as Li1+xMoO2Fx 11 and Li1.25TiO2F0.25
7 . In this kind of 

materials, local order has been shown to strongly influence electrochemical performances12–14. 

Li2MnO2F is an interesting and challenging positive electrode material that has recently been 

studied by the groups of P. Bruce and S. Islam.5,15,16. In a first paper, House et al. 5 focused on 

Li2MnO2F obtained by ball milling from a Mn2O3 precursor. They report the structural study of 

the material carried out by X-Ray Diffraction (XRD) and solid-state 7Li and 19F Nuclear Magnetic 
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Resonance (NMR) as well as the electrochemical performances of the material (291 mAh.g-1 at 

C/10 rate with a retention of 160 mAh.g-1 after the 50th cycle). Moreover, they highlighted an 

oxygen loss that can be associated with an oxygen-redox mechanism if more than one Li/mole is 

deintercalated.  It was further confirmed by the work of Sharpe et al.15 which proved the presence 

of trapped molecular O2 within the lattice as well as O2 gas release from the surfaces. In a very 

recent work on this material based on ab initio molecular dynamics (AIMD), McColl et al.16 

confirmed that O2 molecules are formed in the bulk during the lithium electrochemical 

deintercalation. They showed that Mn migration to interstitial sites (five- or sixfold coordinated 

sites) and the appearance of cation vacancies were necessary to form O2 in the bulk. During the 

discharge of the cell, some of the O2 molecules would be reduced to O2- and return to their atomic 

position in the face-centered cubic lattice, while others would remain trapped in the bulk as O2(g) 

due to irreversible migration 16.  

Since the role of the disorder in those materials is crucial for their electrochemical properties, 

we aimed in the present study to investigate the impact of the synthesis conditions of Li2MnO2F 

by ball milling on both the local structure and the electrochemical properties. Mechanosynthesis 

was chosen because as it has been demonstrated to produce materials with high disorder as well as 

large integration of fluorine in the bulk.3,5,17 In this study, we monitor the progress of the synthesis 

depending on the milling time and precursors type: Mn2O3, Li2O and LiF, or LiMnO2 and LiF. We 

especially focus on the medium- and short-range orders by using XRD and solid state NMR. 

Finally, we compare the morphology (SEM), the medium- and short-range orders (XRD, NMR, 

EXAFS), average oxidation degree (XANES) and the electrochemical performances of the two 

final Li2MnO2F compounds. 
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Experimental:  

Mechanosynthesis was performed using a planetary ball miller (Fritsch, Pulverisette 7 Premium 

line), which allowed using airtight ball milling jars under argon atmosphere. For the synthesis of 

Li2MnO2F, two different routes were used:  

2LiF ൅ LiଶO ൅MnଶOଷ → 2LiଶMnOଶF Pathway denoted “from Mn2O3” 

LiMnOଶ ൅ LiF → LiଶMnOଶF  Pathway denoted “from LiMnO2” 

LiMnO2 in its orthorhombic form was obtained through the synthesis proposed by Croguennec 

et al.18, LiF (99.85%, AlfaAesar), Mn2O3 (99%, SigmaAldrich), Li2O (98%, Sigma Aldrich) were 

otherwise commercial. The precursors were first dried before entering in glove box and then 

homogenized by manual grinding using an agate mortar and pestle.  

The target weight of Li2MnO2F was 5g and the precursors were used in the stoichiometric 

proportions, 50 g of 2mm zirconium oxide beads (ball to powder ratio 10:1) were added to the jar. 

These conditions were determined by preliminary experiments detailed in the Supporting 

Information (Fig S1). Both bowls and beads were made of zirconium dioxide with a Vickers 

hardness of 1200 (Vickers Pyramid Number). A 36-hour ball milling was conducted over the two 

studied pathways. To prevent an important increase of the temperature in the bowl (reagents, 

products, beads and bowls), the milling sequence alternated 10 min of milling at 750 rpm with a 

10 min break. 0.5 g of the powder were sampled and unclogged from bowl walls at the following 

milling times: 6 h, 12 h, 18 h and 36 h for the final products. The bowl walls are also unclogged 

after milling for 9 h. 5 g of beads were also removed from the bowls to maintain the ball-to-powder 

ratio. The clogged powder was recovered as much as possible using a sieve, but it is important to 

note that due to the bead size, removing the powder on each bead is not achievable. Therefore, the 

mass of the removed beads included a fraction of powder which was considered as lost for the 
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experiment. Once the mechanochemical synthesis was achieved, the product was stored in a 

glovebox, as it is highly air sensitive. 

 

Characterizations:  

 NMR:  

The 7Li and 19F Magic Angle Spinning (MAS) NMR spectra were recorded on a Bruker Avance 

III 100 MHz spectrometer (2.35T). A standard Bruker 2.5 mm MAS probe at a 30 kHz typical 

spinning speed was used. The samples were loaded in the rotors in a glovebox. The spectra were 

recorded using one period rotor-synchronized Hahn echo sequences with 90° pulse of 2 µs. Prior 

to our analysis, we verified that our experimental conditions lead to a good quantification regarding 

the recycling delay and the use of the Hahn echo sequence:  the recycling delay (D1) was optimized 

through testing different time duration between 0.5 s and 900 s for materials prepared with different 

milling times. The optimized conditions are reported in the Table 1: for tmilling = 0 h, longer D1 

were necessary to avoid T1 saturation, since some 7Li and 19F nuclei are expected to be located in 

diamagnetic environments, which have the longest T1 relaxation time compared to paramagnetic 

environments. On the contrary, for tmilling ≥ 6 h, shorter recycle delays as short as 0.5 s were long 

enough to avoid T1 saturation effects. This already indicated a rather close proximity of the 7Li 

and 19F nuclei to the paramagnetic Mn ions centers in those materials (Fig S2, Table S1). This 

showed that all 19F signals have similar T2 relaxation times, so the Hahn echo sequence used here 

provide a correct relative quantification of the signals. The external references used is a 1M LiCl 

aqueous solution for 7Li and CFCl3 for 19F spectra. Li2MnO2F spectra have been normalized with 

respect to the sample masses and scan number.  
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Table 1. Optimized NMR acquisition parameters for 7Li and 19F-NMR spectra 

  tmilling =  0h tmilling  ≥6h 

7Li 
D1 (s) 300 0.5 

Scan number 208 20480 

19F 
D1 (s) 120 0.5 

Scan number 512 20480 

 

Powder X-ray diffraction (XRD): A Panalytical Empyrean diffractometer with an X’Celerator 

detector and operating with a Cu Kα source and an Bruker airtight poly(methyl methacrylate) dome 

coupled with a silicon sample holder were used to follow the milling progression by XRD. The 

radiations were generated at 45 kV and 40 mA (λ(Kα1) = 1.5406 Å and λ(Kα2) = 1.5444 Å). The 

sample holder was filled in a glovebox (Ar). Profile refinements using the Le Bail method were 

performed with Jana2006 software19. 

Lattice representations :  Figures were drawn with Vesta20.  

Electrochemistry:  

Self-supported electrodes were prepared using a 65/25/10 weight wt.% ratio of active material 

(AM) / Carbon black / PTFE binder. 10 mm diameter electrodes were cut and pressed on a 16 mm 

diameter aluminum grid, which was used to improve the electrical conductivity within the cathode. 

2032 coin cells were assembled using 2 sheets of Celgard 2500 as separators and a total of 120 µL 

of electrolyte spread evenly on the surface of the cathode and each separator layer. The electrolyte 
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is property of Saft company and performs adequately over the studied range of 2.0 – 4.8 V vs 

Li+/Li with known limitations at high potential. The positive electrodes were tested vs a 16 mm 

diameter, 300 µm thick Li metal disk and the coin cells were sealed with a manual cell crimper 

from Hohsen. 

The coin cells were cycled on either a Perkin-Elmer VMP or BioLogic MPG-2, and were tested 

with two techniques: cyclic voltammetry or galvanostatic cycling. The voltage window for cyclic 

voltammetry was set between 2.0 and 4.8 V at a scan rate of 0.1 mV/s, corresponding to a forward 

sweep of almost 8 hours. Galvanostatic cycling was set in the same voltage range and for cycling 

rates C/10 and C/20, where C is calculated from the theoretical specific capacity (440 mAh/g), 

considering that 2 Li+ ions per Li2MnO2F formula unit can be extracted. Capacity retention was 

calculated from the first discharge capacity. The voltage limits for long term cycling tests were 

chosen to avoid the possible reduction of manganese to the Mn(II) state during the reduction 

process and to trigger O-redox at high voltage.  

X-ray absorption spectroscopy (XAS): 

XAS was performed at the XAFS beamline, Elettra Sincrotrone, Trieste (Italy), which was 

operating with a storage ring energy of 2.4 GeV and a typical current of 160 mA (top-up mode) at 

the time of the measurements. The white beam was monochromatized with a pair of Si(111) 

crystals. Samples were diluted in cellulose and pelletized with a mass loading calculated so that 

the edge jump at Mn K edge is equal to 0.8. The pellets were packed in Ar-filled plastic bag to 

avoid air exposure and measured in transmission geometry. A Mn metal foil was used for the 

energy calibration of all samples by setting the first inflection point to 6539 eV. LiMnO2 and 

Li2MnO3 were used as reference samples for the edge position of Mn(III) and Mn(IV). LiMnO2 

synthesis was described above and Li2MnO3 was synthesized by solid state reaction of Li2CO3 and 
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MnCO3 heated for 5 h at 500°C and then for 10 h at 900°C. ATHENA from the Demeter software 

suite was used to process the spectra21.  

 

Scanning electron microscopy (SEM) :  

A JEOL JSM-6700 F electron microscope with a theoretical resolution of 1.1 nm has been used. 

Samples were metallized with CCU-010 compact coating unit with a tungsten target at 40 mA. A 

10 nm layer coating resulted from this operation.  The voltage of the field emission gun was set at 

5.0 kV and the working distance was set at 25 mm for low magnification (MAG), 5-6mm for the 

other MAG and 15 mm for EDS mapping.  
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Results and discussion: 

Average and local structures:  

 

The progress of the mechanosynthesis was studied by ex situ XRD by collecting 500 mg in the 

milling bowl after each milling steps. In Figure 1, the evolution of the XRD patterns shows the 

disappearance of precursor-associated peaks as the milling time increased and the appearance of 

the 002, 022 and 222 peaks of the rocksalt structure described using a Fm-3m space group. 

36 hours were necessary to obtain a full disappearance of all precursor-associated peaks for both 

Li2MnO2F obtained “from Mn2O3” and “from LiMnO2”. In order to compare the two final 

products, Le Bail profile refinements of their XRD patterns were performed as presented in 

Figure 2. The lattice parameter of the two final Li2MnO2F phases was 4.12(2) Å “from Mn2O3” 

and 4.15(2) Å “from LiMnO2”, which are consistent with the calculated value of 4.13 Å for a cubic 

cell from Shannon’s table of ionic radii considering a random distribution of Li+ and Mn3+ ions in 

the octahedral sites of the face-centered cubic structure22. However, these values should be 

considered with caution in view of the peak width and the few reflections recorded in our 

conditions. Indeed, mid-height widths were respectively of 2.53° and 2.55° (2θ) for the 45° peak 

for Li2MnO2F “from Mn2O3” and “from LiMnO2”, corresponding to coherent domain sizes as 
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small as 3 to 5 nm according to Scherrer’s law. From this XRD study, it can be concluded that 

both pathways lead to very similar Li2MnO2F products at a long range scale.  

The intensities of the XRD peaks are rather similar for the two samples, but since F- and O2- 

have the same electronic configuration and hence similar X-ray scattering factors, the anion 

distribution in the lattice cannot be investigated by this technique. Moreover, the Li ions are barely 

detectable by XRD. Consequently, 7Li and 19F MAS-NMR spectra were recorded to probe the 

evolution of the local environment of these elements during the mechanosynthesis process. Due to 

the large broadening of the signals expected from the hyperfine interaction between unpaired 

electrons of Mn3+ ions and 19F or 7Li nuclei, a low external magnetic field (2.35T) was used for all 

MAS-NMR acquisitions. Such technique has already been used in other studies for the local 

characterization of DRS materials, which indeed showed large signals.23–25 
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Figure 1. Evolution of XRD patterns through the mechanosynthesis progress 
depending on the precursors setting: “from Mn2O3” (top) and “from LiMnO2” (bottom). 
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Figure 3 shows the zoomed 19F MAS-NMR spectra of the samples at different milling times (0, 

6, 12, 18, 36 h) for both pathways.  At t = 0 h (spectrum also visible in full scale in Figure 4), i.e. 

after the manual grinding of the precursor mixture, one can observe mainly the 19F signal 

at -204 ppm assigned to F nuclei in the LiF diamagnetic phase and a small additional broad 

contribution around -110 ppm assigned to F nuclei interacting with some paramagnetic Mn3+ ions 

(3d4 : t2g
3, eg

1 electronic configuration). 

Figure 2. Experimental XRD patterns and Le Bail profile refinement of Li2MnO2F 

samples after 36 h of milling (a) " from Mn2O3", a = 4.12(2) Å, Rp = 0.92, Rwp = 1.14 (b)” 

from LiMnO2”, a = 4.15(2) Å, Rp = 1.07, Rwp = 1.36. For both, in black the experimental 

patterns, in red the fit and in blue the difference. 
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Figure 3. 19F MAS NMR spectra of the samples obtained through the mechanosynthesis process 
as a function of the precursors a) “from Mn2O3” b) “from LiMnO2”, c) a comparison of the two 
final Li2MnO2F compounds and d) representation of the F local octahedral environment: 
F(Li,Mn)6.  
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Therefore, the manual mixing has already initiated the reaction. Moreover, the signal assigned to 

LiF exhibits much broader spinning side bands manifold than pure LiF (Figure S3), due to nucleus 

spin-electron spin dipolar interaction, occurring through space, which indicates a close proximity 

between LiF and the paramagnetic precursor after the manual mixing. As the ball milling time 

increases, the intensity the LiF signal decreases as that of the broad contribution increases. From 

the local F environment (Figure 3d), a strong positive Fermi contact shift of 19F is expected from 

the hybridization between Mn eg and F 2s orbitals as they form -type overlap, whereas a weaker 

negative shift is expected from the hybridization of the Mn t2g and F 2p orbitals (π overlap), which 

would negatively polarized deeper levels involving the F 2s orbital.26,27 As a result, a positive 

Fermi contact shift, i.e. higher ppm values compared to LiF, is observed experimentally. However, 

it has been suggested in the literature that F adjacent to a Mn3+ cannot be observed due to too large 
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hyperfine interaction.28 We have therefore compared here the intensity of the “t=0 h” and “t=6 h” 

spectra recorded under the same conditions (with a long D1 = 120s delay). It appears that around 

52.3% of the fluorine nuclei are not observable in the “t=6 h” sample compared to “t=0 h”. In case 

of a statistical distribution of Li and F in the sample, if all F ions adjacent to at least one Mn3+ ion 

were not observed i.e. F – Mnx (1 ≤ x  ≤ 6), one would expect a loss of 91.2% in intensity 

(Supporting Information-S4). Thus, the intensity measured in the “t=6 h” sample, which is also 

representative of the intensities obtained for samples prepared with longer milling times, is 5 times 

higher than this theoretical prediction. It implies F – Mnx (probably with low x values) 

environments are well detected by 19F MAS NMR, despite the paramagnetic feature of manganese. 

Ab initio calculations would be required to fully understand the distribution of the shifts across the 

different possible F environments, but are beyond the scope of this study. Therefore, we aimed 

here mainly to model the overall paramagnetic contribution, i.e. F surrounded by at least one Mn3+ 

ion as first neighbor, versus the “diamagnetic one”, i.e. F surrounded only by Li+ ions (LiF-like), 

to follow the synthesis. Due to significantly different line shapes of the “diamagnetic” F-Li6 

environment and the F-Li6-kMnk environments with k ≥ 1, a small error would be obtained for the 

ratio between the “diamagnetic” and “paramagnetic” contributions. The methodology used for the 

spectra decomposition is reported in the Supporting Information (Fig S5).  Figure 5 shows the 

evolution of the ratio between the “diamagnetic” and “paramagnetic” contributions as a function 

of the milling time. It reaches a plateau around 18 h of milling for the two synthesis routes 

indicating no further evolution of the product. This ratio corresponds to the expected value 

considering a statistical Li/Mn distribution around F (8.8% of the fluorine nuclei are surrounded 

only by lithium ions), which tends to indicate that the samples are well disordered (Supporting 

Information-S4).  
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The progress of the syntheses by the two different pathways was also monitored by 7Li MAS-

NMR as shown in Figure 6. For t = 0h, the spectra of the two sets of precursors are, as expected, 

different: two signals are observed for LiF+LiMnO2, one around 0 ppm for LiF and one at +36 ppm 

for LiMnO2, since it contains paramagnetic Mn(III) in the vicinity of lithium. As for the 19F NMR, 

the intensity of the narrow Li signals in a diamagnetic environment (~0 ppm) decreases with 

increasing milling time, while the broad Li signal of Li in paramagnetic environments increases in 

the 0-600 ppm range.  The spectral decomposition is complex as many different Li environments 

exist. Indeed, through Fermi contact interactions, the electron spins of Mn can delocalize through 

two main spin transfer pathways, depending on the local geometry (Figure 6d) : when Mn3+ ions 

are Li 1st neighbors, the interaction occurs at 90° either directly or through O or F, and when the 

Mn3+ ions are Li 2nd neighbors, the interaction occurs at 180° through O or F. Since each Li site 

has 12 first cationic neighbors (90° interaction) and 6 second neighbors (180° interaction), many 

signals can overlap, 91 to be exact. The resolution of the spectra was not sufficient to distinguish 

the different contributions, which overlap strongly here. 
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As with for 19F MAS-NMR, we wanted to compare the evolution of Li intensities in 

“paramagnetic” versus “diamagnetic” environments as a function of the milling time and synthesis 

pathway (Figure 7 and decomposition in Figure S6). As for 19F NMR, no more evolution of the 

ratio is observed after 18h of milling time. The theoretical probability of having only Li ions 

located as first and second neighbors around a given Li when Li/Mn are statistically distributed is 

equal to 0.068%.  However, the experimental value reached here is much higher, around 6%, 

suggesting preferential distribution around Li. Since the 19F ratio reached was close to that 

expected one for a statistical repartition of Li and Mn, this observation tends to show that the extra 

diamagnetic Li environments are more likely to be oxygen-rich.  
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From the NMR study we can conclude that the 19F and 7Li NMR spectra of the two final products 

are very similar showing a similar local arrangement close to the statistical one, highlighting that 

the choice of precursors has little or no influence on the final product structure. The syntheses were 

replicated and observed by each technique. The 19F spectra of the replicates are provided Figure 

S7.  

 

The Mn local structure and its oxidation state in both Li2MnO2F samples were also probed by 

Mn K-edge XAS. The near edge region of Li2MnO2F, where the main edge features the dipole that 

allows 1s → 4p transitions, is shown in Figure 8 together with LiMnIIIO2 and Li2MnIVO3 used as 

reference compounds. The position and shape of the edges and pre-edges of both disordered 

rocksalts were well overlaid with the Mn(III) reference, confirming the expected oxidation state 

very close to +III. Although the shape of the edge of the two Li2MnO2F samples was identical, a 

small energy shift of 0.37 eV (at a normalized absorption of 1) could be observed for the sample 

“from Mn2O3” compared to the “from LiMnO2” sample. Since the two Mn(III) and Mn(IV) 

references showed a shift of 2.40 eV for an absorption equal to 1, the sample “from Mn2O3” was 
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expected to be slightly over-oxidized by ~0.15 e- as compared to the other one. Careful a posteriori 

XRD investigation of the precursors revealed traces of MnO2 (1.6%) in the commercial Mn2O3 

precursor (Figure S8), which was assumed to be the cause of the deviation from pure Mn(III) in 

the product. 

EXAFS fits were performed with 2 shells around Mn (Figure 9). The first shell represented Mn-

O bonds which were divided into 2 sets of distances due to the Jahn-Teller effect (2 M-O bonds of 

the same distance and 4 M-O of a different distance) (Table 2). Indeed, considering a single set of 

6 equivalent Mn-O distances did not fit the data well. The second shell corresponded to Mn-Mn 

bonds. Similar results (within the precision of the fit) were obtained for both materials, again 

demonstrating the equivalence of the two synthesis pathways.  Thus, our results tend to show that 

there is a local distortion of the MnO6 octahedron in Li2MnO2F, contrary to the model proposed 
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by Sharpe et al.15 These results indicate that the local structure is in fact quite different from that 

expected from the average rock salt structure, and that the distortion of the coordination sphere 

around the manganese ions inevitably distorts that of the lithium ions as well. However, the link 

between the Li polyhedral local distortion and the Mn one is not trivial, since many different Li 

environments versus Mn3+ ions are expected, so each polyhedron might exhibit a different 

distortion. 
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Table 2. EXAFS fitted parameters obtained for Li2MnO2F "from Mn2O3" (in black) and "from 
LiMnO2" (in red). 

Material 

Li2MnO2F 
Bond 

N (total fixed 
to 4) 

R(Å) 
Debye-Waller factor (10-

3 Å2) 

“from Mn2O3” 

/ 

“from 
LiMnO2” 

Mn-O 4 / 4 1.90(2)/1.91(3) 9.33/9.96 

Mn-O 2 / 2 2.24(3)/2.23(0) 9.33/9.96 

Mn-Mn 
2.69(8) / 
2.67(0) 

2.90(5)/2.91(4) 17.22/18.30 

 

 

 

 

The SEM images displayed in Figure 10 show similar morphologies and particle sizes for the 

samples obtained by both pathways. Over the two pathways, it seems that Li2MnO2F obtained 

“from LiMnO2” shows two very different types of secondary particles. The first one is a set of 

100nm 

100nm 

1µm 

1µm 

“from Mn2O3” 

“from LiMnO2” 

Figure 10. SEM images of the Li2MnO2F samples obtained "from 

Mn2O3" (top row) and "from LiMnO2" (bottom row). 
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small aggregates (1-5 µm) and the second one consists of with aggregates from 10 to 200 µm (Fig 

S9). Further zooming of the aggregates reveals of what could be seen as primary particles of 30-

100 nm. However, the size of these apparent primary particles does not agree with that determined 

by X-ray diffraction and the Scherrer equation. These nanometric particles could in fact be 

agglomerates of even smaller particles that cannot be distinguished by SEM. This could be due to 

the synthesis route: mechanosynthesis does not allow crystal growth. Li2MnO2F obtained “from 

Mn2O3” display particles of the same sizes as the other pathway. No regular geometry was 

observed for the aggregates or the particles.  Figure S9 shows the evolution of the aggregates 

through the different milling times with less zoomed areas as well as their evolution during the 

synthesis. Again, there is no clear difference between the morphology and size of the particles 

obtained by the two methods. 

 

Electrochemical characterization:  

Three cycles of cyclic voltammetry (CV) were performed on samples from the two different 

pathways for the different milling times (Figure 11). One main distinction can be established first 

between the two set of precursors. “From Mn2O3” pathway, none of the precursors were 

electrochemically active, while LiMnO2 is in the other route18,29. The irreversible peak observed 

at 3.7 V for t=0h (Fig. 11.b) indicates thus an irreversible modification in the crystallographic 

structure of LiMnO2 from orthorhombic to cubic, as it has been reported previously18,30,31. 

Therefore, the 6 h sample “from LiMnO2” pathway exhibited more electrochemical activity 

compared to the 6 h sample “from Mn2O3”. Furthermore, the CV for the 6 h sample obtained “from 

LiMnO2” almost perfectly coincided with that of the 18 h and 36 h samples. However, the 6 h 

sample obtained “from Mn2O3” pathway showed hardly any Mn redox peaks. 
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 For two final compounds, obtained after 36h of grinding, the Mn redox peaks appeared at 3.74 V 

versus Li+/Li for Mn(III) oxidation and at 3.3 V for the Mn(IV) reduction. Thus a voltage 

difference of 0.44 V is observed between the cathodic and anodic peaks, that could come from the 

slow lithium diffusion kinetics in the percolating network. Indeed, the size of the aggregates could 

explain Li difficulty to percolate through the particles and justify the high overpotential between 

the charge and the discharge. This voltage hysteresis is a well-known issue for DRS material based 

on Mn redox32–35.  

A second redox activity could be noticed at higher potential, at 4.3 V in oxidation and 4.0 V in 

reduction. It is attributed to the O-redox mechanism and commonly observed for the first cycles 

with this kind of material5,15,16. The phenomenon is almost not reversible as it strongly decreases 

as soon as the 2nd cycle begins (Fig 11a and 11b). Therefore it is possible that the O-redox 

reactions might produce gaseous molecular O2 species 15. This is supported by other works which 

demonstrated that oxygen radicals (O•-) and peroxo-like (O2
n-) are more easily reversible, in 

contrast what was observed in this work36,37.  

A third and last peak was of interest and occurs at 4.8 V, which indicated the electrolyte 

oxidation. Going above 4.6 V was proved necessary as tests displayed in Figure S10 evidenced 

that 4.6 V was not a high enough potential to trigger O-redox mechanisms or to properly 

distinguish it from Mn redox. As a result, at 4.8 V the electrolyte reaches the end of its potential 

stability window and start being oxidized. 

It was also worth highlighting that it took three cycles for the CV of both materials to be perfectly 

overlaid. Indeed, in the first two cycles, the O-redox peak at 4.45 V vs Li+/Li in oxidation for 

“from LiMnO2” pathway varied from 57 mAꞏg-1 to 40 mAꞏg-1 whereas for the “from Mn2O3” 

pathway the normalized intensity of the current at this point was weaker with 47 mAh.g-1 moving 
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to 42 mAh.g-1. It could be originated from different kinetics associated with O-redox but also slight 

variation in electrode thickness as self-supported PTFE electrode tends to be harder to work with.  
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The galvanostatic cycling curves for Li2MnO2F obtained following the two different pathways 

are shown in Figure 12, with reproducibility and extensive galvanostatic cycling Figure S11 and 

S12. The cycling behavior capacities achieved after the first charge are very similar for the two 

samples (approximately 310 mAh.g-1). As observed for the cyclic voltammetry, an irreversible 

mechanism associated with the voltage plateau at 4.75 V took place for the two samples above 4.6 

V vs Li. It corresponds to a deintercalation of more than one mole of Li per formula unit where 

Mn(III) oxidation had already been completed with the full oxidation to Mn(IV) if only the 

manganese oxidation is considered (Fig. 12.a). This plateau has not been observed in first cycle 
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voltage profile reported earlier in the literature3,38 and may result from electrolyte decomposition 

at high voltage, reinforced by the continuous shift of lithium content towards low values at the end 

of charge (Fig. 12.a). However, the high voltage plateau at 4.75 V in charge could also correspond 

to oxygen oxidation and oxygen loss due to the irreversible oxygen oxidation at the first charge 

cannot be totally excluded either. At this stage, further investigation would be required to 

distinguish which phenomenon is predominant.  

Figure 12.c exhibits that the two materials are very similar from the first to the 60th cycles with 

very little difference between the capacities. Capacities for both pathways decreased to 

150 mAh.g-1 after 60 cycles. However, the capacity retention remained above 70% of the first 

discharge capacity after 60 cycles which, compared to literature, corresponded to usual 

performances for this material5. This shows that Li2MnO2F exhibits nearly identical performances 

regardless of the pathway and is likely to not be impacted by the precursors. 

C/20 is a slow cycling rate, allowing enough time for Li to percolate through the lattice, therefore 

the same study was conducted at a cycling rate twice as fast: C/10 displayed Figure 12.d. For the 

first charge, Li2MnO2F “from Mn2O3” exhibited a specific capacity of 305 mAh.g-1, which was 

similar to that obtained at C/20: 304 mAh.g-1, whereas for Li2MnO2F “from LiMnO2” the capacity 

was slightly lower at 297 mAh.g-1 compared to 319 mAh.g-1 at C/20. The capacity loss was also 

more significant after the first discharge at C/10 rate. These losses are associated with the Li 

intercalation kinetics. At C/20 the lithium ions have of slightly more time to percolate through the 

bulk, however no major differences were noticed between the two C-rates. Over cycling, these 

losses tend to reduce, at the 60th cycle, the 𝛥𝐶 ಴
మబ
ି ಴
భబ

 was almost null for Li2MnO2F “from Mn2O3” 

pathway and decreased to approximately 15 mAh.g-1 for Li2MnO2F “from LiMnO2”. For the first 

cycles, the difference lied in the slower kinetics of the O-redox, and after 60 cycles the O-redox 
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was exhausted and the electrochemical reaction relied only on the Mn(III)/Mn(IV) couple, 

explaining the little difference observed.  

 

Conclusion:  

This study has shown that regardless of the choice of precursors, either Mn2O3 or LiMnO2 the 

occupation of the cationic sub lattice sites is not fully random. The diamagnetic environments, 

favorable to Li percolation network represent about 6 % of Li environments. This study also 

evidenced the necessity of the extended mechanosynthesis duration as the reaction continued to 

occur at the short range scale. The small variation in the precursor choice has no impact on 

Li2MnO2F synthesized by mechanosynthesis and could be synthesized through two distinct 

pathways without any performance threatening differences. X-ray diffraction shows that the 

average structure is the same for both Li2MnO2F compounds obtained through different pathways. 

7Li and 19F NMR both displays a good overlaying of the spectra indicating that the local structure 

is also similar in the two samples. Moreover, both Li2MnO2F were able to deliver an average 

specific capacity of more than 200 mAh.g-1 after the first discharge. It retains over 70% of its 

capacity (150 mAh.g-1) over 60 cycles at C/10 and C/20 C-rates. Finally, no strong difference was 

observed between the two Li2MnO2F, either from a structural, nor from an electrochemical point 

of view. Therefore, it is possible to conclude that for the mechanosynthesis of Li2MnO2F the 

chosen set of precursors have little impact compared to other conditions such as the amount of 

beads or the duration of the mechanosynthesis. 
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Supporting Information 

Additional information regarding the experimental conditions (synthesis, NMR), additional NMR 

spectra and information concerning the spectra decomposition and analysis, XRD pattern of the 

Mn2O3 precursor used, SEM images and additional cycling curves  (PDF) 
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Mechanosynthesis of disordered rocksalt 
Li2MnO2F used as positive electrode materials in 
lithium-ion batteries, from to sets of precursors. 
The monitoring of the reaction progress has been 
done by 7Li and 19F MAS-NMR to understand the 
evolution of the local environments as well as the 
formation of the disordered rocksalt phase. This 
allowed to identify an optimal milling time to 
reach the final compounds. The electrochemical 
properties of the compounds are also reported. 

 

 

 

 

 


