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Amorphous iron-manganese oxyfluorides, promising catalysts for Oxygen Evolution Reaction under acidic media
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The development of earth-abundant catalysts for the oxygen evolution reaction (OER) in acidic media represents a significant challenge in the context of polymer electrolyte membrane (PEM) based electrolysis. In this scope, transition metal oxides constitute an emerging alternative to Ir and Ru oxides.

Notably, Mn-oxides are amongst the few that have sufficient stability in acidic electrolytes, but their performance still lacks behind Ir/Ru oxides. To this end, the modification of Mn oxides' structure, crystallinity (or amorphous structure), and/or composition may work to enhance their catalytic activity.

In this report, we focused our attention on the development mixed-metal Mn-Fe based catalysts ACS Paragon Plus Environment

Notably, the oxyfluorides featured sustained OER activity at 10 mA/cm 2 for more than 10 hours and thus, present an important addition to the growing library of earth-abundant alternatives to Ir and Ru oxides.

Introduction

Global energy consumption is rapidly increasing in concurrence with expanding population and economic development. Presently, most of the energy demand is met by fossil fuels, whose consumption is not sustainable and contributes to issues such as environmental pollution and global warming. To address these problems, it is vital to replace fossil fuels with renewable energy sources such as solar and wind. However, due to the inherent intermittency of renewables, it is therefore necessary to convert renewable electricity to a storable form of energy. [START_REF] Hoffert | Energy Implications of Future Stabilization of Atmospheric CO 2 Content[END_REF][START_REF] Nejat | A Global Review of Energy Consumption, CO 2 Emissions and Policy in the Residential Sector (with an Overview of the Top Ten CO 2 Emitting Countries)[END_REF][START_REF] Hu | Recent Progress Made in the Mechanism Comprehension and Design of Electrocatalysts for Alkaline Water Splitting[END_REF][START_REF] Trotochaud | Solution-Cast Metal Oxide Thin Film Electrocatalysts for Oxygen Evolution[END_REF] Electrocatalytic water splitting, entailing the hydrogen evolution reaction (HER) at the cathode and oxygen evolution reaction (OER) at the anode, converts electricity into H 2 as storable chemical fuel and green energy vector. Despite their promise as key components in a sustainable energy cycle, water electrolysis systems still have much room for improvement in order to attain economic viability. [START_REF] Dionigi | NiFe-Based (Oxy)Hydroxide Catalysts for Oxygen Evolution Reaction in Non-Acidic Electrolytes[END_REF][START_REF] Zhou | NiFe Hydroxide Lattice Tensile Strain: Enhancement of Adsorption of Oxygenated Intermediates for Efficient Water Oxidation Catalysis[END_REF][START_REF] Ou | Boosting the Electrocatalytic Water Oxidation Performance of CoFe 2 O 4 Nanoparticles by Surface Defect Engineering[END_REF][START_REF] Wang | Bifunctional Non-Noble Metal Oxide Nanoparticle Electrocatalysts through Lithium-Induced Conversion for Overall Water Splitting[END_REF][START_REF] Fan | Nickel-Vanadium Monolayer Double Hydroxide for Efficient Electrochemical Water Oxidation[END_REF][START_REF] Hui | Overall Water Splitting by Graphdiyne-Exfoliated and -Sandwiched Layered Double-Hydroxide Nanosheet Arrays[END_REF] The overall performance of water electrolyzers is limited by the kinetics of the OER which is a primary bottleneck of the process. [START_REF] Zhou | NiFe Hydroxide Lattice Tensile Strain: Enhancement of Adsorption of Oxygenated Intermediates for Efficient Water Oxidation Catalysis[END_REF][START_REF] Indra | Unification of Catalytic Water Oxidation and Oxygen Reduction Reactions: Amorphous Beat Crystalline Cobalt Iron Oxides[END_REF][START_REF] Pittkowski | Rationality in the New Oxygen Evolution Catalyst Development[END_REF][START_REF] Lyons | Recent Developments in Electrochemical Water Oxidation[END_REF] Furthermore, most OER catalysts that are stable in the acidic electrolytes and used in technologically mature polymer electrolyte membrane (PEM)-based electrolyzers contain Ir or Ru, whose the cost hampers their scalability. To this end, significant efforts have been devoted to develop new acid-stable, cost-effective and efficient catalysts. [START_REF] Dionigi | NiFe-Based (Oxy)Hydroxide Catalysts for Oxygen Evolution Reaction in Non-Acidic Electrolytes[END_REF][START_REF] Zhou | NiFe Hydroxide Lattice Tensile Strain: Enhancement of Adsorption of Oxygenated Intermediates for Efficient Water Oxidation Catalysis[END_REF][START_REF] Wang | Bifunctional Non-Noble Metal Oxide Nanoparticle Electrocatalysts through Lithium-Induced Conversion for Overall Water Splitting[END_REF][START_REF] Pittkowski | Rationality in the New Oxygen Evolution Catalyst Development[END_REF][START_REF] Wallace | Water-Splitting Electrocatalysts Synthesized Using Ionic Liquids[END_REF] In alkaline conditions, transition metal (i.e. Fe, Co, Ni, etc) oxides have shown the most promise and have recently begun to overtake Ir/Ru oxides in terms of performance. [START_REF] Hu | Recent Progress Made in the Mechanism Comprehension and Design of Electrocatalysts for Alkaline Water Splitting[END_REF][START_REF] Dionigi | NiFe-Based (Oxy)Hydroxide Catalysts for Oxygen Evolution Reaction in Non-Acidic Electrolytes[END_REF][START_REF] Zhou | NiFe Hydroxide Lattice Tensile Strain: Enhancement of Adsorption of Oxygenated Intermediates for Efficient Water Oxidation Catalysis[END_REF][START_REF] Ou | Boosting the Electrocatalytic Water Oxidation Performance of CoFe 2 O 4 Nanoparticles by Surface Defect Engineering[END_REF][START_REF] Lyons | Recent Developments in Electrochemical Water Oxidation[END_REF][START_REF] Wallace | Water-Splitting Electrocatalysts Synthesized Using Ionic Liquids[END_REF][START_REF] Godwin | Electrochemical Water Oxidation: The next Five Years[END_REF] However, these materials are not stable in acidic electrolytes. Mn oxides are among the few transition metal-based catalyst materials to function stably in acidic conditions but their activity is generally far behind that of Ir/Ru oxides and more complex catalytic architectures such as polyoxometalates. [START_REF] Park | Manganese Oxide-Based Heterogeneous Electrocatalysts for Water Oxidation[END_REF][START_REF] Li | Stable Potential Windows for Long Term Electrocatalysis by Manganese Oxides Under Acidic Conditions[END_REF][START_REF] Zhou | Rutile Alloys in the Mn-Sb-O System Stabilize Mn 3+ to Enable Oxygen Evolution in Strong Acid[END_REF][START_REF] Huynh | A Functionally Stable Manganese Oxide Oxygen Evolution Catalyst in Acid[END_REF][START_REF] Maayan | A Bioinspired Soluble Manganese Cluster as a Water Oxidation Electrocatalyst with Low Overpotential[END_REF][START_REF] Huynh | Design of Template-Stabilized Active and Earth-Abundant Oxygen Evolution Catalysts in Acid[END_REF][START_REF] Blasco-Ahicart | Polyoxometalate Electrocatalysts Based on Earthabundant Metals for Efficient Water Oxidation in Acidic Media[END_REF] Because of this, they serve as an important starting point to rationally explore various modifications to enhance their performance. Against this backdrop, fluorinated Mn based materials are promising candidates as electron-withdrawing fluorine species may serve to modulate the electronic structure and hence, reactivity, of the Mn active sites. The strategy to rationally modulate electronic structure of the catalyst by electron withdrawing/donating has been used successfully before in other contexts and thus, our aim was to extend it to acidic OER. [START_REF] Kuznetsov | Tuning Redox Transitions via Inductive Effect in Metal Oxides and Complexes, and Implications in Oxygen Electrocatalysis[END_REF][START_REF] Kornienko | Enhancing Catalysis through Substitute-Driven Redox Tuning[END_REF][START_REF] Zagal | Reactivity Descriptors for the Activity of Molecular MN 4 Catalysts for the Oxygen Reduction Reaction[END_REF][START_REF] Yang | Electronic-Structure Tuning of Water-Splitting Nanocatalysts[END_REF] In the context of OER catalysts, substituting electronegative F -in place of O I in oxide materials may render the neighboring sites more electron deficient. A growing area of investigations points to how fluoride anions can serve to create relatively electron-poor active sites within Co, Ni, and Fe oxides that exhibit high OER performance. [START_REF] Lemoine | Investigation of Mixed-Metal (Oxy)Fluorides as a New Class of Water Oxidation Electrocatalysts[END_REF][START_REF] Liang | Overall Water Splitting with Room-Temperature Synthesized NiFe Oxyfluoride Nanoporous Films[END_REF][START_REF] Fan | Defect-Enriched Iron Fluoride-Oxide Nanoporous Thin Films Bifunctional Catalyst for Water Splitting[END_REF][START_REF] Chen | Dynamic Migration of Surface Fluorine Anions on Cobalt Based Materials to Achieve Enhanced Oxygen Evolution Catalysis[END_REF][START_REF] Xue | Electrochemical Oxygen Evolution Reaction Catalyzed by a Novel Nickel-Cobalt-Fluoride Catalyst[END_REF][START_REF] Han | Polarized Electronic Configuration in Transition Metal-Fluoride Oxide Hollow Nanoprism for Highly Efficient and Robust Water Splitting[END_REF][START_REF] Pei | Electrochemical Oxygen Evolution Reaction Efficiently Catalyzed by a Novel Porous Iron-Cobalt-Fluoride Nanocube Easily Derived from 3-Dimensional Prussian Blue Analogue[END_REF] Thus, we moved to extend this line of investigations toward new fluorinated Mn-based catalysts which operate in acidic electrolytes.

Over the past decade, few studies have been published the synthesis and OER activity of Mn-based oxyfluoride materials. Kumta and co. have exploited the strategy of solid solution formation for the preparation of F doped Mn-based electrocatalysts as Cu 1+x Mn 1-x O 4 :F or Mn 1+x In x O 2 :F for OER in acidic media utilizing both a theoretical and experimental approach. [START_REF] Patel | Noble Metal-Free Bifunctional Oxygen Evolution and Oxygen Reduction Acidic Media Electro-Catalysts[END_REF][START_REF] Ghadge | Fluorine Substituted (Mn,Ir)O 2 :F High Performance Solid Solution Oxygen Evolution Reaction Electro-Catalysts for PEM Water Electrolysis[END_REF][START_REF] Ghadge | Experimental and Theoretical Validation of High Efficiency and Robust Electrocatalytic Response of One-Dimensional (1D) (Mn,Ir)O 2 f8 $' Nanorods for the Oxygen Evolution Reaction in PEM-Based Water Electrolysis[END_REF] In 2020, a bifunctional catalyst based on fluorinated copper manganese oxide exhibited high performance for the oxygen reduction reaction (ORR) as well as the OER in both the acidic as well as basic medium. [START_REF] Rai | Oxygen Reduction and Evolution Reaction (ORR and OER) Bifunctional Electrocatalyst Operating in Wide PH Range for Cathodic Application in Li-Air Battery[END_REF] Despite the promise of the studies above, the insertion rate of fluorine in oxides is often limited through these synthetic approaches and the precise quantification of F as well as the crystalline structure of the F doped materials is not fully resolved. Furthermore, there is still much room to improve in this area to displace Ir/Ru oxides as the top performing catalyst materials. In comparison to pure oxides and fluorides, the synthesis of oxyfluorides is a challenging task due the difficulty of stabilizing both fluorine and oxygen anions despite their similar ionic radii (F 1.31Å, O 1.38Å). In the case of Mn-based oxyfluorides, the fluorination of the corresponding metal oxides with XeF 2 or CoF 3 as fluorination agents for the preparation of Sr 2 Mn 2 O 5-x F 1+x and LiNi 0.5 Mn 1.4 Fe 0.1 Ti 0.027 O 4-x F x (x=0-0.3) respectively have been reported. [START_REF] Lobanov | Synthesis and Investigation of Novel Mn-Based Oxyfluoride Sr 2 Mn 2 O 5-x F 1+x[END_REF][START_REF] Höweling | Variations in Structure and Electrochemistry of Iron-and Titanium-Doped Lithium Nickel Manganese Oxyfluoride Spinels[END_REF] Other classical routes such as solid-state chemistry enabled through reactions at high temperatures from ceramic route for the preparation of A 2 MnO 3 F (A = alkaline and alkali-earth metals), high energy ball-milling for the Mn 6 O 8 F 4.5 and Li 1.9 Mn 0.95 N 0.15 O 2.05 F 0.95 or direct reaction of metallic precursors with NH 4 F for Cu 1.5 Mn 1.5 O 4 :xF were also studied. [START_REF] Patel | Noble Metal-Free Bifunctional Oxygen Evolution and Oxygen Reduction Acidic Media Electro-Catalysts[END_REF][START_REF] Su | High-Pressure Synthesis, Crystal Structure, and Magnetic Properties of Sr 2 MnO 3 F: A New Member of Layered Perovskite Oxyfluorides[END_REF][START_REF] Zhang | Origin of the High Capacity Manganese-Based Oxyfluoride Electrodes for Rechargeable Batteries[END_REF][START_REF] House | Lithium Manganese Oxyfluoride as a New Cathode Material Exhibiting Oxygen Redox[END_REF] Recently, we reported a novel two-step strategy to prepare new amorphous M 2+ M 3+ 2 F 8-2x O x oxyfluorides as cathode materials for high-capacity lithium-ion batteries. [START_REF] Lemoine | New Amorphous Iron-Based Oxyfluorides as Cathode Materials for High-Capacity Lithium-Ion Batteries[END_REF] This approach is based on the thermal decomposition of the ). [START_REF] Greneche | Mössbauer Spectroscopy of the Magnetic Behaviour of the Frustrated Series AFeF 5 (H 2 O) 2 f8 A = Mn, Fe, Co[END_REF] The X-ray diffraction pattern of the synthesized solid material confirms the orthorhombic weberite-type phase (space group Imma) with a minor MnF 2 impurity, estimated to be 2.9 S1 and S2 and Rietveld pattern is presented in Figure 1a). Mössbauer analysis was carried out to gain insight of the iron environment. Mössbauer spectra at 300K and 77K exhibit a paramagnetic structure and were well described by means of a single quadrupolar doublet component. According to the values of their isomer shifts (Table S3), they are clearly ascribed to high spin Fe 3+ species in octahedral coordination (Figure 1b) and are in good agreement with these encountered in the weberite structure in which a magnetic frustration appears. [START_REF] Greneche | Mössbauer Spectroscopy of the Magnetic Behaviour of the Frustrated Series AFeF 5 (H 2 O) 2 f8 A = Mn, Fe, Co[END_REF] The structural evolution with the temperature was first monitored by thermodiffraction under an air environment (Figure 2a). Three domains are identified: hydrated crystallized phases (in blue), amorphous intermediate (in green) and crystallized oxides at higher temperatures (in red). The structure of the hydrated fluoride is stable up to 160°C and transforms at 180°C into an amorphous phase. During this crystalline-amorphous phase transition, the shift of the Bragg peak position and the intensity decrease are compatible with the elimination of water and/or HF molecules observed by thermogravimetric analysis coupled with a Mass Spectrometer (TGA-SM) (Figure 2b)). Finally, at high temperature, the hydrolysis of the amorphous oxyfluoride, in which an oxidation of Mn 2+ into Mn 3+ ions occurs, results in the formation of the corundum structure Mn 3+ 0.5 Fe 3+ 0.5 O 3 . TGA-MS was further used to determine the composition of the intermediate oxyfluoride, MnFe 2 F 5.8 O 1.1 . As already described for M 2+ Fe 2 3+ F 8 (H 2 O) 2 materials (Figure S2), the first weight loss value of thermogravimetry is not compatible with a simple dehydration and is independent of the gaseous atmosphere (air or N 2 ) (Figure S3). Indeed, the water molecules, released during the decomposition of hydrated phase, simultaneously react with the dihydrated fluoride phase to produce HF. This phenomenon is clearly evidenced by TGA-MS under N 2 .The identification of the mass fragments (m/z = 17 (OH + ), 18 (H 2 O + ), 19 (F + )) confirms the simultaneous emissions of H 2 O and HF molecules (Figure 2b). Taking into account the first weight

The enhancement of current at the onset of the oxidation of the Mn 2+ (Figure S9) indicates that *OH readily forms once Mn 3+ is generated, and that once this occurs, the rate limiting step is further down the catalytic cycle. To this end, having proton acceptor species, either within the electrolyte or on the catalyst surface may boost the Mn oxyfluorides' OER performance. However, this is not yet fully conclusive and further experiments and theoretical calculations would be helpful to verify and further explore the mechanisms of Mn oxyfluoride acidic OER.

As a new class of earth-abundant OER materials is unveiled in this work, it would be worthwhile to follow up in the directions of both, mechanistic studies and systematic improvement of activity/stability. The investigation of precisely how starting composition influences both activity and stability stand to yield critical design criteria towards the development of next-generation acid-stable OER materials. Further, in situ spectroscopic techniques such as infrared or X-ray absorption spectroscopy can elucidate the precise chemical nature of the active site and reaction intermediates under reaction conditions and thus are a promising future route of investigation. This would be key to link how the starting structure evolves to the catalytically active phase. Further, as the exact catalytic active site(s)' structure is still undetermined, theoretical calculations would be highly beneficial to screen several candidate structures with the aim of maximizing such motifs in the next generation of materials.

Conclusions

In conclusion, through expanding our established synthetic strategy for the synthesis manganese and their corresponding amorphous oxyfluorides (MnFeF 4.6 O 0.2 and MnFe 2 F 5.8 O 1.1 ) were investigated as OER catalysts in acidic conditions. The amorphous manganese oxyfluorides featured substantial stability in highly acidic conditions and thus add to a comparatively small but growing class of catalyst materials aiming to take the place of Ir/Ru oxides in PEM-based electrolyzers. Importantly, this study opens many routes on which to build upon to understand and improve Mn-based OER electrocatalysts.

These preliminary results encourage attempts to synthesize other oxyfluorides Mn 2+ x M 3+ 1-x O 1-x F 1+x materials with various compositions modulating the electrocatalysts properties to better understand the effect of the chemical compositions (F/O and Mn/M 3+ ratios) on the OER performance as well as indepth mechanistic studies in order to determine the most efficient active site motifs within these amorphous Mn oxyfluorides.

Materials and synthesis methods

The hydrated fluorides, MnFeF After cooling, the solid products are filtered, washed with 2 mL of ethanol, and dried in a furnace under air at 100°C overnight.

The TEM was conducted on a JEOL JEM 2100 HR electron microscope operating at 200 kV and equipped with a side entry ±35° double-tilt specimen holder. The sample for transmission electron microscopy investigation were prepared by ultrasonically dispersing the raw powder in ethanol, depositing a drop of the resulting suspension onto a holey carbon-coated copper grid and finally drying the grid in air.

Mössbauer measurements were performed in transmission geometry with a 925 MBq _/ of 57Co/Rh mounted on a conventional constant acceleration drive. The samples with 5 mg of Fe•cm I were prepared from a softly milled powder. Data were fitted using the MOSFIT program37 involving quadrupolar and/or magnetic components with Lorentzian lines; the isomer shift values are referred to that of \/' at RT. The velocity of the source was calibrated using \/' as the standard at room temperature.

Electrochemical measurements:

Catalyst inks were first created by sonicating for 20 min approximately 10 mg of the desired Mn- 

  containing highly electronegative fluorine ions as acid-stable OER catalysts. Alongside of previously established MnFe 2 F 8 (H 2 O) 2 and MnFe 2 F 5.8 O 1.1 oxyfluorides, a hydrated fluoride, MnFeF 5 (H 2 O) 2, was prepared by microwave-assisted solvothermal synthesis and its subsequent thermal treatment under air yielded the corresponding oxyfluoride MnFeF 4.6 O 0.2 . The resultant composition and structure of the materials were determined from powder X-Ray diffraction (XRD), Mössbauer spectrometry, thermal analyses and electronic microscopies. The crystalline hydrated fluorides (MnFeF 5 (H 2 O) 2 and MnFe 2 F 8 (H 2 O) 2 ) and the corresponding amorphous oxyfluorides (MnFeF 4.6 O 0.2 and MnFe 2 F 5.8 O 1.1 ) were subsequently evaluated for the first time as OER electrocatalysts in highly acidic (0.5M H 2 SO 4 ) media.

  weight percent from Rietveld refinement. Good reliability factors are obtained and the refined atomic positions and the cell parameters of MnFeF 5 (H 2 O) 2 are in good agreement with the literature data (ICSD-62362, a = 7.563(1) Å, b = 10.901(2) Å, c = 6.732(1) Å, V = 555.1 A 3 ). Details of the structure determinations and the atomic positions are given in Table

Figure 1 .

 1 Figure 1. Final Rietveld profile refinement of X-ray powder diffraction pattern (a) and 57 Fe Mössbauer spectra at 300K and 77K (b) of MnFeF 5 (H 2 O) 2 .

  based fluorinated materials (MnFe 2 F 8 (H 2 O) 2 and MnFe 2 F 5.8 O 1.1 ), a new oxyfluoride MnFeF 4.6 O 0.2 was obtained through a thermal treatment under air of the metal mixed hydrated fluoride MnFeF 5 (H 2 O) 2 . The resultant fluorinated material was characterized with a combination of TGA, TGA-MS, HT-DRX and EDS-SEM and it was found that the calcination induces both amorphization and nanostructuration of the oxyfluoride. The full series of crystalline hydrated fluorides (MnFeF 5 (H 2 O) 2 and MnFe 2 F 8 (H 2 O) 2 )

Fefluorides powder with 0. 5

 5 mg of carbon nanotubes (40 nm, multiwalled, Sigma Aldrich) in 1 mL of a 50:50 ethanol:water (vol:vol) with 50 µL of 5% nafion solution added. This catalyst ink was then drop cast onto either Toray Carbon Paper (for OER) or glassy carbon (for oxygen reduction) to attain a catalyst loading of 1 mg/cm 2 and was dried in an air environment at 80 o C. Electrochemical measurements were primarily performed with custom-built 2 compartment electrochemical cells and Ag/AgCl and graphite rod electrodes were used as reference and counter electrodes. Typically, a Biologic VMP200 was used for electrochemical experiments. IR drop compensation (85%) was performed with the EC-lab ZIR function by measuring the impedance at 100 KHz at open circuit.

  fluorides MnFe 2 F 8 (H 2 O) 2 and MnFeF 5 (H 2 O) 2 , and the corresponding oxyfluorides MnFe 2 F 5.8 O 1.1 and MnFeF 4.6 O 0.2 , were tested for the first time for OER electrocatalysis in acidic conditions, and through a series of initial mechanistic investigations, we have added a first round of insights regarding their limitations and routes for improvement. As reported recently by our group, Mn-Fe based amorphous oxyfluoride (MnFe 2 F 5.8 O 1.1 ) was synthesized by thermal decomposition of the corresponding crystalline hydrated phase (MnFe 2 F 8 (H 2 O) 2obtained by microwave-assisted solvothermal synthesis (see TableS1, S2, S3 and FigureS1).[START_REF] Lemoine | New Amorphous Iron-Based Oxyfluorides as Cathode Materials for High-Capacity Lithium-Ion Batteries[END_REF] A similar strategy was applied for MnFeF 5 (H 2 O) 2 . It must be noted that this material can be prepared by hydrothermal synthesis at 380°C and 193 MPa from a mixture of MnF 2 and FeF 3 in aqueous hydrofluoric acid (HF 10%

	2 Results and discussion
	hydrated fluoride M 2+ M 3+	2 F 8 (H 2 O) 2 . Following this strategy, we report in this work the preparation of a

new Mn-based oxyfluoride, MnFeF 4.6 O 0.2 , obtained from the calcination of the hydrated fluoride MnFeF 5 (H 2 O) 2 that is prepared by microwave-assisted solvothermal synthesis. These Mn-based ACS Paragon Plus Environment ACS Applied Energy Materials catalysts, hydrated

  Thus, above 1.4V, the initial deprotonation and surface adsorption of H 2 O to generate *OH is likely not rate limiting. When applied as an oxygen reduction reaction (ORR) electrocatalyst in a rotating ring disk setup, MnFeF 4.6 O 0.2 proceeds almost entirely via the 4e -pathway (FigureS10). This is an indication that the *OOH U *O step features a relatively small reaction barrier in comparison with the desorption of *OOH to generate H 2 O 2 in the 2e -pathway. If we assume that the reverse *O U<""4 step oxygen coupling step also has a relatively small barrier in the OER reaction pathway, then this would indicate that either the *OH U *O or <""4U *OO is the rate limiting step.
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ACS Paragon Plus Environment

ACS Applied Energy Materials

Both hydrated fluorides were used as precursors to obtain the corresponding oxyfluorides by thermal treatment under ambient air at T = 220°C and 340°C for MnFeF [START_REF] Lemoine | New Amorphous Iron-Based Oxyfluorides as Cathode Materials for High-Capacity Lithium-Ion Batteries[END_REF] were established from thermal analyses (see the following section). After thermal treatment, all phases are immediately out-gassed at ambient temperature under secondary vacuum (P < 10 I% bar) and stored in a glovebox. It must be noted that all sample preparations for Mössbauer spectrometry were realized in a glovebox. Mass Spectroscopy coupled Thermo Gravimetric Analysis (MS-TGA) was performed using a Netzch STA 449 F3 coupled with a QMS 403 C mass spectrometer. The thermoanalytical curves were recorded from room temperature up to 500°C together with the ion current curves in the multiple ions detection probe. A constant purge nitrogen gas flow of 80 mL.min -1 and a constant heating rate of 5°C.min -1 were applied. The thermogravimetric (TGA) experiments under air (Alphagaz, mixture of oxygen (20%) with nitrogen (80%), H 2 O < 3 ppm) were carried out with a thermoanalyzer SETARAM TGA 92 with a heating rate of 5°C.min -1 from room temperature up to 600°C.

Characterizations

SEM images were obtained using a JEOL microscope (JSM 6510 LV). Acceleration voltages varied between 20 and 30 kV as a function of the analyzed samples. Elementary quantitative microanalyses were performed using an Energy Dispersive X-ray (EDX) OXFORD detector (AZtec software).