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Introduction

Li-ion batteries are the core of our nomad way of life, powering all our mobile communication devices and electric vehicles. However, Li resources are few and not well distributed; therefore, alternatives need to be found. In this context, Na-ion batteries have drawn a lot of attention for the past 10 years as they represent the best candidate for stationary and large-scale applications where selection criteria are the cost and abundance of raw materials. [START_REF] Yang | Electrochemical energy storage for green grid[END_REF][START_REF] Palomares | Na-ion batteries, recent advances and present challenges to become low cost energy storage systems[END_REF][START_REF] Ellis | Sodium and sodium-ion energy storage batteries[END_REF][START_REF] Nithya | Gopukumar S. Sodium ion batteries: a newer electrochemical storage[END_REF][START_REF] Yabuuchi | Research development on sodium -ion Batteries[END_REF][START_REF] Kim | Recent progress in Electrode Materials for sodium-ion Batteries[END_REF][START_REF] Hwang | Sodium-ion batteries; present and future[END_REF] Among the various materials studied, sodium layered oxides (NaxMO2, M = transition metal) represent a promising family [START_REF] Kubota | Layered oxides as positive electrode materials for Na-Batteries[END_REF][START_REF] Han | A comprehensive review of sodium layered oxides: powerfull cathodes Na-ion batteries[END_REF][START_REF] Clement | Review-Manganese-Based P2-type Transition Metal Oxides as Sodium-ion Battery Cathode Materials[END_REF] . The most promising candidates are based on the Mn and / or Fe elements, which are the less expensive ones among the 3d elements: Nax(Mn,Fe)O2 [START_REF] Yabuuchi | P2-type Nax[Fe1/2Mn1/2]O2 made from earth-abundant elements for rechargeable Na Batteries[END_REF][START_REF] Mortemard De Boisse | Structural and electrochemical Characterizations of P2 and New O3 NaxMn1-yFeyO2 Phases Prepared by auto-combustion synthesis for Na-ion batteries[END_REF][START_REF] Thorne | Structure and Electrochemistry of NaxFexMn1-xO2 (0.5<x<1.0) for Na-Ion Battery Positive Electrodes[END_REF][START_REF] Yoncheva | Structure and reversible lithium intercalation in a new P'3 phase Na2/3Mn1-yFeyO2[END_REF][START_REF] Han | Synthesis and characterization of pure P2 and O3 Na2/3Fe1/3Mn1/3O2 as cathode materials for Na Batteries[END_REF][START_REF] Mortemard De Boisse | O3-NaxMn1/3Fe2/3O2 as positive electrode material for Na-ion Batteries: structural evolutions and redox mechanism upon Na (de)intercalation[END_REF][START_REF] Mortemard De Boisse | P2-NaxMn1/2Fe1/2O2 Phase used as positive electrode material for Na Batteries: structural changes induced by the Electrochemical (De)intercalation[END_REF][START_REF] Talaie | Structure of the high voltage pause of layered P2-Na2/3-z[Mn1/2Fe1/2]O2 and the positive effect of Ni substitution on its stability[END_REF][START_REF] Dose | Struture-eletrochemical Evolution of a MnRichP2 Na2/3Fe0.2Mn0.8O2 Na-ion battery material[END_REF] , Nax(Mn,Ni)O2 [START_REF] Lu | In situ X-ray diffraction Study of P2-Na2/3[END_REF][START_REF] Wang | Electrochemical properties of P2-Na2/3[Ni1/3Mn2/3]O2 cathode material for sodium batteries when cycled in different voltage ranges[END_REF] , Nax(Mn,Mg)O2 [START_REF] Yabuuchi | A new electrode material for rechargeable sodium batteries; P2-Type Na2/3[Mg0.28Mn0.72O2 with anomalous high reversible capacity[END_REF][START_REF] Billaud | Na0.67Mn1-xMgxO2 (0 < x <0.2); a high capacity cathode for sodium-ion batteries[END_REF][START_REF] Butcholz | Mg doping for improved long term cyclability of layered Na-ion cathode materials -the example of P2-type NaxMg0.11Mn0.89O2[END_REF] , Nax(Mn,Ni, Fe)O2 [START_REF] Yabuuchi | Synthesis and Electrode Performances of O3 type NaFeO2-NaNi1/2Mn1/2 solid Solution for Rechargeable Sodium Batteries[END_REF][START_REF] Yuan | P2-Na0.67Mn0.65 Fe0.2Ni0.15O2 Cathode Material with High-capacity for Sodium-ion Battery[END_REF][27] , Nax(Mn,Co)O2 [START_REF] Carlier | The P2 type Na2/3Co2/3Mn1/3O2 phase: structure, physical properties and electrochemical behavior as positive electrode in sodium battery[END_REF][START_REF] Cheng | Simultaneous reduction of Co 3+ and Mn 4+ in P2-Na2/3Co2/3Mn1/3O2 as evidenced by X-ray Absorption Spectroscopy during Electrochemical Sodium deintercalation[END_REF][START_REF] Wang | Electrode Properties of P2-Na2/3MnyCo1-yO2 as cathode materials for Sodium-ion Batteries[END_REF][START_REF] Xu | Facile synthesis of P2-type Na0.4Mn0.53Co0.46O2 as a high capacity cathode material for sodium-ion batteries[END_REF] Nax(Mn,Ni, Co)O2 [START_REF] Buchholz | Toward Na-ion Batteries-Synthesis and Characterization of a novel High Capacity Na-Ion Intercalation Material[END_REF][START_REF] Sathiya | Structure and Electrochemical properties of the Layered Sodium insertion Cathode Material: NaNi1/3Mn1/3Co1/3O2[END_REF][START_REF] Yuan | Synthesis and electrochemical behaviors of layered Na0.67[Mn0.67Co0.2Ni0.15O2 microflakes as a stable cathode for sodium-ion Batteries[END_REF][START_REF] Doubaji | Synthesis and characterization of a new layered material for sodium ion Batteries[END_REF][START_REF] Yoshida | New P2-Na0.70Mn0.60Ni0.30Co0.10O2 Layered Oxide as Electrode Material for Na-ion Batteries[END_REF][START_REF] Kaliyappan | Highly stable Na2/3(Mn0.54Ni0.13Co0.13)O2 Cathode Modified by atomic layer deposition for Sodium-ion Batteries[END_REF][START_REF] Ivanova | Effect of Sodium content on the reversible Lithium intercalation into Sodium-deficient Cobalt-Nickel-Manganese oxides NaxCo1/3Ni1/3Mn1/3O2 (0.38 < x < 0.75) with a P3 type of structure[END_REF][START_REF] Yabuuchi | New O2/P2-type Li-Excess Layered Manganese Oxides as Promising Multi-Functional Electrode Materials for Rechargeable Li/Na Batteries[END_REF] ,Nax(Li,Ni,Mn)O2 [START_REF] Yabuuchi | New O2/P2-type Li-Excess Layered Manganese Oxides as Promising Multi-Functional Electrode Materials for Rechargeable Li/Na Batteries[END_REF][START_REF] De La Llave | Improving Energy Density and Structural Stability of Manganese Oxide Cathodes for Na-Ion Batteries by Structural Lithium Substitution[END_REF] .

The bigger size of the Na + ion (1.02 Å) compared to that of the Li + one (0.76 Å) leads to the formation of various polytypes: P3, P2, O3 depending on the sodium amount and synthesis conditions [START_REF] Delmas | Structural classification and properties of the layered oxides[END_REF] . Generally, the X-ray powder diffraction (XRPD) patterns of these materials are indexed in the hexagonal system; when a structural distortion occurs (monoclinic or orthorhombic) they are designed by P'3, P'2 or O'3.

In the NaxMn1-yFeyO2 system, only the P2 and O3 polytypes were considered as pristine positive electrode materials. In our previous work we reported the structural changes occurring during the (de)intercalation process from P2-NaxMn1/2Fe1/2O2 [START_REF] Mortemard De Boisse | P2-NaxMn1/2Fe1/2O2 Phase used as positive electrode material for Na Batteries: structural changes induced by the Electrochemical (De)intercalation[END_REF] . In this study, we extend this approach to the P2-NaxMn2/3Fe1/3O2 system in order to discuss the impact of the Mn:Fe ratio on the electrochemical properties and on the redox processes from a Mössbauer spectroscopy study. A very good knowledge of their fundamental properties is required in order to optimize them for future applications.

Experimental

The synthesis protocol for the synthesis of P2-NaxMn1-yFeyO2 is described in details in our previous work [START_REF] Mortemard De Boisse | Structural and electrochemical Characterizations of P2 and New O3 NaxMn1-yFeyO2 Phases Prepared by auto-combustion synthesis for Na-ion batteries[END_REF] . Manganese, iron and sodium nitrates were dissolved along with glycine into deionized water. A sodium excess of 10 wt % was used to take into account the high volatility of sodium oxides during the forthcoming heat treatment. The mixture was then heated in a ceramic bowl placed into a sand bath (T ≈ 400°C). The product from the combustion reaction was then ground and heated at 700 °C under air for 20 h and at 1000 °C under O2 for 5 h. After the heat treatment, the powder was quenched down to RT and introduced into an Ar-filled glovebox to avoid oxidation and reaction with air moisture. The Mn:Fe and Na:M ratios were analyzed by Induced Coupled Plasma -Atomic Emission Spectroscopy. Synchrotron X-ray powder diffraction (SXRPD) pattern of the starting material was recorded at the Argonne Photon Source (APS, Argonne National Laboratory, IL, USA) at High Resolution powder diffraction beamline (11-BM). The powder was loaded into a 1.5 mm diameter Kapton capillary sealed with epoxy. The wavelength used was equal to 0.41391 Å. Data was recorded three times between 0 and 60° (2θ range) (≈ 50 minutes / pattern) and then merged with a 0.002° step size. The Rietveld refinement of the structure was performed from SXRPD patterns recorded between 0 and 60° though we chose to show only the range corresponding to 10 -70 ° (2θ Cu kα1) in the present paper.

The lab XRPD pattern of the discharged material was recorded using a Bruker D5000 diffractometer equipped with a Cu anticathode (Cu kα1,2) in the 2θ range of 10 -120 °. The sample consisted of a 100 mg pellet of active material and carbon black mixture (80/20 weight ratio, diameter 13 mm, pressed for 1 min under 4 tons pressure). The pellet was used as positive electrode in Na/NaPF6 in Propylene Carbonate (PC) /NaxMn2/3Fe1/3O2 cell that was discharged to 1.5 V and the voltage was maintained until stabilization of the residual current. The cells was then recovered and washed with anhydrous dimethyl Carbonate (Sigma Aldrich, >99% purity) to recover the material.

The electrochemical characterizations were carried out in Na/NaPF6 in Propylene Carbonate (PC)/NaxMn2/3Fe1/3O2 batteries assembled in 2032 type coin cells. The positive electrode consisted of a mixture of the active material/Carbon Black (CB)/PolyTetraFluoreEthylene (PTFE) in a 77/17/6 weight ratio (total mass ≈ 22 mg). The electrolyte was obtained by dissolution of NaPF6 (Alpha Aesar 99+%) in Propylene Carbonate (PC, Sigma-Aldrich anhydrous 99%) to reach a concentration of 1 mol.l -1 . 2 wt % of FluoroEthylene Carbonate (FEC, obtained through an industrial partner) were added to the electrolyte to limit its decomposition at high voltage. All data were recorded using a Biologic VMP3 potentiostat. The electrodes were separated by three layers of Whatman glass fiber sheet to avoid formation of dendrites.

Operando in situ XRPD was carried out using an in situ cell purchased from the LRCS, Amiens, France [START_REF] Leriche | An Electrochemical Cell for Operando Study of Lithium Batteries Using Synchrotron Radiation[END_REF] on a Bruker D5000 diffractometer equipped with a Cu target. After a preliminary experiment, the 13 -20° and 30 -43° 2θ ranges were selected for the acquisitions during cycling.

The cell was previously fully discharged and placed under constant voltage at 1.5 V vs. Na + /Na before recording the full charging process. We therefore started the experiment from a material with the highest intercalated Na amount. The current rate was C/100 and the XRPD pattern were recorded every ΔxNa = 0.01. The electrochemical data were controlled and recorded using a Biologic VMP3 potentiostat. All the voltages mentioned in the present paper are expressed versus the Na + /Na redox couple. 57 Fe Mössbauer measurements were performed using a constant acceleration Halder-type spectrometer operating in transmission geometry with a room temperature 57 Co source (embedded in Rh matrix). The velocity scale was calibrated according to the 57 Fe Mössbauer spectrum of a pure α-Fe 0 foil recorded at room temperature. The samples were prepared using the same protocol as described before for the XRPD pattern of intercalated NaxMn2/3Fe1/3O2. After grinding, the samples were introduced in airtight sample holders. The refinement of Mössbauer hyperfine parameters (δ isomer shift, Δ quadrupole splitting, Γ signal linewidth and relative areas) was performed using both homemade programs and the WinNormos ® software (Wissenschaftliche Elektronik GmbH). In this study, all Mössbauer signals were analysed using a distribution of the quadrupole splitting () parameter following the method proposed by Hesse and Rübartsch [START_REF] Hesse | Model independant evaluation of overlapped Môssbauer Spectra[END_REF] . Thus, each sub-spectrum is considered as a sum of discrete quadrupole doublets with same isomer shift, same Lorentzian line width (Γ = 0.25 mm/s) but different values of the quadrupole splitting parameter.

Results

Structure of the pristine material

In this study, the targeted composition was Na2/3Mn2/3Fe1/3O2. This material was characterized by XRD diffraction. The auto-combustion type synthesis route leads to a pure phase with a very good crystallinity, as previously reported [START_REF] Mortemard De Boisse | Structural and electrochemical Characterizations of P2 and New O3 NaxMn1-yFeyO2 Phases Prepared by auto-combustion synthesis for Na-ion batteries[END_REF] . Its structure was determined from synchrotron data.

The XRD pattern is shown in Figure 1, along with the calculated one resulting from the structural Rietveld refinement. The cell parameters in the P63/mmc space group (ahex = 2.9400(1) Å and chex = 11.1812(6) Å) are close to those of the literature on similar compositions [START_REF] Han | Synthesis and characterization of pure P2 and O3 Na2/3Fe1/3Mn1/3O2 as cathode materials for Na Batteries[END_REF] . Refinement of the structure gives the sodium content in the material: 0.66(4). This composition is confirmed by ICP-AES analysis. In the following, we will therefore refer to our material as P2-Na0.66Mn2/3Fe1/3O2. The Rietveld parameters are given in Table S1 and compared to those previously obtained from the P2-Na0.62Mn1/2Fe1/2O2 composition. For both materials the Na ADP values are quite large; this is certainly due to the high mobility of Na + ions, in the P2 type structure, which can exchange between the two prismatic face-sharing sites.

Detailed comparison of the structural parameters (unit cells, oxygen atomic positions and occupancy of the two types of sodium sites) of the Na0.66Mn2/3Fe1/3O2 and Na0.62Mn1/2Fe1/2O2 phases shows that they are almost identical. In fact the change in atomic distances resulting from the change in Mn:Fe ratio is compensated by the change in Mn 4+ :Mn 3+ ratio (Na0.62Mn 3+ 012Mn 4+ 0.38Fe 3+ 0.5O2 vs Na0.66Mn 3+ 0.33Mn 4+ 0.34Fe 3+ 0.33O2). Moreover, the sodium distribution is directly related to the amount of vacancies which allows Na to occupy the 2 types of sites without prism face sharing. 

Electrochemical behaviour

The electrochemical properties of P2-Na0.66Mn2/3Fe1/3O2 as positive electrode material for Na-ion batteries were investigated in various voltage ranges. The galvanostatic curves recorded at C/20 between 1.5 -4.0 V and 1.5 -4.3 V are given in Figure 2a-b, in comparison to those obtained from the P2-Na0.62Mn1/2Fe1/2O2 phase (Fig. 2c-d) [START_REF] Mortemard De Boisse | P2-NaxMn1/2Fe1/2O2 Phase used as positive electrode material for Na Batteries: structural changes induced by the Electrochemical (De)intercalation[END_REF] . The shapes of the voltage curves are globally similar. During the first discharge, a reversible voltage plateau is observed at ≈ 2.1 V, consistent with a P2 → P'2 structural transition. The same plateau is observed at ≈ 2.2 V in the following charge. If the cut-off voltage is set to 4.0 V, the following discharge shows the reversibility of the Na + (de)intercalation process with a small polarization. When the cut-off voltage is increased to 4.3 V, a second voltage plateau is observed at ≈ 4.15 V. This plateau is not visible on the next discharge and instead an increase of the polarization is observed. Then, the (de)intercalation process is reversible in the whole cycling range but with a large polarization in discharge above 3.2 V. For every experiment, the 2 nd , 3 rd and 4 th cycles are very similar. The comparison of the shape of the charge curves shows that the strong voltage increase, which was observed around x = 0.5 in the P2-NaxMn1/2Fe1/2O2 phase, occurs around x = 0.3 in the NaxMn2/3Fe1/3O2 system. This behaviour suggests, as expected, that the Mn 3+/4+ couple is involved at low voltage while the Fe 3+/4+ couple is observed at high voltage. Nevertheless, in the case of the NaxMn2/3Fe1/3O2 system the break in the curve is less pronounced. To better evaluate the shape of the voltage curves we carried out GITT measurements, (Fig. 3).

For both materials, a reversible voltage plateau indicating the occurrence of a two phase domain is observed in discharge around 2.1 V. Upon charge in the NaxMn2/3Fe1/3O2 system (Fig. 3a) for x < 0.76, we observe a continuous increase of the voltage up to x = 0.28. Then a second plateau is observed at E = 4.15 V, followed by a smooth increase of the voltage up to E = 4.3 V. In many NaxMO2 layered oxide, this plateau is responsible for the huge increase of the polarization in the following discharge. Looking closely in the 0.28 < x < 0.76 range, one can see two discontinuities in the voltage profile. Two small voltage bumps corresponding to x = 2/3 and ½ are evidenced (red arrows in Fig. 3a). The origin of these accidents is still unknown but could correspond to Na/ ordering tendencies in the interslab; given the compositions were they occur [START_REF] Berthelot | Electrochemical investigation of the P2-NaxCoO2 phase diagram[END_REF] . The last bump is observed for x ≈1/3 and consists in an increase of the polarization, from 33 mV (x = 0.38) to 49 mV (x = 0.33). The polarization then decreases to 23 mV (x = 0.31) (insert in Fig. 3a).

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.4 x in Na x Mn 2/3 Fe This phenomenon was already observed in the NaxMn1/2Fe1/2O2 system (Fig. 3b) [START_REF] Mortemard De Boisse | P2-NaxMn1/2Fe1/2O2 Phase used as positive electrode material for Na Batteries: structural changes induced by the Electrochemical (De)intercalation[END_REF] . Its origin lies in the change of the active redox process, from Mn 3+ → Mn 4+ to Fe 3+ → Fe 4+ and is linked to the difficult electronic transfer between Mn 4+ and Fe 3+ ions when all Mn n+ ions are in the +IV state and all the Fe n+ ions are in the +III one. It is however surprising that no voltage jump is observed for the NaxMn2/3Fe1/3O2 system contrarily to the NaxMn1/2Fe1/2O2 one. This observation suggests overlap between the redox potential of the Fe 4+ /Fe 3+ and Mn 4+ /Mn 3+ redox couples for P2-Na0.66Mn2/3Fe1/3O2 while in the case of the Na0.50Mn1/2Fe1/2O2 phase the two redox couples have different values. This point will be further discussed.
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The impact of the cut-off voltage on the long-term cycling is shown in Figure 4a. Logically, the discharge capacity increases with the cut-off voltage: from 140 mAh.g -1 (1.5 -3.8 V) to 150 mAh.g - 1 (1.5 -4.0 V) and to 180 mAh.g -1 (1.5 -4. 

E (V) x in Na x Mn 1/2 Fe 1/2 O 2 time (h) x = 0.48 x = 0.52 E (V) a) b)
to poor capacity retention of 66 % and to similar discharge capacity to that of the experiment carried out in the 1.5 -3.8 V range (≈ 120 mAh.g -1 after 50 cycles). Such a feature is common to many sodium layered oxide materials and is usually induced by structural transitions occurring at high voltage. This part will be further discussed. The similar trend was observed for the NaxMn1/2Fe1/2O2 phase (Fig. 4b). Nevertheless, the capacity after 50 cycles is, whatever the voltage range, higher for the NaxMn2/3Fe1/3O2 phase. This difference in behaviour is illustrated in Figure 5c which gives a comparison of the charge curves of the two materials (Fig. 4c). It shows that the oxidation before the high voltage plateau is easier in the material with the highest amount of Mn 3+ (NaxMn2/3Fe1/3O2). 
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In situ XRPD during the charge of the battery

To get a better knowledge of the structural mechanisms involved upon cycling for NaxMn2/3Fe1/3O2 we conducted an operando in situ XRPD experiment. The evolution of the XRPD patterns along with the complete charge of the battery is shown in Figure 5 and S1 (in reverse order). The evolution of the interslab distance and of the ahex, aorth and borth cell parameters deduced from the XRPD patterns is given in Figure S2. The experiment starts from the fully intercalated state of the material: Na0.96Mn2/3Fe1/3O2. Its structure can be indexed in the orthorhombic system of the P'2 structure (Cmcm space group).

The orthorhombic distortion is clearly emphasized by the splitting of the (102)P2 diffraction line into the (022)P'2 and (112)P'2 ones. This structure will be further described in detail. The P'2-NaxMn2/3Fe1/3O2 structure is observed alone for a narrow Na range: 0.93 < x ≤ 0.96. For x ≤ 0.93, a new set of diffraction lines appears at 16.3° ,32.6° and 38.1°. These diffraction peaks correspond to the (002)P'2 and (022)P'2 reflections of a newly formed P'2 phase. To differentiate the two P'2 phases, they will be referred to as the "fully-intercalated P'2fin phase" and as the "intermediate P'2i phase". The biphasic domain between the two P'2 phases is observed for 0.78 < x < 0.93.

Then, the intermediate P'2i phase is observed alone in a short range: 0.70 ≤ x ≤ 0.78. The formation of this intermediate phase is confirmed by a GITT in situ X-Ray experiment realized in the 0.65 < x < 1 composition range (Fig. S3).

Upon further deintercalation, the P2 phase appears through a P2 + P'2i biphasic domain in the phase) confirms this assumption as it implies a higher Na + -and thus Mn 3+ -content.

The magnifications of the in situ XRPD patterns in the 0.6 ≤ x ≤ 1 range are given in Figure 6 for both NaxMn2/3Fe1/3O2 and NaxMn1/2Fe1/2O2 systems. They highlight the difference in the P'2 ↔ P2 transition mechanisms between the two systems: while NaxMn1/2Fe1/2O2 shows a biphasic domain for 0.85 < x ≤ 0.95, followed by a P2 solid solution (x ≤ 0.80) (Fig. S4); the P'2 ↔ P2 phase transition in NaxMn2/3Fe1/3O2 occurs in the two successive steps. As shown in Fig. 6b, upon charge, the position of the (002)P'2i diffraction line changes continuously. This shows that the intermediate phase contains an increasing number of undistorted MO2 slabs within the P'2i phase during the battery charge. This is an evidence of the formation of stacking faults due to the formation of one phase into the other one.

In the P2 solid solution domain, the interslab distance continuously increases as Na + ions are involved in the screening effect between the O planes (Fig. S4). On the other hand, the value of the ahex cell parameter continuously decreases due to the contraction of the MO6 octahedra upon the M 3+ → M 4+ redox process, the M 4+ -O bonds being more covalent than the M 3+ -O one and radius decreases. For x < 0.20, there is a continuous decrease of the intensity of the diffraction lines of the P2 phase (Fig. 5). Simultaneously, a broadening of the (002)P2 diffraction peak is observed on the high angle side and a new diffraction peak appears in the 16.7 ≤ 2θ ≤ 16.9 ° region. This peak is attributed to a phase we will refer as "Z" as in our previous study of the NaxMn1/2Fe1/2O2 system [START_REF] Mortemard De Boisse | P2-NaxMn1/2Fe1/2O2 Phase used as positive electrode material for Na Batteries: structural changes induced by the Electrochemical (De)intercalation[END_REF] .The P2 → "Z" transition mechanism at the end of charge is occurs through the creation of stacking faults, consisting in layers of NaεO6 or O6 octahedra, created among the P2 layers in the material. The asymmetry of the (002) line on the small 2θ values shows that some prismatic layers are remaining in this material contrarily to what it is observed in the NaxMn1/2Fe1/2O2 system [START_REF] Mortemard De Boisse | P2-NaxMn1/2Fe1/2O2 Phase used as positive electrode material for Na Batteries: structural changes induced by the Electrochemical (De)intercalation[END_REF] .

Structure of the intercalated material

The structure of P'2-Na0.96Mn2/3Fe1/3O2 was investigated by ex situ XRPD. The XRPD pattern is successfully indexed in the Cmcm space group. The experimental and calculated (Rietveld method) patterns are shown in Figure S5 with the corresponding cell and atomic parameters. distortion are also reported. As the Mn 3+ accounts for only 63% of the total transition metal ions in the material, the distortion is lower than that observed for the O'3 NaMnO2 phase. The presence of 1/3 Fe 3+ in the material, which is strongly stabilized in an ideal octahedral environment, prevents from a too large distortion. In the case of the P'2-Na≈1Mn1/2Fe1/2O2 the mean octahedron distortion is smaller, as expected, due to the lower amount of Mn 3+ and to the higher amount of iron.

In the P'2-Na0.96Mn2/3Fe1/3O2, only one type of prismatic NaO6 site: Nae(sharing edges with the surrounding MO6 octahedra) is occupied while the face sharing Naf site remains vacant, as a result of the simultaneous minimization of the Na + -Na + and Na + -M n+ repulsions.

Table 1. Comparison of the Mn-O bond lengths in Jahn-Teller distorted manganese layered oxides. The departure of the a/b(mon.) and b/a(orth.) from 3 characterizes the in plane distortion due to the Jahn-Teller effect.

Redox mechanisms study

We investigated the redox mechanisms in both the NaxMn2/3Fe1/3O2 and NaxMn1/2Fe1/2O2 systems by 57 Fe Mössbauer spectroscopy. In this paper we only focus on the comparative redox behavior, a detailed characterization of the analyzed phases will be published elsewhere. By nature, the Mössbauer spectroscopy is directly sensitive to the iron oxidation state and indirectly to the change in the Mn 4+ /Mn 3+ , ratio through the quadrupolar splitting that is affected by the Jahn-Teller distortion of Mn 3+ ions. As expected, in both starting materials (P2-Na0.66Mn2/3Fe1/3O2 and P2-Na0.62Mn1/2Fe1/2O2) iron is in the trivalent state. Indeed, the Mössbauer spectra of the pristine materials (Fig. 7a and7b)

can be described by one quadrupole doublet characterized by an isomer shift () of 0.35 mm/s consistent with high-spin Fe 3+ ions in FeO6 octahedral environment. Furthermore, both spectra were reconstructed using a distribution of the quadrupole splitting parameter (), which led to an excellent fit to the experimental data. Such distributions arise from some cationic disorder (heterogeneous repartition of Na + , Fe 3+ and Mn 3+/4+ around the local probe) and local distortions of the FeO6 octahedra due to the presence of Mn 3+ Jahn-Teller ions in the iron vicinity (second coordination sphere or first cationic neighbors). The higher (average) value of the quadrupole splitting (∆* = 0.81 mm/s, see Table 2) is actually observed for the "Mn2/3Fe1/3" phase presenting the higher Mn 3+ content (33%). 

P2-

The observed and calculated spectra of some intercalated and deintercalated materials are compared to the pristine ones in Figure 7 and the associated Mössbauer parameters are gathered in Table 2. All spectra show an apparent quadrupole doublet whose asymmetry, shift and splitting vary with the state of charge.

The Mössbauer spectra of the intercalated materials (P'2-Na1.0Mn1/2Fe1/2O2 and P'2-Na0.96Mn2/3Fe1/3O2 ) (Fig. 7c and7d) were also successfully reconstructed with a distribution of quadrupole doublets, whose isomer shift ( = 0.36 mm/s) is characteristic of six-fold Fe 3+ ions. As for the pristine materials, the wider distribution and the higher average value of the quadrupole splitting parameter (∆* = 1.31 mm/s, Table 2) are observed for the phase presenting the higher Mn 3+ content (62% for the "Mn2/3Fe1/3" phase as compared to 50% for the "Mn1/2Fe1/2" one). The highest amount of Mn 3+ ions is, the largest cooperative (for these intercalated phases) Jahn-Teller distortion of the Fe 3+ octahedra is and then, the largest quadrupole effect is. Moreover, the intercalation of Na + ions may also be responsible of an additional disorder in the local environment of iron inducing slight variations of the Electric Field Gradient (EFG) at the iron nuclei and thus, a broadening of the quadrupole splitting distribution.

Table 2: 57 Fe Mössbauer hyperfine parameters corresponding to the fit of the spectra presented in figure 7. : isomer shift relative to α-Fe at room temperature, *: mean value of the quadrupole splitting distribution (Lorentzian line width : 0.25 mm/s) and A: relative area. For the Fe (3+z)+ sub-spectra, the relative proportion of Fe 3+ and Fe 4+ was roughly estimated taking into account the calculated isomer shift values of the three subspectra. *Average value of the quadrupole splitting distribution. 

For both deintercalated phases (x ≈ 0.25), additional sub-spectra (compared to the pristine materials) are required to account for the apparent asymmetry and the shift towards lower velocities of the Mössbauer spectra (Fig. 7e and7f). The refinement of hyperfine parameters clearly indicates a partial oxidation of iron. Indeed, the best fit to experimental data was obtained considering three quadrupole doublets associated with iron at various oxidation states: Fe 3+ ( = 0.35 mm/s), Fe 4+ ( = -0.05 mm/s) and Fe (3+z)+ ( = 0.17 mm/s) (Table 2). For the "Z"-Na0.24Mn1/2Fe1/2O2 phase the amount of tetravalent iron ions is sligtly smaller than the expected value deduced from the eletrochemical deintercalation. As this material was recovered at 4.3 V vs Na/Na + the detemined x value can be smaller than the real one due to an electrolyte decomposition. The presence of this last intermediate oxidation state was previously reported in the LixNi0.70Fe0.15Co0.15O2 systems [START_REF] Takeda | Sodium deintercalation from sodium iron oxide[END_REF] .

Discussion

The aim of the following discussion is to evaluate the impact of the Mn/Fe ratio on the electrochemical and structural properties from the comparison between the NaxMn2/3Fe1/3O2 and NaxMn1/2Fe1/2O2 systems. For both P2 pristine materials, one can assume the following cation distributions, Na0.66Mn 3+ 0.33Mn 4+ 0.34Fe 3+ 0.33O2 and Na0.62Mn 3+ 0.12Mn 4+ 0.38Fe 3+ 0.5O2, which are in agreement with the Mössbauer characterization.

Electrochemical discharge/charge curves, show globally similar voltage profiles with in discharge a voltage plateau at 2.15 V associated to the Mn 4+ reduction to the trivalent state. In charge, the Mn 3+ ions are oxidized to the Mn 4+ for both materials.

In the case of the NaxMn1/2Fe1/2O2, the iron oxidation starts when the manganese oxidation is completed as evidenced by the GITT curve which shows a strong resistivity increase at the Na0.50Mn1/2Fe1/2O2 composition. When the material contains only Mn 4+ and Fe 3+ , the electronic transfer is very difficult. Electron hopping between these two ions requires the intermediate formation of Mn 3+ and Fe 4+ that is very unlikely due to the difference in redox potential. For smaller amount of sodium when the Fe 3+/4+ couple is involved there is a rapid increase of voltage.

On the contrary, for the Na1/3Mn2/3Fe1/3O2 composition, the increase of resistance is very low and the change in voltage is smoother. This suggests that there is an overlapping between the Mn 4+/3+ and Fe 4+/3+ redox couple. In a triangular lattice, each M cation is surrounded by six other M cations. When a large cation (Fe 3+ ) is surrounded by a large number of small cation (Mn 4+ ) there is an increase of the crystal field which makes easier the iron oxidation; the largest the number of Mn ions in the material is, the easiest the oxidation of iron is.

The Mossbauer characterization shows the iron oxidation at high voltage and in particular the presence of the intermediate oxidation state Fe 3+z which is due to the rapid electron hopping between neighbouring Fe 3+ and Fe 4+ ions. The relative presence of the three types of iron depends on the iron/manganese distribution and of the average oxidation state of iron imposed either by the sodium amount or by the Fe/Mn ratio. The determination of the various population of tetravalent iron agrees in first approximation to the expected results: the iron oxidation occurs after the manganese oxidation.

For both materials, when the Na amount is smaller than 0.30 there is a pseudo voltage plateau, which is associated to a rapid decrease of the interslab distance with an asymmetry of the (002) line to the high 2θ values which suggests the formation of stacking faults. For the lowest sodium amount there is an increase of the M-O bond covalency, which decreases the effective charge of the oxygen ions; it results a decrease of the repulsions between the two oxygen layers surrounding a Na + layer. The trigonal prismatic Na + environment is no longer stable and a slab gliding occurs to form an octahedral surrounding. In the literature, the formation of O2 and OP4 packing is considered [START_REF] Lu | In situ X-ray diffraction Study of P2-Na2/3[END_REF][START_REF] Yabuuchi | P2-type Nax[Fe1/2Mn1/2]O2 made from earth-abundant elements for rechargeable Na Batteries[END_REF] . In fact, the XRD patterns exhibit only few lines, which can be indexed in the O2, O6 and OP4 structural types. In fact, if the O2 or O6 type structures were obtained, the interslab distances should be much shorter than that found in the Z-phase (5.1-5.2 Å). The slab gliding, which occurs to form octahedral type interslab spaces, occurs randomly leading to a material with a high amount of stacking faults which is called the "Z" phase in this paper.

At the end of discharge, all cations are in the trivalent state. The Jahn-Teller effect on Mn 3+ ions locally leads to a distortion of the MnO6 octahedron. On the opposite, the Fe 3+ ions are strongly stabilized in undistorted FeO6 octahedra. The cooperative distortion, which leads to a decrease in symmetry from P63/mmc to Cmcm, is directly related to the Mn/Fe ratio and to the number (1-x) of remaining Mn 4+ , ions in the Nax(Mn,Fe)O2 phase. In the NaxMn1/2Fe1/2O2 system the cooperative distortion is observed for x = 0.94, while in the NaxMn2/3Fe1/3O2 one it appears for the intermediate composition x = 0.74 thanks to the higher Mn/Fe ratio.

To discuss the impact of the Mn/Fe ratio on the structure of fully intercalated materials, we compared results obtained from our previous and current studies and those of the literature (O3-NaFeO2 [START_REF] Takeda | Sodium deintercalation from sodium iron oxide[END_REF] and O'3-NaMnO2 [START_REF] Parant | Sur quelques nouvelles phases de formule NaxMnO2[END_REF] ). As shown in Figure 8a, the amon./bmon. and borth./aorth. ratios increase with the Mn 3+ content: from 1.73 (O3-NaFeO2, no cooperative Jahn-Teller effect [47]) to 1.88 (P'2-Na0.96Mn2/3Fe1/3O2). One can observe a gap between the actual amon./bmon. ratio of O'3-NaMnO2 (1.99) and the one obtained by extrapolating from our experimental data (1.96). This difference results from the fact that there is only Mn 3+ in O'3-NaMnO2. One can conclude that the presence of other ions (such as Fe 3+ ) restricts the cooperative Jahn-Teller effect even if their amount is very small. The increasing distortion is confirmed in Figure 8b that reports the evolution of the M-O distances in the MO6 octahedra for O'3-Na0.96Mn1/3Fe2/3O2 This increasing distortion of the MO6 octahedra is also observed by 57 Fe Mossbauer spectroscopy (Fig. 7 and Table 2) which shows an increase of the average quadrupole splitting from P'2-Na1Mn1/2Fe1/2O2 (Δ* = 0.98 mm.s -1 ) to P'2-Na0.96Mn2/3Fe1/3O2 (Δ* = 1.31 mm.s -1 ), in agreement with the higher disorder of the latter.

The complete phase diagrams of the NaxMn2/3Fe1/3O2 and NaxMn1/2Fe1/2O2 systems deduced from in situ XRPD are given in Figure 9. The comparison of the 2 phase diagrams shows that the amount of sodium reversibly involved in the intercalation process are very similar even if there is shift in the global compositions. In both side of the P2-solid solution domains there are structural modifications with formation of intermediates phases. At high voltage there are slab gliding with change in the interslab distances while no significant modification of the (Mn,Fe)O2 slabs are expected. On the contrary at low voltage, thanks to the Jahn-Teller of Mn 3+ , there are local distortions of the (Mn,Fe)O2 slabs without change in the interslab distance. In the case of the (Mn2/3Fe1/3) system, the appearance of an intermediate distorted phase with a small distortion would lead to a decrease of the structural constraints and then to decreases the fading upon cycling. 

Conclusion

The electrochemical performances of the two systems are very similar; nevertheless, the Mn/Fe ratio has a significant influence on the redox process. The P2 type structure with hexagonal symmetry is maintained in a Δx = 0.50 domain. As expected the Mn 3+ oxidation occurs before the Fe 3+ one. In fact, the GITT curves show that the behavior is more complicated. In the NaxMn1/2Fe1/2O2 system, this rule is respected while in the case of the NaxMn2/3Fe1/3O2 system the high crystal field around the Fe 3+ ions due to the small size of Mn 4+ and its high concentration leads to Fe 3+ oxidation the complete oxidation of Mn 3+ . The Mossbauer characterization shows the iron oxidation at high voltage with the simultaneous presence of Fe 3+ , Fe 4+ and Fe 3+z .

The easier oxidation of iron, when the amount of manganese increases, leads to a capacity increase.

For the high level of deintercalation, the almost empty trigonal prismatic sites are destabilized and slab gliding occurs to minimize the oxygen-oxygen repulsions trough the formation of empty octahedral interlayered spaces. This slab gliding occurs statistically into the P2 type packing; it leads to the formation of an interstratified structure. These structural transitions lead a rapid decrease on the reversible capacity.

During the cell discharge there is a cooperative Jahn-Teller distortion. This is a well-known phenomenon for the fully intercalated materials. In the case of the NaxMn2/3Fe1/3O2 phase, for the first time, an intermediate distorted phase was observed. This can result from the competition between Mn 3+ which want to be distorted and Fe 3+ which is very stable in undistorted octahedra. This can be related to local fluctuations in composition. In conclusion, due to their interesting properties, the NaxMn2/3Fe1/3O2 material can be considered as a base to improve its properties to be used in real systems.
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The supporting results provided in Figures S1-S5 give: structural data of the starting phases, their changes upon electrochemical deintercalation ad complementary results about the in situ XRD study.

Figure 1 :

 1 Figure 1: Observed and calculated (Rietveld method) synchrotron XRPD patterns for the P2-Na0.66Mn2/3Fe1/3O2 pristine material. Red dots: experimental, black line: calculated, blue line: difference and green bars: Bragg positions.

Figure 2 :

 2 Figure 2: Galvanostatic cycling curves associated to the NaxMn2/3Fe1/3O2 and Na0.62Mn1/2Fe1/2O2 systems and recorded (a,c) between 1.5 and 4.0 V; (b,d) between 1.5 and 4.3 V at C/20.

Figure 3 :

 3 Figure 3: GITT cycling curves recorded with steps of ≈ 0.01 Na + per formula unit and a ΔV < 4 mV.h -1 relaxation condition for the NaxMn2/3Fe1/3O2 (a) system. The red arrows indicate slight variation in the slope of the curve. The GITT cycling curve recorded for the NaxMn1/2Fe1/2O2 system is given in (b) for comparison.

Figure 4 :

 4 Figure 4: Evolution of the discharged capacities for the P2-based NaxMn2/3Fe1/3O2 (a) and (b) NaxMn1/2Fe1/2O2systems in the 1.5 -3.8 V, 1.5 -4.0 V and 1.5 -4.3 V ranges. (c) Galvanostatic charge curves of batteries recorded at C/20: (blue) NaxMn1/2Fe1/2O2 and (red) NaxMn2/3Fe1/3O2. The dashed lines represent the expected position of the voltage jump associated to the change of redox process during charge if the redox potentials of Fe 4+ /Fe 3+ and Mn 4+ /Mn 3+ are well separated.

Figure 5 :

 5 Figure 5: XRPD patterns of the NaxMn2/3Fe1/3O2 material recorded in situ (operando mode) during the charge of a NaxMn2/3Fe1/3O2/NaPF6 in PC (1M) + 2 wt% FEC/Na cell along with (b) the corresponding cycling curve. The various structural domains are indicated by different colors. The P2-solid solution domains is indicated by the red lines.
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  .68 < x ≤ 0.70 range. The P2 phase and the intermediate P'2i have very close interslab distances as shown by the position of their (00l) diffraction lines in Figures5 and S2. This results from the small difference in the sodium content. The observation of two P'2 phases in the 0.70 < x ≤ 0.96 domain is clearly new. The comparison of their cell parameters (Fig.S2) indicates that P'2fin is more distorted, as the M-M distances in the MO2 slabs are approximatively equal to 2.91 Å and 3.10 Å vs. 2.90 Å and 2.99 Å in the P'2i phase. These distances are directly determined from the orthorhombic cell parameters. This behaviour is due to the higher Mn 3+ content in the intercalated P'2fin phase which leads to an increase of the cooperative Jahn-Teller effect. The lower interslab distance of the intercalated P2fin phase (5.40 Å vs. 5.45 Å for the intermediate P'2i

Figure 6 :

 6 Figure 6: Enlargement of the XRPD patterns of the NaxMn2/3Fe1/3O2 and NaxMn1/2Fe1/2O2 material recorded in situ (operando mode) in the highly intercalated domain showing the formation of P'2fin and and P'2i phases.

Figure 7 :

 7 Figure 7: Room temperature 57 Fe Mössbauer spectra of (a) P2-Na0.62Mn1/2Fe1/2O2, (b) P2-Na0.66Mn2/3Fe1/3O2, (c) P'2-Na≈1Mn1/2Fe1/2O2, (d) P'2-Na≈0.96Mn2/3Fe1/3O2, (e) "Z"-Na0.24Mn1/2Fe1/2O2 and (f) "Z"-Na0.26Mn2/3Fe1/3O2. Dashed lines indicate that the associated Mössbauer signals were calculated considering a quadrupole splitting distribution.

Figure 8 :

 8 Figure 8: (a) Evolution of the amon./bmon. or borth./aorth. ratios along with the Mn content in the NaxMn1-yFeyO2 materials. O3-NaFeO2: data from ref 47, O'3-NaMnO2: data from ref 45. (b) Evolution of the M-O distances in the MO6 octahedra in P'2 and O'3-Na≈1Mn1-yFeyO2 phases and in O'3-NaMnO2.

Figure 9 :

 9 Figure 9: Domains of observation of the P'2, P2 and "Z" phases (P2-type materials) in the NaxMn2/3Fe1/3O2 and NaxMn1/2Fe1/2O2 systems.

  The borth/aorth ratio (1.88) suggests the orthorhombic distortion vs. the ideal un-distorted phase (borth/aorth = 3). This distortion is confirmed by the M-O distances in the MO6 octahedra. These values are reported in Table1in comparison with those obtained for P2-Na1Mn1/2Fe1/2O2[START_REF] Mortemard De Boisse | P2-NaxMn1/2Fe1/2O2 Phase used as positive electrode material for Na Batteries: structural changes induced by the Electrochemical (De)intercalation[END_REF] and O'3-NaMnO2[START_REF] Parant | Sur quelques nouvelles phases de formule NaxMnO2[END_REF] . The aorth./borth. and amon./bmon. ratios which are good indicators of the structural
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  NaMnO2[START_REF] Parant | Sur quelques nouvelles phases de formule NaxMnO2[END_REF] . As one can see, the MO6 distortion increases with the overall Mn 3+ . It is interesting to note that the long M-O distance increases strongly with the Mn 3+ content while the short M-O distance remains approximatively equal to the average sum of the ionic radii.
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