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Introduction

Nickel-substituted lithium manganese oxide spinels LiMn 2-x Ni x O 4 (0.4 ≤ x ≤ 0.5) have attracted tremendous attention during the past two decades due to their high working potential along with an interesting theoretical specific capacity of 147 mA h g -1 1,2 . The partial substitution of manganese by nickel ions has several advantages over the unsubstituted LiMn 2 O 4 phase. First, thanks to the electroactivity of Ni 2+ /Ni 3+ and Ni 3+ /Ni 4+ redox couples, a significant increase of the overall operating voltage is achieved, up to ~4.7 V vs Li + /Li, instead of the ~4-4.1 V vs Li + /Li for LiMn 2 O 4 . Second, the substitution of 0.5 manganese by Ni 2+ drastically reduces the content of Mn 3+ ions, which are known to be detrimental for the cycling life due to their solubility in the electrolyte [START_REF] Choi | Comparison of Metal Ion Dissolutions from Lithium-Ion Battery Cathodes[END_REF] . Moreover, such composition without critical element [START_REF] Kim | Challenges and Approaches for High-Voltage Spinel Lithium-Ion Batteries[END_REF] and its related structure with a connected 3D diffusion network promoting fast Li + diffusion, make it attractive for use in power applications such as zeroemission mobility solutions [START_REF] Park | Who will drive electric vehicles, olivine or spinel?[END_REF] .

The cubic spinel structure can be depicted as a 2x2x2 array of 8 faces centered cubic cells composed of O 2-ions, in which one eighth of tetrahedral sites are occupied by Li ions (Figure 1a) and half of the octahedral sites are filled by the transition metals (Ni/Mn) (Figure 1b). The transition metal filled octahedra are linked to one another by an edge, forming arrays along <110> directions (Figure 1c andd). Two long-range structures are usually encountered for LiMn 1.5 Ni 0.5 O 4 : the so-called "disordered" spinel, within the Fd-3m space group, and the "ordered" spinel, within the P4 3 32 space group (or its enantiomorphic description with P4 1 32 space group). The "ordered" structure is obtained from thermal treatment around 700°C while the "disordered" one results from a synthesis at higher temperature, usually around 900°C [START_REF] Manthiram | A perspective on the high-voltage LiMn 1.5 Ni 0.5 O 4 spinel cathode for lithium-ion[END_REF] . Then, in the "disordered" description, only 3 distinct Wyckoff positions are needed to fully describe the structure: Ni 2+ and Mn 4+ ions are randomly distributed in the 16d position of the Fd-3m space group, lithium fills the 8a site and oxygen occupies a 32e site. The Ni 2+ and Mn 4+ ions ordering induces a symmetry reduction to the primitive space group P4 3 32. Ideally, in this "ordered" polymorph description, Mn 4+ ions occupy the 12d position while the Ni 2+ ions are in 4a site. Lithium fills an 8c site and oxygen ions are distributed over a 24e and an 8c Wyckoff positions. In the latter description, arrays of edge-sharing octahedra running along <110> directions possess a particular ordering between Ni 2+ and Mn 4+ ions related to the stoichiometry: two successive Ni 2+ filled octahedra are separated by 3 Mn 4+ filled octahedra (Figure 1 c and d). Hence, two Ni 2+ octahedra cannot be linked by an edge within this description. Moreover, centers of (Mn/Ni)O 6 octahedra form tetrahedral units connected by the summit to the neighboring units (Figure 1d). These structural differences are responsible for a subtle variation in their electrochemical profile: the "ordered" phase exhibits an almost flat single plateau at 4.7 V vs. Li + /Li [START_REF] Kunduraci | The effect of particle size and morphology on the rate capability of 4.7V LiMn 1.5+d Ni 0.5-d O 4 spinel lithium-ion battery cathodes[END_REF] . Open Circuit Voltage measurements of Ariyoshi et al 8 evidenced two distinct plateaus, with a small voltage difference E between them, limited to ~20 mV (4.718 and 4.739 V vs. Li + /Li). Differently, the "disordered" phase exhibits two well defined plateaus, separated by a voltage difference V of 40-60 mV [START_REF] Kim | Comparative study of LiNi 0.5 Mn 1.5 O 4- and LiNi 0.5 Mn 1.5 O 4 cathodes having two crystallographic structures: Fd-3m and P4 3 32[END_REF][START_REF] Liu | Spinel materials for high-voltage cathode in Li-ion batteries[END_REF][START_REF] Ma | High rate micron-sized ordered LiNi 0.5 Mn 1.5 O 4[END_REF][START_REF] Kunduraci | Effect of oxygen non-stoichiometry and temperature on cation ordering in LiMn 2-x Ni x O 4 (0.50 ≥ x ≥ 0[END_REF] , and usually a small additional contribution around 4 V is present, indicating the presence of Mn 3+ ions in the structure.

The above descriptions are idealized views of the LiMn 1.5 Ni 0.5 O 4 composition. In practice, the preparation conditions affect cationic "order"/"disorder" degree of this particular spinel oxide, which falls in between the "ordered" and "disordered" descriptions, with in addition, deviation from the stoichiometric ratio Ni/Mn = 1/3 [START_REF] Li | High-voltage positive electrode materials for lithium-ion batteries[END_REF] . It has been demonstrated that that at higher synthesis temperatures the nickel solubility in the spinel phase is lowered [START_REF] Cabana | Composition-structure relationships in the Li-ion battery electrode material LiNi 0.5 Mn 1.5 O 4[END_REF][START_REF] Zhong | Synthesis and electrochemistry of LiNi x Mn 2x O 4[END_REF] . Hence, a secondary Ni-rich rocksalt type phase appears at synthesis temperature over 800°C, and its fraction increases with the temperature. Consequently, the Mn 3+ contribution observed in galvanostatic curves arises from the temperature-induced nickel sub-stoichiometry [START_REF] Cabana | Composition-structure relationships in the Li-ion battery electrode material LiNi 0.5 Mn 1.5 O 4[END_REF][START_REF] Zhong | Synthesis and electrochemistry of LiNi x Mn 2x O 4[END_REF] and/or possible oxygen deficiency [START_REF] Pasero | Oxygen nonstoichiometry and phase transition in LiMn 1.5 Ni 0.5 O 4-[END_REF] .

Partial order/disorder in LiMn 1.5 Ni 0.5 O 4 prepared at different temperatures has been evidenced mainly using neutron scattering techniques [START_REF] Cabana | Composition-structure relationships in the Li-ion battery electrode material LiNi 0.5 Mn 1.5 O 4[END_REF][START_REF] Gryffoy | A neutron diffraction study of some spinel compounds containing octahedral Ni and Mn at 1:3 ratio[END_REF][START_REF] Casas-Cabanas | Atomic defects during ordering transitions in LiNi 0.5 Mn 1.5 O 4 and their relationship with electrochemical properties[END_REF][START_REF] Kim | Integrated nano-domains of disordered and ordered spinel phases in liNi 0.5 Mn 1.5 O 4 for Li-ion batteries[END_REF][START_REF] Liu | Nanoscale Ni/Mn ordering in the high voltage spinel cathode LiNi 0.5 Mn 1.5 O 4[END_REF][START_REF] Chen | Lattice-cell orientation disorder in complex oxides[END_REF] which are particularly suitable due to significantly different manganese and nickel scattering lengths [START_REF] Sears | Neutron scattering lengths and cross sections[END_REF] . Based on powder neutron diffraction experiments (PND) [START_REF] Cabana | Composition-structure relationships in the Li-ion battery electrode material LiNi 0.5 Mn 1.5 O 4[END_REF] , Cabana et al reported modulation in the background for most of the samples indexed within the "disordered" Fd-3m space group. Later, Casas-Cabanas et al [START_REF] Casas-Cabanas | Atomic defects during ordering transitions in LiNi 0.5 Mn 1.5 O 4 and their relationship with electrochemical properties[END_REF] evidenced a selective broadening of peaks only related to Ni/Mn ordering for samples indexed within the P4 3 32 space group, attributed to the presence of AntiPhase Boundary (APB) defects. These stacking faults are usually observed in various systems such as metallic compounds [START_REF] Scardi | Diffraction whole-pattern modelling study of anti-phase domains in Cu 3 Au[END_REF][START_REF] Leoni | Whole powder pattern modelling: microstructure determination from powder diffraction data[END_REF] or oxides [START_REF] Heisig | Antiphase boundaries constitute fast cation diffusion paths in SrTiO 3 memristive devices[END_REF][START_REF] Lindén | Observation of antiphase boundaries in Sr 2 FeMoO 6[END_REF][START_REF] Cheary | Investigation of antiphase domains in lithium ferrite by analysis of the broadened X-ray diffraction lines[END_REF][START_REF] Portier | Enantiomorphous domains in stoechiometric lithium aluminate LiAl 5 O 8[END_REF][START_REF] Lefevbre | Structure en domaines de l'oxyde non centrosymétrique LiFe 5 O 8[END_REF] . APB defect has been extensively studied in the cubic intermetallic Cu 3 Au [START_REF] Scardi | Diffraction whole-pattern modelling study of anti-phase domains in Cu 3 Au[END_REF][START_REF] Wilson | The reflexion of X-rays from the 'anti-phase nuclei' of AuCu 3 . II[END_REF][START_REF] Warren | X-ray diffraction[END_REF] : his defect arises from the nucleation at different nonequivalent sites of ordered phase grains during the transition from a disordered (Fm3m) structure to the ordered (Pm3m) one [START_REF] Scardi | Diffraction whole-pattern modelling study of anti-phase domains in Cu 3 Au[END_REF] . Hence, when those grains come into contact, a phase difference is observed between structure factors of both grains and the additional Cu/Au order induces hkl peaks (hkl indexes of mixed even/odd parity [START_REF] Wilson | The reflexion of X-rays from the 'anti-phase nuclei' of AuCu 3 . II[END_REF][START_REF] Warren | X-ray diffraction[END_REF] ). As a result, a broadening of these reflections is observed, indicating a smaller coherence length compared to the fundamental peaks (hkl of same parity), which are common to both structures (Fm3m and Pm3m). Similar peak broadening was also evidenced on PND patterns for various LiMn 1.5 Ni 0.5 O 4 samples [START_REF] Kim | Integrated nano-domains of disordered and ordered spinel phases in liNi 0.5 Mn 1.5 O 4 for Li-ion batteries[END_REF][START_REF] Chen | Lattice-cell orientation disorder in complex oxides[END_REF] or doped spinel oxides [START_REF] Shin | Role of cation ordering and surface segregation in high-voltage spinel LiMn 1.5 Ni 0.5-x M x O 4 (M = Cr, Fe, and Ga) cathodes for lithiumion batteries[END_REF][START_REF] Wagemaker | Extensive migration of ordered LiMg 0.1 Ni 0.4 Mn 1.5 O 4 spinel[END_REF] , figuring a smaller coherent length of the Ni/Mn ordering than the overall spinel framework. Based on Neutron Pair Distribution Function analyses [START_REF] Liu | Nanoscale Ni/Mn ordering in the high voltage spinel cathode LiNi 0.5 Mn 1.5 O 4[END_REF][START_REF] Chen | Lattice-cell orientation disorder in complex oxides[END_REF] , apparent "disordered" LiMn 1.5 Ni 0.5 O 4 exhibits nevertheless similar local structure than the "ordered" polymorph over a limited range. Indeed, the first discrepancies were evidenced at the third nearest Ni/Mn neighbor [START_REF] Liu | Nanoscale Ni/Mn ordering in the high voltage spinel cathode LiNi 0.5 Mn 1.5 O 4[END_REF] .

The aim of this work is to provide a clear description of the Ni/Mn ordering within the spinel framework in the nickel-rich part of the LiMn 2-x Ni x O 4 solid-solution (0.38 ≤ x ≤ 0.5). Based on Time-Of-Flight Neutron Diffraction experiments (TOF-PND), an evaluation of the APB domain size as a function of the synthesis temperature and the nickel content is provided. In addition, the APB influence on the local ordering and the system free energy of LiMn 1.5 Ni 0.5 O 4 is investigated by DFT calculation. This theoretical approach confirms the low impact of this defect on the local ordering, which is fully consistent with our present experiments and literature data [START_REF] Liu | Nanoscale Ni/Mn ordering in the high voltage spinel cathode LiNi 0.5 Mn 1.5 O 4[END_REF][START_REF] Chen | Lattice-cell orientation disorder in complex oxides[END_REF] . Moreover, a correlation between the Mn 3+ contribution to the galvanostatic curves can be drown with the Ni/Mn initial ratio and the Ni-rich rock-salt impurity appearance. Hence, in our synthesis conditions, oxygen vacancies in the spinel framework might be low and most of the oxygen departure recorded in thermogravimetric analysis [START_REF] Zhong | Synthesis and electrochemistry of LiNi x Mn 2x O 4[END_REF] , might be attributed to rock-salt impurity formation.

Experimental and Computational Details

Synthesis and structural characterization

LiMn 2-x Ni x O 4 powders with x = 0.38, 0.40, 0.42, 0.44, 0.48 or 0.50, were synthesized through a coprecipitation route using acetates precursors and oxalic acid [START_REF] Liu | Structure, morphology, and cathode performance of Li 1-x[END_REF] . Stoichiometric amount of manganese, nickel, and lithium acetates (99% Sigma-Aldrich) were mixed with oxalic acid (1:1 molar ratio of oxalic acid to metal ions) and dissolved in distilled water. The solution was stirred until a green precipitate formed. Products were dried overnight at 110°C and then fired in air for 5h at 490°C to remove organic species. Samples were ground thoroughly then die pressed into pellets (13 mm diameter, thickness ~10 mm). A 48h thermal treatment at a temperature of 700, 800, 850 or 900°C, was performed in air twice on each sample with an intermediate grinding.

Powder X-ray diffraction (XRD) patterns were collected with a Panalytical XPert Pro diffractometer equipped with a Co X-ray tube (K  = 1.789 Å) and a linear Pixcell 1D detector. Time-of-flight powder neutron diffraction (TOF-PND) data were collected at ambient temperature at the ISIS neutron spallation source, STFC Rutherford Appleton Laboratory, UK, on GEM diffractometer (x= 0.4, 0.5 prepared at 700°C and 900°C and x=0.44 prepared at 700°C) [START_REF] Hannon | Results on disordered materials from the GEneral Materials diffractometer, GEM, at ISIS[END_REF][START_REF] Emery | STFC ISIS Neutron and Muon Source[END_REF][START_REF] Emery | STFC ISIS Neutron and Muon Source[END_REF][START_REF] Emery | STFC ISIS Neutron and Muon Source[END_REF][START_REF] Emery | STFC ISIS Neutron and Muon Source[END_REF][START_REF] Emery | STFC ISIS Neutron and Muon Source[END_REF] or Polaris diffractometer for all the other samples [START_REF] Smith | The upgraded Polaris powder diffractometer at the ISIS neutron source[END_REF][START_REF] Emery | Cation ordering exploration in Ni rich part of the solid solution LiNi x Mn 2-x O 4 spinels as a function of the synthesis temperature[END_REF] .

XRD patterns have been analyzed using Rietveld refinement method with the GSAS ExpGUI package 42,43 . TOF-PND patterns were fitted with BRUKER-AXS TOPAS v4.2 [START_REF]Diffrac plus TOPAS v4.2[END_REF] in launch mode using macros adapted from Topas Wiki [START_REF] Evans | Advanced input files & parametric quantitative analysis using topas[END_REF][START_REF]Topas Wiki[END_REF] and R. E. Dinnebier et al [START_REF] Dinnebier | Rietveld Refinement: practical powder diffraction pattern analysis using TOPAS[END_REF] . "Goodness of fit" (GOF) and "R-weighted pattern" (Rwp) are defined as [START_REF] Dinnebier | Rietveld Refinement: practical powder diffraction pattern analysis using TOPAS[END_REF] :

Where Y o,m and Y c,m are the observed and calculated intensities at point m, w m = 1/s(Y o,m )² with s(Y o,m ) being the error in Y o,m , M is the number of data points and P, the number of parameters.

The powders were characterized by scanning electron microscopy (SEM), Zeiss, Merlin-type microscope.

Electrochemical characterization

Electrochemical tests were performed in two-electrode configuration using CR2032 coin cells. The positive electrode was composed of 80 wt % of active material, 15 wt % of acetylene black for electrical conductivity, and 5 wt % of PTFE as binder. About 6 mg of this mix was pressed (4 tons/cm²) and placed on a stainless-steel current collector. Li metal was used as negative and reference electrodes and Whatman glass fibers paper separators were soaked with 1 M LiPF 6 electrolyte solution (EC:DMC 1:1 in volume). Coin-cells were assembled in argon-filled glovebox with water and oxygen concentrations lower than 1 ppm. Electrochemical experiments were carried out at 20°C with a VMP3 Biologic potentiostat at a C/10 rate (i.e. 1 Li + /LiMn 2-x Ni x O 4 exchange in 10h).

Density Functional Theory calculations (DFT)

Density Functional Theory calculations were performed with Vienna Ab initio Simulation Package 48 using the projector augmented-wave method [START_REF] Blochl | Projector augmented-wave method[END_REF] to describe ion-electron interactions and the exchange-correlation functional by the generalized gradient approximation (GGA) within the Perdew-Burke-Ernzerhof (PBE) framework [START_REF] Perdew | Atoms, molecules, solids and surfaces: applications of the generalized gradient approximation for exchange-correlation[END_REF][START_REF] Perdew | Generalized gradient approximation made simple[END_REF] . A Hubbard correction term +U was applied to correctly evaluate the associated redox potential [START_REF] Zhou | First-principles prediction of redox potentials in transition-metal compounds with LDA+U[END_REF][START_REF] Wang | Oxidation energies of transition metal oxides within the GGA+U framework[END_REF] . U values were set to 3.9 and 6.2 for Mn and Ni respectively. Several cells and supercells were generated to depict various Ni/Mn disorder and APB defects. The k-point sampling has been adjusted for each cell and the high energy cutoff was fixed to 520 eV. All calculations were performed within the P1 space group to ensure free movement of all species during geometry optimizations. The default thresholds were used: electronic energies were converged to 10 -4 eV using Gaussian smearing with width of 0.05 eV, and geometry optimization was stopped for energy difference below 10 -3 eV. We have checked that the tetrahedron method including Blöchl correction gives exactly the same electronic energy as Gaussian smearing.

Results and discussion

Overall analysis of TOF neutron data

It is commonly reported that increasing the LiMn 1.5 Ni 0.5 O 4 synthesis temperature lowers the degree of Ni/Mn ordering [START_REF] Li | High-voltage positive electrode materials for lithium-ion batteries[END_REF][START_REF] Manthiram | A perspective on the high-voltage LiMn 1.5 Ni 0.5 O 4 spinel cathode for lithium-ion[END_REF][START_REF] Cabana | Composition-structure relationships in the Li-ion battery electrode material LiNi 0.5 Mn 1.5 O 4[END_REF] and increases the average grain size [START_REF] Cabana | Comparison of the performance of LiNi 1/2 Mn 3/2 O 4 with different microstructures[END_REF] . In the nickel-rich part of the LiMn 2-x Ni x O 4 solid-solution (0.38 ≤ x ≤ 0.5), our TOF-PND patterns confirm this trend, as shown for LiMn 1.52 Ni 0.48 O 4 composition (Figure 2). As a primary observation of Figure 2a, LiMn 1.52 Ni 0.48 O 4 patterns of samples prepared at temperature of 800°C and higher are easily indexed using the normal spinel structure description within the Fd-3m space group, suggesting a random distribution of the Ni 2+ and Mn 4+ cations in octahedral sites while the 700°C sample exhibits many extra peaks belonging to the lower symmetry space group, P4 3 32, demonstrating the Ni/Mn ions order (blue marks below 700°C pattern on Figure 2a). Moreover, In accordance with a favored grain growth above 750°C [START_REF] Cabana | Comparison of the performance of LiNi 1/2 Mn 3/2 O 4 with different microstructures[END_REF] , a significant decrease of the peak width is observed for sample prepared at 800°C and higher (Figure 2b). it is confirmed by SEM images recorded from samples prepared at 700°C and 900°C powders (Figure 2d). A careful examination of the background around 1.75 and 2.25 Å in Figure 2a indicates the presence of weak diffuse scattering caused by a remaining Ni 2+ /Mn 4+ local ordering and which shows up more clearly in the patterns collected using the low angle detector (Figure 2c). A clear broadening of 110, 210 and 211 reflections is apparent for 800 and 850°C while a large diffuse peak, composed of the 210 and 211 reflections overlap is still existing on the 900°C pattern, thus indicating the signature of a remaining short-range order between Ni 2+ and Mn 4+ ions. 3c and 3d respectively. For this composition, the sample prepared at 700°C is easily indexed using the P4 3 32 space group, which demonstrates a clear ordering between Ni and Mn ions. Raising the synthesis temperature leads to a slight peak broadening of hkl reflections with mixed odd and even indexes, in line with the reduction of the Ni/Mn ordering size domains. However, compared to LiMn 1.52 Ni 0.48 O 4 patterns (Figure 2a andc), for synthesis at 800°C and higher, the Ni/Mn ordering still occurs on a longer scale. 

APB-related peak broadening models

To go further in the analysis and evaluate the average coherence lengths of these APB domains, specific peak broadening rules were introduced to the Rietveld refinement procedure. As previously described for TOF diffraction experiment, the sample crystallite size contribution to the peak full width half maximum (FWHM) is given by the expression 47 :

(1) where is the full width half maximum of a given hkl peak, is the interplanar distance related to the hkl plane, , the average crystallite size, and , one coefficient of the expression linking the neutron time-of-flight TOF to the d spacing value ( ). For reflections with hkl indexes of mixed parity, an additional parameter must be introduced to figure out the probability of crossing an APB into a crystallite:

(2) were is the probability to cross an APB within the crystallite coherence length along the [hkl] direction. According to Scardi [START_REF] Leoni | Whole powder pattern modelling: microstructure determination from powder diffraction data[END_REF] , no general formula exists to account for the APB related peak broadening, since the expression of is dependent of the lattice orientation of the APB and to the local arrangement at this boundary. Explicit formulae for only few systems such as AuCu 3 [START_REF] Scardi | Diffraction whole-pattern modelling study of anti-phase domains in Cu 3 Au[END_REF][START_REF] Wilson | The reflexion of X-rays from the 'anti-phase nuclei' of AuCu 3 . II[END_REF][START_REF] Warren | X-ray diffraction[END_REF] , were determined for various types of APB. Based on Wilson and Zoldos method devoted to AuCu ). Peculiarly, additional grain boundary configurations were settled and included in the model to account for the noncentrosymmetric nature of the reverse spinel structure. Hence, 8 different domains are possible, 4 with the P4 3 32 space group defined relative to one another by a/2<110> translations and the 4 equivalent enantiomorphs within the P4 1 32 space group. A representation of the 8 possible domains as proposed by Lefebvre et al with the associated translation is given in S.I.1 [START_REF] Portier | Enantiomorphous domains in stoechiometric lithium aluminate LiAl 5 O 8[END_REF] . As indicated in the introduction, ions filling the octahedral sites of the spinel structure form tetrahedra linked to others by their apices (Figure 1d). For the ordered LiFe 5 O 8 (P4 3 32 space group), the same scheme is present with only one lithium per tetrahedral unit. Therefore, APB domains can be either conservative (i.e. preserved local ordering of the tetrahedral unit) or no-conservative (i.e. the 1:3 ratio of the tetrahedral unit can be broken at the boundary). Only conservative boundary cases were treated in [START_REF] Cheary | Investigation of antiphase domains in lithium ferrite by analysis of the broadened X-ray diffraction lines[END_REF] to respect the tetrahedral unit charge invariance principle proposed by Anderson [START_REF] Anderson | Ordering and antiferromagnetism in ferrites[END_REF] . Based on DFT calculation, Lee and Persson demonstrated for LiMn 1.5 Ni 0.5 O 4 that nickel filled octahedron are surrounded only by manganese filled octahedra [START_REF] Lee | Revealing the coupled cation interactions behind the electrochemical profile of Li x Ni 0.5 Mn 1.5 O 4[END_REF] , which corresponds to the tetrahedral unit charge invariance principle encountered in LiFe 5 O 8 55 . Then, the application of Cheary and Grimes's work to LiMn 1.5 Ni 0.5 O 4 APB's problem is straightforward since this spinel is isostructural to LiFe 5 O 8 (Fe 3+ in 12d and 8c positions in LiFe 5 O 8 are replaced by Mn 4+ and Li + respectively while Li + in 4a site in LiFe 5 O 8 is replaced by Ni 2+ ). We then used the hkl dependent broadening probability to cross an APB within the crystallite size as proposed in [START_REF] Cheary | Investigation of antiphase domains in lithium ferrite by analysis of the broadened X-ray diffraction lines[END_REF] to analyze our data. For conservative boundaries forming on {100} planes between two different domains with h, k and l all positive and h ≥ k ≥ l 26 :

(3)

where N = h² + k² + l² and the probability to cross an APB. For conservative boundaries forming on {110} planes with h, k and l all positive and with h ≥ k ≥ l 26 :

(4)

In both cases, the mean domain thickness is given by since for a given orientation domain, 7 possible domains can be encountered (3 with origin translated by a/2<110> and 4 with the enantiomorphic structures). Examples of {100} and {110} planar defect position in the Ni/Mn network are given in S.I.2. Moreover, a random model has been evaluated, where the mean domain thickness is given by , referred to as {random} here after. Occupancies by Mn and/or Ni ions have been refined for both 4a and 12d sites, with an overall occupancy constrained to 100%. Consequently, partial substitution between Ni and Mn was allowed, as reported in [START_REF] Cabana | Composition-structure relationships in the Li-ion battery electrode material LiNi 0.5 Mn 1.5 O 4[END_REF][START_REF] Kim | Integrated nano-domains of disordered and ordered spinel phases in liNi 0.5 Mn 1.5 O 4 for Li-ion batteries[END_REF] , but no constraint was introduced between the two transition metal sites, allowing to refine the Ni/Mn ratio. Hence, the resulting refined transition metal composition can differ from the starting transition metal ratio.

Allowing the oxygen site occupancies to refine did not lead to any significant change from 1.0. Thus, there was no evidence for anion vacancies in our samples from TOF-PND data and these occupancies were fixed.

Examples of fitted neutron diffraction patterns using the three different APB peak broadening corrections are plotted for LiMn respectively. For all models and samples, the APB peak broadening correction integration strongly improves the refinement. However, careful examinations of selected region highlight subtle differences between these models. For example, comparison of the 1.7-2.6 Å d-spacing region of LiMn 1.58 Ni 0.42 O 4 prepared at 800°C indicates subtle discrepancies in the fits to the 321 and 332 peaks using the {110} model (Figure 4c). Better fits are obtained using the {random} and {100} descriptions (Figure 4a and 4b, respectively). Refinements TOF-PND patterns of LiMn 1.52 Ni 0.48 O 4 (S.I.5), which exhibits broader Ni/Mn ordering peaks, look equivalent when performed with {100} and {random} models while 320 and 411/330 peaks are not well described with the {110} model. Since these differences are subtle, a better comparison between these 3 models can be achieved using the statistical indexes GOF and Rwp. Hence, GOF and Rwp statistical indicators were directly compared to evaluate the three models since each model involves the same number of refined parameters. Indeed, a single parameter is used to describe the APB peak broadening, and only the hkl dependence differs between these 3 models. In addition, structural parameters such as atomic positions and cell parameters remain similar for the three models. GOF and Rwp indicators for pairs of models are plotted against one another in Figure 5. Both GOF and Rwp indicate that {100} and {random} models are equivalent whatever the sample composition and temperature synthesis (Figure 5a andb). Indeed, most of the points fall with a very small dispersion on the straight line, which indicates equal values. In Figure 5c andd The {random} model, which features independent isotropic domain shape and size within the grain, should be composed of the different allowed types of APB which fulfill the tetrahedral charge invariance rule. Most of the possible APBs lie on the {100} and {110} schemes (which have equal numbers of allowed boundaries) followed by a single possible boundary along {111} planes (between two enantiomorphic structures only) [START_REF] Cheary | Investigation of antiphase domains in lithium ferrite by analysis of the broadened X-ray diffraction lines[END_REF] . Then, within the {random} model, APBs delimiting the Ni/Mn ordered domains might be mainly composed of {100} and {110} APB types without figuring a peculiar shape. To get more insight on the APB nature and select the most appropriate correction model, DFT calculations were performed.

Energy calculations of different defect configurations in LiMn 1.5 Ni 0.5 O 4 using DFT

Since the disorder/defect generation in the Ni/Mn sublattice is directly related to the synthesis temperature increase, energy differences between the ordered ground state (P4 3 32) and various defect configurations of the ideal composition LiMn 1.5 Ni 0.5 O 4 were performed. For each fully lithiated configuration (LiMn 1.5 Ni 0.5 O 4 ), the lithium-free equivalent composition (Mn 1.5 Ni 0.5 O 4 ) has been calculated to evaluate the average operating voltage. The lithium electrochemical extraction/insertion reaction of a material Li x1 MO can be written as:

Li x1 MO ⇌ Lix2MO + (x 1 -x 2 )Li (x 1 > x 2 ) (5) 
According to [START_REF] Ceder | Application of first principles calculations to the design of rechargeable Li-batteries[END_REF][START_REF] Urban | Computational understanding of Li-ion batteries[END_REF] , the entropic contributions to the reaction Gibbs energy G r are small at low temperature, the free energy at 0 K can be used directly. Then, the equilibrium voltage of the cell reaction of equation 5 is given by: where , and (1.905 eV) are the free energies of Li x1 MO, Li x2 MO and Li, is the Faraday constant. This evaluation is of utmost importance to ensure a realistic description of the system, since it has been demonstrated that Ni/Mn local ordering impacts the voltage profile [START_REF] Lee | Revealing the coupled cation interactions behind the electrochemical profile of Li x Ni 0.5 Mn 1.5 O 4[END_REF] . Moreover, several supercells were used depending on the defect/disorder nature. Then, to avoid biased evaluation of the difference energy with the perfectly ordered ground state, the P4 3 32 structure has been adapted and calculated for all the supercells. Table 1 summarizes cell dimensions and k-point sampling used for each configuration, cell parameters and free energies for lithiated (LiMn 1.5 Ni 0.5 O 4 ) and lithium-free compositions (Mn 1.5 Ni 0.5 O 4 ) and the resulting average voltage calculated from these energies. Projection in the ab-plane of all the supercells are available in S.I.2. Cell parameters given in Table 1 are those corresponding to the original cubic unit cell and not the supercell. The random distribution configuration refers to a randomized distribution of the Mn/Ni ions in a 2 x 2 x 2 supercell while the partial disorder features a Mn/Ni repartition in the same cell with respect to the tetrahedral unit charge invariant (S.I.6). Hence, in the latter, the transition metal filled octahedra sequence along <110> direction does not respect the 3 Mn -1 Ni -3 Mn… scheme but the tetrahedral units are still composed of 3 MnO 6 and 1 NiO 6 (Figure 1, S.I.6).

For all the configurations, cell parameters of the reduced phase LiMn 1.5 Ni 0.5 O 4 reach ~8.28 Å instead of ~8.17 Å experimentally [START_REF] Manthiram | A perspective on the high-voltage LiMn 1.5 Ni 0.5 O 4 spinel cathode for lithium-ion[END_REF]8,[START_REF] Kim | Comparative study of LiNi 0.5 Mn 1.5 O 4- and LiNi 0.5 Mn 1.5 O 4 cathodes having two crystallographic structures: Fd-3m and P4 3 32[END_REF] . For the oxidized phase Mn 1.5 Ni 0.5 O 4 , cell parameters of ~8.16 Å are obtained instead of the ~8.00 Å experimental value [START_REF] Manthiram | A perspective on the high-voltage LiMn 1.5 Ni 0.5 O 4 spinel cathode for lithium-ion[END_REF][START_REF] Idemoto | Crystal structural change during charge-discharge process of LiMn 1.5 Ni 0.5 O 4 as cathode for 5V class lithium secondary battery[END_REF] . These overestimations of 1.4% and 2% respectively, are usually observed with GGA+U calculations (~2%) [START_REF] Lee | Revealing the coupled cation interactions behind the electrochemical profile of Li x Ni 0.5 Mn 1.5 O 4[END_REF][START_REF] Chen | Origin of the Ni/Mn ordering in high-voltage spinel Lini 0.5 Mn 1.5 O 4 : the role of the oxygen vacancies and cation doping[END_REF][START_REF] Xu | Factors affecting Li mobility in spinel LiMn 2 O 4 -A first-principles study by GGA and GGA+U methods[END_REF] .

The average calculated voltage from the 1 x 1 x 1 P4 3 32 configuration free energies (eq. ( 6)) reaches 4.786 V vs Li + /Li, which is in excellent agreement with measured values 8 and previous calculations 56, 60,62 . The same local ordering, whatever the supercell size and shape, leads to an average voltage of 4.787 V vs Li + /Li. The energy difference E, which is the difference between the free-energy of a model configuration and the ordered structure free-energy, is used to compare the various configuration. The 2 x 2 x 2 supercell with random disorder configuration leads to a significative increase of the free energy compared to the P4 3 32 configuration, with E = 289.6 meV (27.9 kJ mol - 1 ). 
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For Li-free cells, the free-energy increase is limited to E = 36.1 meV (3.5 kJ mol -1 ). It is worth notice that in Li-free cells, all the transition metal ions are in the 4+ oxidation state. The associated calculated average voltage value of 4.533 V vs Li + /Li is far below the experimental one. Hence, the random disorder configuration may not be physically realistic due to the large E between lithiated cells and the underestimated cell voltage. The partial disorder configuration provides a more probable scenario compared to the random disorder since the average cell voltage value (4.748 V vs Li + /Li) remains close to the experimental voltage, andE are limited to 43.2 meV (4.2 kJ mol -1 ) and 4.0 meV (0.38 kJ mol -1 ) for lithiated and Li-free cells respectively. These results are consistent with previous reports [START_REF] Lee | Revealing the coupled cation interactions behind the electrochemical profile of Li x Ni 0.5 Mn 1.5 O 4[END_REF][START_REF] Boulet-Roblin | Versatile approach combining theoretical and experimental aspects of Raman spectroscopy to investigate battery materials: the case of LiNi 0.5 Mn 1.5 O 4 spinel[END_REF] . The {100} and {110} defect configuration energies were computed with 4 x 2 x 1 and x 3 x 1 supercells, respectively. In both cases, the average calculated voltage was estimated to 4.781 V vs Li + /Li. Introduction of {100} or {110} defects in LiMn 1.5 Ni 0.5 O 4 cell leads to limited increase of free energy, with E {100} = 5.9 meV (0.57 kJ mol -1 ) and E {110} = 6.9 meV (0.67 kJ mol -1 ), respectively. For Li-free composition Mn 1.5 Ni 0.5 O 4 , introduction of defect has almost no effect on the free energy for both configurations, with E {100} = 0.4 meV (38 J mol -1 ) and E {110} = 0.5 meV (48 J mol -1 ). It is worth noticing that the defect density in these supercells is important since the distance between two consecutive defects reaches ~16 Å and 17 Å for {100} and {110} configurations. Hence, a 3-dimensional distribution of these defects with such high density is sufficient to explain the apparent disordered Fd-3m structure. As a result, APB defect formation in LiMn 1.5 Ni 0.5 O 4 is clearly favoured compared to the random distribution scheme or, by a lesser extent, to the partial disorder.

Due to the different shape and volume of supercells used to evaluate these defect energies, we expressed their energies in meV.Å -2 (mJ.m -2 ) according to 64 : (5) where and are the free energies of the LiMn 1.5 Ni 0.5 O 4 supercells with and without the APB defect, is the surface separating the two domains in the middle of the supercell (S.I.2). Due to the periodicity of supercell, 2 APB are present in each. APB defect energies reach 1.72 meV Å -2 (27.6 mJ m -2 ) and 1.34 meV Å -2 (21.5 mJ m -2 ) for {110} and {100} orientations, respectively. These results deserve several comments. First, for both defect configurations, the very low energy suggests a peculiarly low impact on the local structure at the defect boundary. Hence, the local structure in the vicinity of these defects should not be drastically affected while the partial order and random configurations are expected to be significantly disturbed. Ni-O and Mn-O bond length distributions in LiMn 1.5 Ni 0.5 O 4 clearly demonstrate the free-energy / local disorder relation (histogram bin size: 0.01 Å, Figure 6). In the ordered P4 3 32 relaxed structure, Ni 2+ ions are located in a regular octahedral site with 6 Ni-O bonds of 2.085 Å while Mn 4+ fill a slightly distorted site, with Mn-O bonds of 1.9618 Å (x2), 1.9349 Å (x2) and 1.9072 Å (x2), in line with experimentally reported values: [START_REF] Cai | Unraveling structural evolution of LiNi 0.5 Mn 1.5 O 4 by in situ neutron diffraction[END_REF] . The bond length differences between Ni-O and Mn-O are coherent with the ionic radii of Mn 4+ (53 pm) and Ni 2+ (69 pm) [START_REF] Shannon | Revised effective ionic radii and systematic studies of interatomic distances in halides and chalcogenides[END_REF] . Introduction of APB defects in these LiMn 1.5 Ni 0.5 O 4 cells marginally disturbs this distribution as indicated in Figure 6a and6b. Conversely, if partial order scheme spreads bond length distributions with still distinctives Mn-O and Ni-O sets (Figure 6c), the random Ni/Mn repartition within the structure yields to an overlap between Ni-O and Mn-O distributions (Figure 6d). In the latter, the spread Mn-O bond length distribution suggests a charge redistribution on the transition metal ions. Longer Mn-O bond lengths (> 2Å) are attributed to the presence of some Mn 3+ , and conversely, shorter Ni-O bond lengths lie with the presence of Ni 3+ . The non-respect of the tetrahedron invariance rule is responsive of this charge redistribution. Hence, introduction of APB defects in the structure does not disturb drastically transition metal local environments, which is in line with reports of other groups based on Pair Distribution Function analyses of LiMn 1.5 Ni 0.5 O 4 samples [START_REF] Liu | Nanoscale Ni/Mn ordering in the high voltage spinel cathode LiNi 0.5 Mn 1.5 O 4[END_REF][START_REF] Chen | Lattice-cell orientation disorder in complex oxides[END_REF] . In a lesser extent, Ni-O and Mn-O bond length distributions of Random and partial disorder Li-free Mn 1.5 Ni O.5 O 4 configurations are disturbed by the defect introduction (Figure S.I.7). Those of {110} and {100} APB model almost overlap with the ordered one. These observations are consistent with the lower free energy differences E reported in Table 1 for Li-free Mn 1.5 Ni 0.5 O 4 than for the LiMn 1.5 Ni 0.5 O 4 compositions. This fact is simply explained by the smaller ionic radius difference of Mn 4+ (53 pm) with Ni 4+ (48 pm) than with Ni 2+ (69 pm) [START_REF] Shannon | Revised effective ionic radii and systematic studies of interatomic distances in halides and chalcogenides[END_REF] . Second, for in LiMn 1.5 Ni 0.5 O 4 , the {100} defect configuration exhibits a slightly lower energy than the {110} one. Between these two configurations, the {100} might be favoured. Neutron diffraction analyses reported in the previous section supports this result, even though the difference between the energies of these two defect configurations is very small. Therefore, the analyses below of cell parameter and APB domain size evolutions with the nickel content and synthesis temperature are performed with the {100} peak broadening correction. It is worth noticing that analyses with {random} correction provides similar domain sizes. The {110} scheme has been discarded, due to the overall lower fit quality (Figure 5) and its slightly lower stability from DFT calculations.

d Ni-O = 2.062 Å (x6), d Mn-O (1) = 1.933 Å (x2), d Mn-O (2) = 1.910 Å (x2) and d Mn-O (3) = 1.880 Å (x2)

LiMn 2-x Ni x O 4 spinel compositions and rock salt impurity presence

Increasing the synthesis temperature leads to the presence of a rock-salt type impurity in the samples. Usually, such an impurity is nickel rich and therefore it tends to lower the nickel content of the spinel phase [START_REF] Cabana | Composition-structure relationships in the Li-ion battery electrode material LiNi 0.5 Mn 1.5 O 4[END_REF][START_REF] Zhong | Synthesis and electrochemistry of LiNi x Mn 2x O 4[END_REF] . Thus, the refined nickel contents of these spinels were determined from the transition metal site occupancies (structural parameters of all the refinements performed with the {100} model are given in S.I.8 to S.I.11). However, since its composition is still ill defined and subject to discussion, it has been introduced in the refinement procedure in profile matching mode (LeBail method) only with a 2x2x2 supercell of cell parameter of ~8.29 Å [START_REF] Mccalla | Structural study of the Li-Mn-Ni oxide pseudoternary system of interest for positive electrodes of Li-ion batteries[END_REF] . Cell parameters as a function of the refined nickel contents of these spinels are plotted in Figure 7. For all synthesis temperatures, higher nickel contents result in smaller unit cell parameters, and for each temperature the cell parameter evolution vs Ni refined content exhibits an approximately linear behavior. In addition, raising the synthesis temperature for a given nickel refined content induces an increase in the cell parameter. For example, with an initial Ni/Mn ratio of 0.38, the cell parameter increases from 8.1783(5) Å for the sample synthesized at 700°C to 8.1873(5) Å for the sample prepared at 900°C. Such increase is partly attributed to the slightly higher Ni refined content in the 700°C sample compared to sample prepared at higher temperature (x Ni 700°C = 0.385(1) and x Ni 900°C = 0.377(1)). Moreover, a small amount of oxygen vacancies leads to an increase of Mn 3+ concentration, which can be responsive of the cell parameter dilation. Hence, a small number of vacancies, not detected by TOF-PND, can be present. For nickel rich samples, the higher nickel content of the LiMn 2-x Ni x O 4 solid solution, usually reported as x Ni = 0.5, is never reached, especially for samples prepared at 900°C where the maximum nickel content does not exceed x Ni = ~ 0.45. For temperatures lower than 900°C, there is no evidence of rock-salt impurity in any off the samples and the maximum nickel content is found to come within the range 0.47 and 0.49. 

Crystallite size and APB domain thickness

A systematic evaluation of the APB domain dimension and particle size has been conducted for all the samples, using the {100} correction. As illustrated in S.I.12, the results show two distinct groups of crystallite sizes. The first group, composed of samples prepared at 800°C and higher, exhibits crystallite sizes larger than 2 µm. It is worth noticing that with these large coherent domains, the sample contribution to the FHMW becomes marginal compared to the instrumental contribution. The second group comprises those prepared at 700°C where the crystallite size does not exceed 250 nm due to a lack of grain growth. SEM images (Figure 2d) presented earlier are in line with these observations. APB domain mean dimensions as a function of the synthesis temperature and refined nickel compositions of the spinel phase are shown in Figure 8. For 700°C, APB domains growth with the nickel content, with a maximum of 109 nm reached for the richest composition obtained LiMn 1.519(1) Ni 0.481(1) O 4 , which is similar of the same order of magnitude than the mean crystallite size (114 nm). As a result, for a synthesis temperature of 700°C, the Ni/Mn ordered domain size for the Ni-richest composition is mainly limited by the mean crystallite size and the absence of grains growth. Interestingly, lower is the nickel content, lower is the APB domain size, while the mean crystallite sizes fluctuate between 80 to 180 nm. The APB domain thickness, with a minimum of 13.0(5) nm for LiMn 1.615(1) Ni 0.385(1) O 4 increases linearly with the nickel content. Compared to the Ni/Mn mean domain thickness evolution of samples prepared at 700°C, the APB domain size evolution for samples prepared at temperature of 800°C and higher, is drastically different. For 800°C and 850°C, similar trends are observed for APB domain size evolution versus refined spinel nickel content. APB domain sizes observed in the composition with lowest x, LiMn 1.62 Ni 0.38 O 4 , are 16 and 9 nm for synthesis temperatures of 800°C and 850°C respectively. The mean size then gradually increases with the nickel content to reach a maximum around x Ni = ~0.44 of 28 nm before decreasing down to 4 nm (800°C) and 3 nm (850°C). A similar trend is observed for 900°C samples with smaller domain sizes and diminution of the maximum nickel content, due to the nickel rich rock-salt impurities. As a result, the maximum APB domain thickness is observed for LiMn 1.584(6) Ni 0.416( 6) O 4 with 20 nm. The lowest value, determined in LiMn 1.547 (7) Ni 0.453(7) O 4 (the richest nickel composition), is approximately 2.5 nm. The general trend observed for samples prepared at 800°C and higher raises several points. First, a domain size maximum is systematically observed slightly below the maximum nickel content in the spinel, between x Ni = ~0.41 at 900°C to x Ni = ~0.435 at 800°C. Second, close to the Ni-rich limit, the ) is due to this rock-salt impurity formation. Hence, this equilibrium between the spinel and the rock salt phases probably facilitates the APB formation due to the local reorganization induced by the Ni ions migration. Last, below x Ni = 0.41-0.43, the domain sizes gradually decrease, probably due to the ability of the system to break the Ni/Mn overall ordering without violation of the tetrahedral charge invariance [START_REF] Anderson | Ordering and antiferromagnetism in ferrites[END_REF] . In both plots, a contribution at 4.0-4.1 V is observed followed by two successive voltage plateaus in the 4.67 -4.80 V narrow voltage window. The 4.0-4.1 V contribution is related to the Mn 3+ /Mn 4+ redox couple and indicates the presence of Mn 3+ ions presence in the reduced electrode (Li 1 Mn 2-x Ni x O 4 ). The evolution of the Mn 3+ /Mn 4+ contribution to the faradaic yield, i.e., the Mn 3+ fraction, is reported in Figure 9c. In addition, from the chemical composition, Mn 3+ expected contribution to the faradaic yield in LiMn 2-x Ni x O 4 is defined as . Hence, based on neutron diffraction refinements presented above and assuming a stoichiometric amount of oxygen, Mn 3+ contribution was evaluated and is presented in Figure 9c for comparison. For LiMn 1.5 Ni 0.5 O 4 initial composition samples, both electrochemical measurements and neutron diffraction exhibit the same trend with similar values. From TOF-PND analysis, the Mn 3+ fraction is calculated to be 3.9 % for the 700°C sample and increases to 10.3 % for the 900°C sample. These values are in excellent agreement with those extracted from galvanostatic oxidation curves, reaching 2.3 and 10.7 %, respectively. Then, for such starting composition, resulting products may not contain a significant amount of oxygen vacancies and the Mn 3+ content is attributed to the lower nickel solubility in the spinel phase at higher temperature. As a result, the weight loss reported elsewhere for the LiMn 1.5 Mn 0.5 O 4 initial composition is attributed to the rock-salt phase impurity formation, which implies oxygen losses when obtained from a spinel phase [START_REF] Thackeray | The thermal stability of lithiummanganese-oxide spinel phases[END_REF][START_REF] Matsuda | Low Temperature Synthesis of High Crystalline Spinel Oxides: LiNi 1/2 Mn 3/2 O 4[END_REF] . The behavior of LiMn 1.6 Ni 0.4 O 4 initial composition samples is slightly different. From electrochemical measurements, an ill-defined trend suggests a stable Mn 3+ fraction of around 23% excepted for the 700°C sample which shows a slightly lower Mn 3+ content (~19%). From TOF-PND, whatever the temperature, the Mn 3+ content remains constant, at a mean value of 20-21%. Both experimental techniques show similar Mn 3+ content for all synthesis temperatures. However, few oxygen vacancies are possibly present for samples prepared at 800°C and higher, according to the 4 % Mn 3+ fraction increase observed compared to the sample prepared at 700°C.

Influence on the electrochemical properties

As already reported by Casas-Cabanas et al [START_REF] Casas-Cabanas | Atomic defects during ordering transitions in LiNi 0.5 Mn 1.5 O 4 and their relationship with electrochemical properties[END_REF] , the voltage difference E between the two plateaus is affected by the presence of APB defects. Figure 9d shows the voltage differences as a function of the synthesis temperature for LiMn 1.5 Ni 0.5 O 4 and LiMn 1.6 Ni 0.4 O 4 initial compositions. As evidenced for LiMn 1.5 Ni 0.5 O 4 initial composition (Figure 9a), larger defect concentration result in higher E. Hence, two voltage plateaus, with a narrow E of 15mV, are observed for the 700°C sample while the 900°C sample exhibits a clear E of ~54 mV. This might be correlated to the increasing disorder in the structure by raising the defect concentration (reduction of the average APB domain size) and the Mn 3+ ions content increases, induced by the lower nickel solubility for high synthesis temperatures. The substitution of a nickel ion in a tetrahedral unit by a manganese induces local distortion and disorder, due to a charge redistribution on the surrounding Mn ions. On the contrary, the voltage difference E all the LiMn 1.6 Mn 0.4 O 4 samples prepared at different temperatures remain in the ~28 -37 mV range and is not drastically affected. As can be seen in Figure 8, the APB domain sizes are almost identical for all synthesis temperatures and the Ni/Mn ratio in the spinel does not vary significantly. Only the Mn 3+ ions content evolves slightly for the LiMn 1.6 Ni 0.4 O 4 (Figure 9c), in good accordance with the limited E variation observed in Figure 9d. The LiMn 1.5 Ni 0.5 O 4 sample prepared at 900°C and analyzed in the above sections has been subsequently annealed at 700°C for two weeks. TOF-PND pattern collected for this sample indicates a clear ordering of the Ni/Mn sublattice according to the P4 3 32 space group and the Rietveld refinement within the {100} defect scheme leads to a large APB domain size of ~360 nm (Figure 10a). Hence, thanks to the production of micrometer-sized crystallites during the 900°C synthesis process (see Figure 2d), further annealing at 700°C serves to increase the size of Ni/Mn long range ordered domains by a factor 3 compared to the direct synthesis at 700°C (APB domain size of 80-100 nm for 700°C sample). In addition, no trace of the rock-salt impurity was evidenced and the refined nickel content in the spinel phase is higher than that of the original 900°C sample, close to the precursor Ni/Mn ratio (0.495 compared to 0.448). Hence, the nickel-rich rock-salt impurity formation from the spinel phase appears to be reversible with an annealing at appropriate temperature. These results are supported by the electrochemical curves displayed in Figure 10b. Specific capacities exhibited by the 700°C sample and the 900°C sample one annealed at 700°C are both the same, 137 mA h g -1 , with a quasi-overlap of the galvanostatic curves. This contrasts with a lower specific capacity for the unannealed 900°C sample of only 131.7 mA h g-1 which we attribute to the weight penalty of the rock-salt impurity. In addition, the 900°C sample exhibits two well separate plateaus at 4.7 and 4.75 V vs Li + /Li and a contribution at 4-4.1 V due to Mn 3+ /Mn 4+ redox couple contribution. 

Conclusions

To summarize, using TOF-PND experiments we have been able to observe and characterize domains of Ni/Mn ordering in the nickel-rich part of the LiMn 2-x Ni x O 4 solid solution (0.38 ≤ x ≤ 0.50), retained to room temperature even in samples synthesized at 900°C. These Ni/Mn ordered domains, smaller than the overall crystallite size, are separated by antiphase domain boundaries (APB). Diffraction peaks with hkl indexes of mixed parity and whose intensity contributions only come from the Ni/Mn order, exhibit a broadening related to the APB density in the crystallite. Hence, the TOF-PND data set has been analyzed as a single ordered spinel structure within the P4 3 32 space group, and an additional parameter representing the probability of crossing an antiphase domain boundary used to model the peak broadening. According to previous studies on LiMn 1.5 Ni 0.5 O 4 [START_REF] Lee | Revealing the coupled cation interactions behind the electrochemical profile of Li x Ni 0.5 Mn 1.5 O 4[END_REF] and on the isostructural phase Li 0.5 Fe 2.5 O 4
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, APB boundary must be conservative, i.e. in LiMn 2-x Ni x O 4 phases two adjacent Ni-filled octahedra are not allowed. Then, based on the hkl-dependent peak broadening models developed in [START_REF] Cheary | Investigation of antiphase domains in lithium ferrite by analysis of the broadened X-ray diffraction lines[END_REF] , we demonstrate that the preferred direction for conservative APB propagation is along {100} planes rather than {110} planes. The random orientation scheme cannot be discounted from the TOF-PND structure models since it provides similar agreement factors to the {100} configuration. However, the conservative condition is needed.

DFT calculations performed in this work support the absence of adjacent NiO 6 octahedrons claimed elsewhere [START_REF] Lee | Revealing the coupled cation interactions behind the electrochemical profile of Li x Ni 0.5 Mn 1.5 O 4[END_REF][START_REF] Boulet-Roblin | Versatile approach combining theoretical and experimental aspects of Raman spectroscopy to investigate battery materials: the case of LiNi 0.5 Mn 1.5 O 4 spinel[END_REF] : a random Ni/Mn distribution into the occupied octahedrons of the structure leads to a large increase of the free energy, of +289.6 meV / f.u. (27.9 kJ mol -1 ) compared to the ordered structure, while a partial disorder, respecting the tetrahedral charge invariance, limits this augmentation to 43.2 meV / f.u. (4.2 kJ mol -1 ). Moreover, the introduction of {100} and {110} conservative APB defects in supercells (4 x 2 x 1 and x 3 x 1 respectively) does not affect significatively the free energy of the system: these planar defects lead to a free energy increase of 1.34 meV Å -2 (21.5 mJ m -2 ) and 1.72 meV Å -2 (27.6 mJ m -2 ) for {100} and {110} orientations respectively. Thus, these defects are responsible for the apparent disorder often reported for samples prepared at 900°C [START_REF] Manthiram | A perspective on the high-voltage LiMn 1.5 Ni 0.5 O 4 spinel cathode for lithium-ion[END_REF][START_REF] Cabana | Composition-structure relationships in the Li-ion battery electrode material LiNi 0.5 Mn 1.5 O 4[END_REF] . Although only having a small energy difference compared to the {110} configuration, the {100} orientation is preferred, in agreement with TOF-PND experimental results. Furthermore, the influence of these planar defects on the local structure of DFT relaxed cells, through the Ni-O and Mn-O bond length distributions, has been analysed. {100} or {110} APB defect introduction does not significantly disturb the Ni-O/Mn-O bond length distributions, while random and partly disordered schemes spread them. This result supports an APB driven apparent disorder evidenced here and the local ordering observed elsewhere from neutron PDF studies [START_REF] Liu | Nanoscale Ni/Mn ordering in the high voltage spinel cathode LiNi 0.5 Mn 1.5 O 4[END_REF][START_REF] Chen | Lattice-cell orientation disorder in complex oxides[END_REF] .

The coherence length of these ordered domains, and therefore the APB defect density, is mainly affected by two factors: the synthesis temperature, and the nickel content. For x > 0.40, increasing the synthesis temperature leads to an increase of the defect density for each composition. For synthesis temperatures of 800°C and above, the defect density has a marked dependence on the nickel content. The larger coherent domains are observed in the middle of the composition range studied, for x~0.43-0.44 in LiMn 2-x Ni x O 4 . For lower or higher x values, the sizes of the ordered domain decrease, with the smallest value of ~2.5 nm observed for LiMn 1.55(1) Ni 0.45(1) O 4 prepared at 900°C. In the latter sample, refined transition metal composition differs from the initial Ni/Mn ratio (1/3), due to the formation of the nickel-rich rock-salt impurity. This behavior is clear in the Ni-rich part of the phase diagram (x > 0.44) where increasing the synthesis temperature lowers the nickel content in the spinel phase. In addition, the refined compositions from TOF-PND data of our LiMn 2-x Ni x O 4 samples with initial x=0.50 prepared at various temperatures imply the confirm the presence of a fraction Mn 3+ which are in good accordance with the Mn 3+ /Mn 4+ redox couple contribution determined from galvanostatic curves. These results comfort the lowering of the nickel content with the synthesis temperature in similar proportion and rule out the presence of oxygen vacancies in our synthesis conditions. 
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Representation

Figure 1 :

 1 Figure 1: (a) and (b) Projection in the [101] direction of the LiMn 2 O 4 spinel structure. (a) LiO 4 tetrahedra and (b) MnO 6 octahedra are drawn. (c) 3D representation of ordered LiMn 1.5 Ni 0.5 O 4 and (d) Ni 2+ and Mn 4+ ions distribution in the ordered LiMn 1.5 Ni 0.5 O 4 structure. Several <110> directions of the Ni/Mn octahedron arrays are displayed. A tetrahedral unit formed by the center of the octahedra in indicated. (red, purple, grey and green spheres are oxygen, manganese, nickel, and lithium ions respectively)

Figure 2 :

 2 Figure 2: (a) TOF-PND diffraction patterns of LiMn 1.52 Ni 0.48 O 4 recorded on the Polaris backscattering detector; (b) enlarged view of the 222 peaks; (c) TOF-PND patterns recorded on the low angle detector and (d) SEM images of 700 and 900°C powder. (a) and (c) demonstrate the broadening of the Ni/Mn ordering related peaks (h, k and l of mixed even/odd parity) while (b) and (d) evidence the grain size difference.

Figure

  Figure 3a and b gather diffraction patterns of LiMn 1.62 Ni 0.38 O 4 synthesized at different temperatures (0.38 is the lower nickel content sample studied in this work). Whatever the synthesis temperature, a local ordering is evidenced on the low angle detector with the presence of broad 110, 210 and 211 reflections. Patterns recorded with the backscattering detector only evidence small and broad peaks related to Ni/Mn order. LiMn 1.58 Ni 0.42 O 4 patterns recorded with the low angle and backscattering detectors are plotted in Figure3cand 3d respectively. For this composition, the sample prepared at 700°C is easily indexed using the P4 3 32 space group, which demonstrates a clear ordering between Ni and Mn ions. Raising the synthesis temperature leads to a slight peak broadening of hkl reflections with mixed odd and even indexes, in line with the reduction of the Ni/Mn ordering size domains. However, compared to LiMn 1.52 Ni 0.48 O 4 patterns (Figure2a and c), for synthesis at 800°C and higher, the Ni/Mn ordering still occurs on a longer scale.

Figure 3 :

 3 Figure 3: (a) LiMn 1.62 Ni 0.38 O 4 low angle and (b) backscattering detector diffraction patterns. (c) LiMn 1.58 Ni 0.42 O 4 low angle and (b) backscattering detector diffraction patterns.
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 29 Cheary and Grimes adapted the hkl dependence of the APB related peak broadening to the reverse spinel LiFe 5 O 8 case (with the site distribution [Fe] tetrahedron [Li 0.5 Fe 1.5 ] octahedron O 4 26

Figure 4 :

 4 Figure 4: Part of fitted TOF diffraction patterns performed from LiMn 1.58 Ni 0.42 O 4 sample prepared at 800°C after Rietveld refinements using the 3 APB peak broadening schemes evaluated here: (a) {random}, (b) {100} and (c) {110} APB corrections.

  , all the point are below the straight line: the {110} model's statistical indices are lower in all cases and indicate that {100} model produces a better fit than the {110} one.

Figure 5 :

 5 Figure 5: Comparison of Rietveld refinement statistical indicators (a,b) between peak broadening {100} and {random} models and (c,d) between peak broadening {100} and {110} models. ((a) and (c): goodness of fit, (b) and (d): Rwp). (a) and (b) do not show significant differences between {100} and {random} models while (c) and (d) illustrate the improved fit when using the {100} model compared to {110} one.

Figure 6 :

 6 Figure 6: Ni-O and Mn-O bond length distributions in LiMn 1.5 Ni 0.5 O 4 for (a) {110}, (b) {100}, (c) {Partial dis.} and (d) {random} schemes extracted from DFT calculations. Solid grey bars correspond to the P4 3 32 ordered structure bond length distribution (Bin size: 0.01 Å).

Figure 7 :

 7 Figure 7: Cell parameter determined from TOF-PND versus refined nickel content extracted from site occupancies of the spinel phase for LiMn 2-x Ni x O 4 samples prepared at 700, 800, 850 or 900°C. Red and blue arrows indicate initial Ni/Mn ratio of 0.38 and 0.50, respectively.

Figure 8 :

 8 Figure 8: APB mean domain size extracted from the TOF neutron data Rietveld refinement as a function of the refined spinel phase refined nickel content for several synthesis temperatures (2 successive thermal treatments of 48h with an intermediate grinding). Dash-dot lines are guide for the eyes.

Figure 9a and 9b show the 5

 5 Figure 9a and 9b show the 5 th cycle oxidation curves of LiMn 1.5 Ni 0.5 O 4 and LiMn 1.6 Ni 0.4 O 4 .In both plots, a contribution at 4.0-4.1 V is observed followed by two successive voltage plateaus in the 4.67 -4.80 V narrow voltage window. The 4.0-4.1 V contribution is related to the Mn 3+ /Mn 4+ redox couple and indicates the presence of Mn 3+ ions presence in the reduced electrode (Li 1 Mn 2-x Ni x O 4 ). The evolution of the Mn 3+ /Mn 4+ contribution to the faradaic yield, i.e., the Mn 3+ fraction, is reported in Figure9c. In addition, from the chemical composition, Mn 3+ expected contribution to the faradaic yield in LiMn 2-x Ni x O 4 is defined as . Hence, based on neutron diffraction refinements presented above and assuming a stoichiometric amount of oxygen, Mn 3+ contribution was evaluated and is presented in Figure9cfor comparison. For LiMn 1.5 Ni 0.5 O 4 initial composition samples, both electrochemical measurements and neutron diffraction exhibit the same trend with similar values. From TOF-PND analysis, the Mn 3+ fraction is calculated to be 3.9 % for the 700°C sample and increases to 10.3 % for the 900°C sample. These values are in excellent agreement with those extracted from galvanostatic oxidation curves, reaching 2.3 and 10.7 %, respectively. Then, for such starting composition, resulting products may not contain a significant amount of oxygen vacancies and the Mn 3+ content is attributed to the lower nickel solubility in the spinel phase at higher temperature. As a result, the weight loss reported elsewhere for the LiMn 1.5 Mn 0.5 O 4 initial composition is attributed to the rock-salt phase impurity formation, which implies oxygen losses when obtained from a spinel phase[START_REF] Thackeray | The thermal stability of lithiummanganese-oxide spinel phases[END_REF][START_REF] Matsuda | Low Temperature Synthesis of High Crystalline Spinel Oxides: LiNi 1/2 Mn 3/2 O 4[END_REF] . The behavior of LiMn 1.6 Ni 0.4 O 4 initial composition samples is slightly different. From electrochemical measurements, an ill-defined trend suggests a stable Mn 3+ fraction of around 23% excepted for the 700°C sample which shows a slightly lower Mn 3+ content (~19%). From TOF-PND, whatever the temperature, the Mn 3+ content remains constant, at a mean value of 20-21%. Both experimental techniques show similar Mn 3+ content for all synthesis temperatures. However, few oxygen vacancies are possibly present for samples prepared at 800°C and higher, according to the 4 % Mn 3+ fraction increase observed compared to the sample prepared at 700°C.

Figure 9 :

 9 Figure 9: Galvanostatic oxidation curves recorded at C/10 rate of (a) LiMn 1.5 Ni 0.5 O 4 and (b) LiMn 1.6 Ni 0.4 O 4 samples prepared at various temperatures. (c) Mn 3+ fraction in LiMn 1.6 Ni 0.4 O 4 and LiMn 1.5 Ni 0.5 O 4 samples determined from the galvanostatic curve (open symbol) and the TOF-PND Rietveld refienement (solid symbol). (d) voltage difference E between Ni 2+ /Ni 3+ and Ni 3+ /Ni 4+ plateaus of LiMn 1.5 Ni 0.5 O 4 (black square) and LiMn 1.6 Ni 0.4 O 4 (red dot) prepared at various temperatures. 14 days annealing at 700°C of 900°C LiMn 1.5 Ni 0.5 O 4 sample

Figure 10 :

 10 Figure 10: (a) Fitted TOF-PND pattern LiMn 1.5 Ni 0.5 O 4 sample prepared at 900°C and annealed 14 days at 700°C. (b) comparison of the galvanostatic curves of 700°C, 900°C and 900°C annealed 700°C LiMn 1.5 Mn 1.5 O 4 sample.

  of the 8 possible cells; ab-plane projections of the supercells used for DFT calculations with defect position; Fitted TOF diffraction patterns performed from LiMn 1.58 Ni 0.42 O 4 and LiMn 1.52 Ni 0.48 O 4 samples prepared at 800°C after Rietveld refinements using 3 APB peak broadening schemes: {100}, {110} or {random} APB corrections; Part of fitted TOF diffraction patterns performed from LiMn 1.58 Ni 0.42 O 4 sample prepared at 800°C after Rietveld refinements using the 3 APB peak broadening schemes; 2 x 2 x 2 supercell for random Ni / Mn distribution and partial disorder respecting the tetrahedral charge invariance principle; Ni-O and Mn-O bond length distributions in Mn 1.5 Ni 0.5 O 4 for {110}, {100}, {Partial disorder} or {random distribution} schemes extracted from DFT calculations; Crystallographic Data and Atomic Positions of LiMn 2-x Ni x O 4 samples prepared at 700, 800, 850 or 900°C deduced from their Rietveld Refinements of TOF-PND Diffraction Patterns; Mean particle size estimated from TOF-neutron diffraction patterns.

  1.58 Ni 0.42 O 4 and LiMn 1.52 Ni 0.48 O 4 prepared at 800°C in S.I.3 and S.I.4

Table 1 :

 1 Calculated cell dimensions, averaged cell parameters (related to the original P4 3 32 structure), free energies, average voltage potential vs Li + /Li, and difference of free energy E between the defect/disorder configuration and the ordered structure. All the energies are given per unit formula.a partially randomized distribution of Ni/Mn ions in the octahedral sites, the tetrahedral invariant rule is respected.b fully random distribution of Ni/Mn ions in the octahedral sites.

	Cell dimension (k-point sampling)	Configuration	Cell param. (Å)	Free Energy (eV / unit f.)	Average calculated voltage (V)	E (meV / unit f.)
	1 x 1 x 1 (5 x 5 x 5)	P4 3 32	LiMn 1.5 Ni 0.5 O 4 Mn 1.5 Ni 0.5 O 4	8.2819 8.1618	-45.2221 -38.5311	4.786	
		P4 3 32	LiMn 1.5 Ni 0.5 O 4 Mn 1.5 Ni 0.5 O 4	8.2805 8.1599	-45.2240 -38.5322	4.787	
	2 x 2 x 2 (3 x 3 x 3)	Partial disorder a	LiMn 1.5 Ni 0.5 O 4 Mn 1.5 Ni 0.5 O 4	8.2819 8.1628	-45.1808 -38.5282	4.748	43.2 4.0
		Random distribution b	LiMn 1.5 Ni 0.5 O 4 Mn 1.5 Ni 0.5 O 4	8.2938 8.1574	-44.9344 -38.4961	4.533	289.6 36.1
	x 3 x 1	P4 3 32	LiMn 1.5 Ni 0.5 O 4 Mn 1.5 Ni 0.5 O 4	8.2810 8.1597	-45.2235 -38.5313	4.787	
	(3 x 1 x 5)	APB {110}	LiMn 1.5 Ni 0.5 O 4 Mn 1.5 Ni 0.5 O 4	8.2809 8.1592	-45.2166 -38.5308	4.781	6.9 0.5
	4 x 2 x 1	P4 3 32	LiMn 1.5 Ni 0.5 O 4 Mn 1.5 Ni 0.5 O 4	8.2809 8.1582	-45.2239 -38.5321	4.787	
	(1 x 3 x 5)	APB {100}	LiMn 1.5 Ni 0.5 O 4 Mn 1.5 Ni 0.5 O 4	8.2805 8.1596	-45.2180 -38.5317	4.781	5.9

  Ni/Mn ordered domain size decreases. It is attributed to the oxygen losses which lead to the formation of the rock-salt impurity. As mentioned earlier, rock-salt impurity was detected only for few samples, one prepared at 850°C and 2 prepared at 900°C (S.I.10 and 11). The reduction of the maximum nickel content observed (LiMn 1.524(2) Ni 0.476(2) O 4 at 800°C, LiMn 1.531(1) Ni 0.469(1) O 4 at 850°C, LiMn 1.552(2) Ni 0.448(2) O 4 at 900°C
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