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The reaction between P2-type honeycomb layered oxides Na2Ni2TeO6 and K2Ni2TeO6 enables the formation of NaKNi2TeO6. The compound is characterized by X-ray diffraction and 23 Na solid-state nuclear magnetic resonance spectroscopy and the structure is discussed through density functional theory calculations. In addition to the honeycomb Ni/Te cationic ordering, NaKNi2TeO6 exhibits a unique example of alternation of sodium and potassium layers instead of a random alkali-mixed occupancy. Stacking faults simulations underline the impact of the successive position of the Ni/Te honeycomb layers and validate the presence of multiple stacking sequences within the powder material, in proportions that evolve with the synthesis conditions. In a broader context, this work participates to a better understanding of the alkalimixed layered compounds.
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Introduction

Layered alkali transition metal oxides gather a wide range of chemical compositions and various correlated physical properties. Their crystallographic structure is usually described as a stacking of edge-shared MO6 octahedra layers with alkali ions being inserted in the interlayer space. Cationic substitutions within the transition metal layers are generally easy to achieve thanks to the very close ionic radii in octahedral symmetry of a wide range of elements (transition metals, and also s-and p-block elements).This chemical diversity offers a wonderful playground for chemists and physicists to design multi-metal layered oxides and to tune their electronic properties, as witnessed by the tremendous efforts devoted to studying this family of materials for electrochemical applications. [START_REF] Abakumov | Solid State Chemistry for Developing Better Metal-Ion Batteries[END_REF][START_REF] Kubota | Electrochemistry and Solid-State Chemistry of NaMeO2 (Me = 3d Transition Metals)[END_REF][START_REF] Delmas | The Layered Oxides in Lithium and Sodium-Ion Batteries: A Solid-State Chemistry Approach[END_REF] For particular substitutions leading to AxM2/3M'1/3O2 compositions wit M and M' being cations of different size, a honeycomb-like cationic ordering might appear within the transition metal layer, with each M'O6 octahedron being surrounded by six other MO6 octahedra. In this group of compositions, O3-type Li-rich layered compounds Li2MO3 (Li[Li1/3M2/3]O2) have been brought to light for promoting anionic redox chemistry in high-capacity electrodes. [START_REF] Sathiya | Reversible Anionic Redox Chemistry in High-Capacity Layered-Oxide Electrodes[END_REF][START_REF] Sathiya | High Performance Li2Ru1-yMnyO3 (0.2 ≤ y ≤ 0.8) Cathode Materials for Rechargeable Lithium-Ion Batteries: Their Understanding[END_REF][START_REF] Saubanère | An Intuitive and Efficient Method for Cell Voltage Prediction of Lithium and Sodium-Ion Batteries[END_REF][START_REF] Mccalla | Visualization of O-O Peroxo-like Dimers in High-Capacity Layered Oxides for Li-Ion Batteries[END_REF][START_REF] Pearce | Evidence for Anionic Redox Activity in a Tridimensional-Ordered Li-Rich Positive Electrode β-Li2IrO3[END_REF][START_REF] Yahia | Unified Picture of Anionic Redox in Li/Na-Ion Batteries[END_REF] The magnetic behavior of honeycomb-ordered layered compounds is also widely investigated. [START_REF] Kanyolo | Honeycomb Layered Oxides: Structure, Energy Storage, Transport, Topology and Relevant Insights[END_REF] In 2011, Evstigneeva and coworkers reported on the fast sodium ionic conductivity in the family of Na2M2TeO6 -Na2/3(M2/3Te1/3)O2compounds, with M being Ni, Co, Zn or Mg. [START_REF] Evstigneeva | A New Family of Fast Sodium Ion Conductors: Na2M2TeO6 (M = Ni, Co, Zn, Mg)[END_REF] Keeping the P2-type oxygen stacking [START_REF] Delmas | Structural Classification and Properties of the Layered Oxides[END_REF] and the in-plane Ni/Te honeycomb cationic ordering (Figure 1a), the structural difference between all the compositions lies on the relative position of the tellurium cations from one layer to the next (Figure 1b). For Na2Ni2TeO6, straight chains of tellurium and nickel are observed along the hexagonal chex.-axis, whereas "zigzag" tellurium sequences characterize the other compositions. The latter was confirmed by the group of Cava in a parallel study focused on Na2Co2TeO6. [START_REF] Viciu | Structure and Basic Magnetic Properties of the Honeycomb Lattice Compounds Na2Co2TeO6 and Na3Co2SbO6[END_REF] Nickel substitutions by other metals are possible through a solid-solution behavior and induce a progressive shift from one stacking sequence to the other. [START_REF] Berthelot | Studies on Solid Solutions Based on Layered Honeycomb-Ordered Phases P2-Na2M2TeO6 (M=Co, Ni, Zn)[END_REF] In the alkali interlayer space, various trigonal prismatic sites are possible for the sodium cations depending on whether the NaO6 prism shares faces with MO6 and/or TeO6 octahedra (Figure 1c). Na2Ni2TeO6 was also investigated as electrode material for Na-ion battery. [START_REF] Gupta | Na2Ni2TeO6: Evaluation as a Cathode for Sodium Battery[END_REF][START_REF] Bera | Temperature-Dependent Na-Ion Conduction and Its Pathways in the Crystal Structure of the Layered Battery Material Na2Ni2TeO6[END_REF] Since 2018, Masese and coworkers have been investigating the potassium layered analogs K2M2TeO6 and underlined their interesting electrochemical behavior in K-ion batteries. [START_REF] Masese | Rechargeable Potassium-Ion Batteries with Honeycomb-Layered Tellurates as High Voltage Cathodes and Fast Potassium-Ion Conductors[END_REF][START_REF] Masese | A High Voltage Honeycomb Layered Cathode Framework for Rechargeable Potassium-Ion Battery: P2-Type K2/3Ni1/3Co1/3Te1/3O2[END_REF][START_REF] Masese | Topological Defects and Unique Stacking Disorders in Honeycomb Layered Oxide K2Ni2TeO6 Nanomaterials: Implications for Rechargeable Batteries[END_REF] The crystallographic structure of K2Ni2TeO6 was solved using the Na2Ni2TeO6 structural model resulting in the expected increase of the cell parameters mainly induced by the thicker alkali interlayer, and in a significant difference in the potassium cations distribution (Table S1).

In the family of alkali transition metal layered oxides, there are only few examples of alkalimixed compositions. In 1994, Balsys and Davis reported on the LixNayCoO2 phase and described its layered structure as an alternation of O3-LiCoO2 and P2-NaxCoO2 blocks. [START_REF] Balsys | The Structure of Li0.43Na0.36CoO1.96 Using Neutron Powder Diffraction[END_REF] This unique OP4 stacking was later studied by some of us and others especially to prepare the O4type form of LiCoO2 by topotactic ionic exchange. [START_REF] Komaba | A New Polymorph of Layered LiCoO2[END_REF][START_REF] Berthelot | Synthesis and Investigations on an O4-LiCoO2 Polytype[END_REF][START_REF] Yabuuchi | A Comparative Study of LiCoO2 Polymorphs: Structural and Electrochemical Characterization of O2-, O3-, and O4-Type Phases[END_REF] Searching for other alkali-mixed compositions, in this work we investigated the solid-solid reaction between honeycomb layered oxides Na2Ni2TeO6 and K2Ni2TeO6. The formation of a new lamellar phase NaKNi2TeO6 is evidenced by powder diffraction techniques, coupled with [START_REF] Yabuuchi | A Comparative Study of LiCoO2 Polymorphs: Structural and Electrochemical Characterization of O2-, O3-, and O4-Type Phases[END_REF] Na solid-state nuclear magnetic resonance spectroscopy and density functional theory calculations. The structure of NaKNi2TeO6 exhibits an alternation of sodium and potassium blocks; however, the stacking disorder does not allow solving the complete crystallographic structure. Additionally, stacking faults simulations enabled to validate the presence of multiple possible stacking sequences in the powder material. 

Experimental

Na2Ni2TeO6 and K2Ni2TeO6 precursors were prepared by conventional solid-state reaction, by adapting previously reported procedures. [START_REF] Evstigneeva | A New Family of Fast Sodium Ion Conductors: Na2M2TeO6 (M = Ni, Co, Zn, Mg)[END_REF][START_REF] Berthelot | Studies on Solid Solutions Based on Layered Honeycomb-Ordered Phases P2-Na2M2TeO6 (M=Co, Ni, Zn)[END_REF][START_REF] Masese | Rechargeable Potassium-Ion Batteries with Honeycomb-Layered Tellurates as High Voltage Cathodes and Fast Potassium-Ion Conductors[END_REF][START_REF] Masese | A High Voltage Honeycomb Layered Cathode Framework for Rechargeable Potassium-Ion Battery: P2-Type K2/3Ni1/3Co1/3Te1/3O2[END_REF][START_REF] Nalbandyan | Heterovalent Substitutions in Na2M2TeO6 Family: Crystal Structure, Fast Sodium Ion Conduction and Phase Transition of Na2LiFeTeO6[END_REF] Anhydrous alkali carbonates (Na2CO3, Sigma-Aldrich, ≥ 99.5 % or K2CO3, Sigma-Aldrich, ≥ 99.0 %), tellurium oxide (TeO2, Alfa-Aesar, 99.99%) and nickel oxide (NiO, Alfa-Aesar, 99 %) were mixed together, pelletized and then heated in a gold crucible. A nominal 10 wt.% excess of alkali carbonates was used to balance the high-temperature loss of alkali oxides. In the literature, Na2Ni2TeO6 and K2Ni2TeO6 are usually prepared at 900 and 800 °C. As our attempts to prepare K2Ni2TeO6 at 900 °C were unsuccessful, we choose to prepare the precursors at 800 °C (9 hours in air with heating rate of 2.5 °C/min). To synthetize NaKNi2TeO6, stoichiometric blends of the as-prepared precursors were then heated under five various conditions of dwell temperatures and durations (9h at 200, 400, 600 or 800 °C, and also 4 days at 800 °C. To avoid any moisture contamination, sample powders were taken out of the furnace at 150 °C on cooling and transferred to an argon-filled glovebox.

Laboratory X-ray powder diffraction (XRPD) analyses were performed with a PANalytical X'Pert θ/θ diffractometer with Cu Kα radiation in an airtight sample holder for preliminary profile matching refinement. The powder sample of NaKNi2TeO6 obtained after 9 hours at 800 °C was also analyzed by high angular resolution synchrotron X-ray powder diffraction (SXRPD) collected on BL04_MSPD beamline of the ALBA synchrotron (Cerdanyola del Vallès, Spain). [START_REF] Fauth | The New Material Science Powder Diffraction Beamline at ALBA Synchrotron[END_REF][START_REF] Fauth | The Crystallography Stations at the Alba Synchrotron[END_REF] Here, the sample powder was enclosed in a 0.7 mm diameter quartz capillary sealed in argon atmosphere, and data were collected in transmission geometry at a wavelength of λ = 0.49589 Å. Profile matching refinement and Rietveld attempts were carried out using the FullProf suite. [START_REF] Rodríguez-Carvajal | Recent Advances in Magnetic Structure Determination by Neutron Powder Diffraction[END_REF] Electron diffraction was performed on the same powder. Patterns were obtained using a JEOL 2100 transmission electron microscope equipped with an Orius 200D camera from GATAN. Prior to the observation, the sample was crushed in alcohol and a drop of this suspension was deposited on a carbon-supported film on a copper grid. [START_REF] Yabuuchi | A Comparative Study of LiCoO2 Polymorphs: Structural and Electrochemical Characterization of O2-, O3-, and O4-Type Phases[END_REF] Na solid-state nuclear magnetic resonance spectroscopy (NMR) was performed on powder samples of Na2Ni2TeO6 and NaKNi2TeO6 using a Bruker Avance spectrometer at 79.4 MHz (7.05 T magnet). The samples are introduced in 2.5 mm zirconia rotors inside a glovebox. [START_REF] Yabuuchi | A Comparative Study of LiCoO2 Polymorphs: Structural and Electrochemical Characterization of O2-, O3-, and O4-Type Phases[END_REF] Na Magic Angle Spinning Nuclear Magnetic Resonance (MAS-NMR) experiments were carried out using a 30 kHz spinning frequency. The spectral width was set to 1 MHz, and the recycle time to D0 = 0.2 s, which was long enough to avoid the T1 saturation effects. A one rotor period synchronized Hahn echo sequence (π/2-delay-π) with a π/2 = 2 µs pulse duration was used.

The center of the experimental window was set to 680 ppm, in the region of the maximum intensities observed, with 0.1 M NaCl aqueous solution as external reference. Attempts to record [START_REF] Dudarev | Electron-Energy-Loss Spectra and the Structural Stability of Nickel Oxide: An LSDA+U Study[END_REF] K solid-state NMR spectra on both K2Ni2TeO6 and NaKNi2TeO6 were performed at 9.4 and 14.1 T. However, due to the severe acoustic ringing of the probes used at the very low resonance frequency of [START_REF] Dudarev | Electron-Energy-Loss Spectra and the Structural Stability of Nickel Oxide: An LSDA+U Study[END_REF] K, and to the observation of background [START_REF] Dudarev | Electron-Energy-Loss Spectra and the Structural Stability of Nickel Oxide: An LSDA+U Study[END_REF] K resonances, no exploitable data could be obtained even after several days of acquisition.

DIFFax and FAULTS programs [START_REF] Treacy | A General Recursion Method for Calculating Diffracted Intensities from Crystals Containing Planar Faults[END_REF][START_REF] Casas-Cabanas | A Program for Refinement of Structures with Extended Defects[END_REF] have been widely used to better understand stacking faults of alkali transition metal oxides. [START_REF] Casas-Cabanas | Microstructural Characterisation of Battery Materials Using Powder Diffraction Data: DIFFaX, FAULTS and SH-FullProf Approaches[END_REF][START_REF] Boulineau | Structure of Li2MnO3 with Different Degrees of Defects[END_REF][START_REF] Boulineau | Thermal Stability of Li2MnO3: From Localized Defects to the Spinel Phase[END_REF][START_REF] Serrano-Sevillano | Enhanced Electrochemical Performance of Li-Rich Cathode Materials through Microstructural Control[END_REF][START_REF] Bianchini | From LiNiO2 to Li2NiO3: Synthesis, Structures and Electrochemical Mechanisms in Li-Rich Nickel Oxides[END_REF][START_REF] Shunmugasundaram | A Study of Stacking Faults and Superlattice Ordering in Some Li-Rich Layered Transition Metal Oxide Positive Electrode Materials[END_REF][START_REF] Mortemard De Boisse | Coulombic Self-Ordering upon Charging a Large-Capacity Layered Cathode Material for Rechargeable Batteries[END_REF] In this work, they were used to build up various stacking sequences of NaKNi2TeO6 with a perfect Na/K alternation, and then stacking faults could be generated by statistical distribution of these stacking configurations. In doing so, X-ray diffraction powder patterns could be simulated and then compared with experimental ones.

Practically, sodium and potassium blockswith a honeycomb Ni/Te slab and an alkali layer abovewere created from the structural models of Na2Ni2TeO6 and K2Ni2TeO6, as well as different stacking vectors to alternately superimpose the blocks (see Supporting Information section for details).

DFT calculations including full structural relaxations were performed for Na2Ni2TeO6 with the crystallographic structure provided by Evstigneeva et al. [START_REF] Evstigneeva | A New Family of Fast Sodium Ion Conductors: Na2M2TeO6 (M = Ni, Co, Zn, Mg)[END_REF] as the starting model. Structures were built up with various sodium ion distributions to account for their multiple environments (edge-sharing and/or face-sharing trigonal prisms, Figure S1). Additional structures were then generated with "zigzag" tellurium sequences by substituting one nickel for tellurium cations at z = 0.5. In the crystallographic structures of Na2Ni2TeO6 and K2Ni2TeO6 (Table S1), the alkali positions are the same and the only difference is the occupancy of the three alkali sites. It was thus assumed that no particular alkali/vacancy ordering could be formed and consequently K2Ni2TeO6 input structures were obtained by replacing sodium by potassium cations from all the previously generated Na2Ni2TeO6 configurations.

Secondly, random intralayer alkali distributions were considered for different Na2-xKxNi2TeO6 compositions assuming a theoretical solid-solution behavior, i.e. sodium to potassium substitution within the same alkali layer, with an equivalent degree of substitution for each layer. To do so, 121 (236 atoms) and 221 (472 atoms) supercells were necessary.

Lastly, for the particular NaKNi2TeO6 compositions, the perfect alternation of pure sodium and pure potassium layers was compared to configurations with a progressive random Na/K interlayer mixing.

All these crystallographic structures were relaxed using the VASP program package 37 using PAW pseudopotentials [START_REF] Kresse | From Ultrasoft Pseudopotentials to the Projector Augmented-Wave Method[END_REF] for the atomic description and the rotationally invariant DFT+U formalism of Dudarev [START_REF] Dudarev | Electron-Energy-Loss Spectra and the Structural Stability of Nickel Oxide: An LSDA+U Study[END_REF] within the PBE generalized gradient approximation [START_REF] Perdew | Generalized Gradient Approximation Made Simple[END_REF] for the exchange and correlation potential and Ueff = 6.2 eV for Ni. The convergence criteria were set with atomic forces smaller than 2.10 -3 eV/Å -1 , an energy cut-off of 600 eV for the plane-wave basis set and a k-point grid density for Brillouin zone integration of at least 1000/at. The relative energies of all these structures are given here in meV per A2Ni2TeO6.

The Fermi contact shifts were obtained from the computed isotropic hyperfine coupling parameters, as discussed in our previous works. [START_REF] Castets | Multinuclear NMR and DFT Calculations on the LiFePO4.OH and FePO4.H2O Homeotypic Phases[END_REF][START_REF] Nguyen | Density Functional Theory-Assisted 31 P and 23 Na Magic-Angle Spinning Nuclear Magnetic Resonance Study of the Na3V2(PO4)2F3-Na3V2(PO4)2FO2 Solid Solution: Unraveling Its Local and Electronic Structures[END_REF][START_REF] Serrano-Sevillano | DFT-Assisted Solid-State NMR Characterization of Defects in Li2MnO3[END_REF][START_REF] Bamine | Understanding Local Defects in Li-Ion Battery Electrodes through Combined DFT/NMR Studies: Application to LiVPO4F[END_REF] The Curie temperature was taken from a previous measurement for Na2Ni2TeO6 (34 K) [START_REF] Berthelot | Studies on Solid Solutions Based on Layered Honeycomb-Ordered Phases P2-Na2M2TeO6 (M=Co, Ni, Zn)[END_REF] and it was assumed to be the same for all compounds. The theoretical value of molar magnetic susceptibility calculated by Curie's law was used for the Fermi contact shift calculations. The temperature at which the Fermi contact shifts were calculated, was chosen to be 320 K, which is the approximate temperature inside the rotor at a spinning rate of 30 kHz.

Results

The synthesis of P2-type Na2Ni2TeO6 and K2Ni2TeO6 precursors is first verified by laboratory X-ray powder diffraction (Figure S2). For the potassium layered compound, the pattern is in good agreement with the literature [START_REF] Masese | Rechargeable Potassium-Ion Batteries with Honeycomb-Layered Tellurates as High Voltage Cathodes and Fast Potassium-Ion Conductors[END_REF] and can be indexed with the P63/mcm space group, indicating straight chains of tellurium cations. For the sodium analog, with the above-mentioned synthesis conditions the P6322 space group appears more suitable to index the pattern, showing here that the "zigzag" sequence is preferred like in Na2Co2TeO6. [START_REF] Viciu | Structure and Basic Magnetic Properties of the Honeycomb Lattice Compounds Na2Co2TeO6 and Na3Co2SbO6[END_REF] Figure 2 gathers the XRPD patterns collected after heating an equimolar mixture of Na2Ni2TeO6 and K2Ni2TeO6 in different heating conditions. After 9 hours at 200 °C, the main observation is the decrease of the (002) peaks of the layered precursors and the in-between growth of an intense peak at an averaged d-space value. As no more trace of the precursors is visible for the syntheses performed at 400 °C and above, the reaction could be considered complete.

Focusing now on the details of the XRPD patterns, the appearance of a superstructure peak at 2θ = 7 ° corresponds to a d-space value twice larger than the one of the main peak at 2θ = 15 °.

A doubled periodicity along the chex.-axis is logically suggested, a could be explained by an alternation of sodium and potassium layers as it has been previously observed in OP4-LixNayCoO2 phase. [START_REF] Balsys | The Structure of Li0.43Na0.36CoO1.96 Using Neutron Powder Diffraction[END_REF][START_REF] Ren | Enhanced Thermopower in an Intergrowth Cobalt Oxide Li 0.48Na0.35CoO2[END_REF][START_REF] Berthelot | Reinvestigation of the OP4-(Li/Na)CoO2-Layered System and First Evidence of the (Li/Na/Na)CoO2 Phase with OPP9 Oxygen Stacking[END_REF] Then it is important to observe the changes in the range 2θ = 18-29 ° with various heating temperatures (inset of Figure 2). Logically, there is a progressive increase in crystallinity with both the temperature and the duration of the heat treatment. Interestingly the relative intensity of the two close peaks around 19.5 ° evolves with the synthesis conditions.

With higher temperature and longer heating, the second peak becomes more important. This evolution calls for a change of the stacking sequence of the honeycomb layer by analogy with previous works on P2-type A2M2TeO6 compounds [START_REF] Evstigneeva | A New Family of Fast Sodium Ion Conductors: Na2M2TeO6 (M = Ni, Co, Zn, Mg)[END_REF][START_REF] Berthelot | Studies on Solid Solutions Based on Layered Honeycomb-Ordered Phases P2-Na2M2TeO6 (M=Co, Ni, Zn)[END_REF] Overall, from the XRPD patterns it seems reasonable to assume the formation a new layered compound NaKNi2TeO6 with alternated sodium and potassium layers. In order to obtain other Na2-xKxNi2TeO6 compositions, the initial proportions of the layered precursors have been tuned.

However, in all our attempts a biphasic product was finally obtained (NaKNi2TeO6 and Na2Ni2TeO6 or K2Ni2TeO6 whether the nominal mixture was sodium-rich or potassium rich, respectively).

Figure 2: XRPD patterns of Na2Ni2TeO6 and K2Ni2TeO6 (black lines) and obtained after heating stoichiometric mixtures in different conditions (colored lines). Intensities are normalized for a better comparison. Symbol (*) indicates the superstructure peak at low angle accounting for the alternation of sodium and potassium blocks. The inset highlights the other superstructure peaks, with a dashed rectangle focusing on the intensity evolution.

The NaKNi2TeO6 powder sample obtained after heating 9 hours at 800 °C was analyzed using SXRPD, so to principally enable full structure resolution. The smallest hexagonal cell allowing the indexation of both the main and the superstructure peaks has lattice parameters a = 5.225(1) Å and c = 35.403(1) Å (Figure S3). These lattice parameters correspond to an average of those of Na2Ni2TeO6 and K2Ni2TeO6, with however a tripled chex.-axis cell parameter (6 layers), likely indicating a complex stacking ordering. However, our attempts to build a complete structural description accounting for all superstructure peaks' intensities were unsuccessful, whatever the space group and atomic distributions we considered. To understand why no meaningful structural model enables a good Rietveld refinement of the SXRPD pattern, electron diffraction was carried out on the same sample (Figure S4). The main spots can be indexed in a hexagonal cell with parameters values a = 5.22 Å and c = 11.8 Å. Additional weak reflections are also observed and need a 2  a and 3  c superstructure. The values of a and 3  c are in line with the SXRPD refinement, but the 2  a superstructure is not explained and thus confirms the complexity of this crystallographic structure. Note that very recently a similar 2  a superstructure was also proposed by high-resolution TEM for Na2Ni2TeO6. [START_REF] Masese | Unveiling Structural Disorders in Honeycomb Layered Oxide: Na2Ni2TeO6[END_REF] Additionally, [START_REF] Yabuuchi | A Comparative Study of LiCoO2 Polymorphs: Structural and Electrochemical Characterization of O2-, O3-, and O4-Type Phases[END_REF] Na solid-state NMR analyses were performed on the Na2Ni2TeO6 and NaKNi2TeO6 in order to get more insight into the local structure of the sodium ions. This technique is extensively being used to investigate alkali transition metal layered oxides and other battery electrode materials, in order to specifically determine the insertion site of the alkali ions during reversible electrochemical cycling. [START_REF] Grey | Lithium MAS NMR Studies of Cathode Materials for Lithium-Ion Batteries[END_REF][START_REF] Pecher | Methods: NMR in Battery Research[END_REF] As shown in Figure 3, the NMR spectrum of NaNi2TeO6 shows a major isotropic peak at δ = 677 ppm. Although the sodium ions occupy different sites (Figure 1c), their high mobility results in an averaged unique peak as it has been already observed in other P2-and P3-type sodium transition metal oxides. [START_REF] Kalapsazova | Combined Use of EPR and 23 Na MAS NMR Spectroscopy for Assessing the Properties of the Mixed Cobalt-Nickel-Manganese Layers of: P3-NayCo1-2xNixMnxO2[END_REF][START_REF] Carlier | Sodium Ion Mobility in NaxCoO2 (0.6 < x < 0.75) Cobaltites Studied by 23Na MAS NMR[END_REF][START_REF] Carlier | The P2-Na2/3Co2/3Mn1/3O2 phase: Structure, Physical Properties and Electrochemical Behavior as Positive Electrode in Sodium Battery[END_REF][START_REF] Blangero | High-Temperature Phase Transition in the Three-Layered Sodium Cobaltite P'3-NaxCoO2 (x~0.62)[END_REF] A unique isotropic signal located at δ = 825 ppm was observed for NaKNi2TeO6. The presence of a single resonance for NaKNi2TeO6 confirms that the reaction leading to the alkali-mixed compositions is indeed complete (absence of residual reagent signature at 677 ppm), and that no crystalline or amorphous by-products were formed. 

Discussion

Heating a mixture of Na2Ni2TeO6 and K2Ni2TeO6 leads to a new phase NaKNi2TeO6. Thanks to XRPD, an alternation of sodium and potassium layers is proposed. Very recently the group of Masese investigated the same compound and confirmed the ordering of the alkali layers with high-resolution TEM. [START_REF] Masese | Mixed Alkali-Ion Transport and Storage in Atomic-Disordered Honeycomb Layered NaKNi2TeO6[END_REF] The section hereafter aims at going further into the details of this layered structure by confronting experimental results (powder diffraction and solid-state NMR spectra) with a theoretical approach based on DFT calculations and stacking faults simulations.

First-principles DFT calculations were first performed on the Na2Ni2TeO6 and K2Ni2TeO6. In both cases, the most stable configurations are obtained when AO6 prisms only share edges with the above and below NiO6 and TeO6 octahedra. Structures with a fraction of prisms sharing faces are systematically less stable, in particular when TeO6 octahedra are facing (Figure S5).

Focusing on configurations with AO6 prisms sharing edges only, structures with straight sequences of tellurium are favored with, however, negligible energy stabilization (within the thermal activation energy) compared to the "zigzag" sequences. This suggests no impact of the Ni/Te interlayer sequence on the edge-sharing preference of the AO6 prisms which allows restricting the number of DFT calculations for alkali-mixed compositions to configurations with only edge-sharing AO6 prisms and straight sequences of tellurium cations.

In Figure 4, the formation energy of the relaxed configurations Na2-xKxNi2TeO6 (0 ≤ x ≤ 2) is plotted with respect to the proportional mixture of Na2Ni2TeO6 and K2Ni2TeO6 (considering their most stable configurations). The positive bell-shape curve indicates a significant energy destabilization, even for limited amount of substitution (from either the sodium or the potassium analog). The analysis of the relaxed structures reveals that random Na + /K + distributions within the same alkali layer induces significant distortions of the NaO6 octahedra, and to a lower extent the KO6 octahedra, while the local structure of Ni and Te are not altered. Hence, the difference in Na + and K + ionic radii induces local mechanical stress which results in a volume expansion of the alkali layer, therefore penalizing the interlayer electrostatic energy (Figure S6). In contrast, structures in which Na and K lie in distinct layers are preferred and any mixing leads to a loss of electrostatic interactions (Figure S7). This interpretation agrees with the similar line width of the NMR spectra of both Na2Ni2TeO6 and NaKNi2TeO6. Indeed, the hypothesis of simultaneous occupation of both sodium and potassium cations in the same layer would have induced more local distortions and sodium environment distributions and consequently a larger width, as observed for O3-type Li3-xNaxNi2SbO6 solid-solution. [START_REF] Vallée | Alkali-Glass Behavior in Honeycomb-Type Layered Li3-xNaxNi2SbO6 Solid Solution[END_REF] Interestingly, no quenching at the end of the thermal treatment is necessary to avoid phase segregation in contrast to what is observed for the alkali-ordered OP4-LixNayCoO2 under slow cooling procedure. [START_REF] Berthelot | Reinvestigation of the OP4-(Li/Na)CoO2-Layered System and First Evidence of the (Li/Na/Na)CoO2 Phase with OPP9 Oxygen Stacking[END_REF] , NaKNi2TeO6 can therefore be considered as thermodynamically stable with respect to segregation. This experimental fact is consistent with the phase stability diagram of Figure 4 showing that structures with alternating Na and K layers lie only ~10meV/f.u. above the segregation reference. Although positive, such a small formation energy can easily switch to negative values once entropy contributions are considered. Indeed, configuration entropy is expected to be larger in alkali-mixed compositions (Na/K) than single-alkali compositions (Na or K), therefore stabilizing the former over the latter. It is also important to remind here that different occupancies of the three available alkali cations sites are reported from the structural description of Na2Ni2TeO6 and K2Ni2TeO6 (Table S1). As the heat treatment leading to the mixed NaKNi2TeO6 could be seen as a second sintering of the precursors, it is reasonable to assume a higher fraction of alkali ions in the most stable sites (edge-sharing prisms) in NaKNi2TeO6 compared to the Na2Ni2TeO6 and K2Ni2TeO6 precursors Accordingly, the Na2Ni2TeO6 and K2Ni2TeO6 edge-sharing configurations taken as references in the phase stability diagram are artificially stabilized with respect to mixed edge-face-sharing configurations, as corroborated by our DFT calculations (see Figure S5). Raising up the reference energy of the phase stability diagram of Figure 4 by considering configurations with fraction of face sharing alkali sites should therefore contribute to stabilizing the alkali-mixed NaKNi2TeO6 phase with respect to segregation. Once the alternation of sodium and potassium layers is validated, the next question lies on the thicknesses of these layers in NaKNi2TeO6. In the work of Masese et al., the alkali layers thickness in NaKNi2TeO6 is found similar to those in Na2Ni2TeO6 and K2Ni2TeO6. [START_REF] Masese | Mixed Alkali-Ion Transport and Storage in Atomic-Disordered Honeycomb Layered NaKNi2TeO6[END_REF] Such observation appears not in line with the [START_REF] Yabuuchi | A Comparative Study of LiCoO2 Polymorphs: Structural and Electrochemical Characterization of O2-, O3-, and O4-Type Phases[END_REF] Na NMR in Figure 3, for which a shift of the major isotropic peak is observed (from 667 to 835 ppm). To better understand this significant difference, theoretical NMR shifts were calculated for particular configurations after DFT structural relaxations (Tables S2 andS3). For Na2Ni2TeO6 a higher NMR shift is observed when NaO6 prisms share only edges with NiO6 and TeO6 octahedra. The stacking sequence, i.e. the relative position of tellurium cations along the chex.-axis, plays a secondary role and the "zigzag" configuration also shifts the NMR peaks to higher values. Regarding NaKNi2TeO6, it appears that the introduction of potassium layers does not significantly affect the local environment of the sodium ions, as similar simulated peak shift values are obtained for both compounds. In DFT calculations, logically thicker alkali layers are observed for configurations with more face-sharing sites (Figure S8). Keeping in mind the strong ionic mobility which averages the experimental NMR shift and following our above hypothesis regarding the relative stability of NaKNi2TeO6, the higher peak shift in NaKNi2TeO6 could be related to a higher proportion of edge-sharing NaO6 prisms than in Na2Ni2TeO6.

Although the above sections clearly help to better picture the structure of NaKNi2TeO6, the analysis of the diffraction patterns is still challenging. In the aperiodic arrangement proposed from high-resolution TEM, honeycomb layers are perfectly superimposed or glided in random directions through each potassium or sodium layers, respectively. [START_REF] Masese | Mixed Alkali-Ion Transport and Storage in Atomic-Disordered Honeycomb Layered NaKNi2TeO6[END_REF] As shown in Figure S5, energy differences between Na2Ni2TeO6 with straight and "zigzag" sequences of tellurium falls within the thermal activation energy. It is the same for K2Ni2TeO6, and therefore it is reasonable to assume that both stacking sequences are actually possible for NaKNi2TeO6. It is thus necessary to evaluate the influence of the successive position of Ni/Te honeycomb layers in NaKNi2TeO6 on the diffraction patterns. To do so, we carried out the simulation of the NaKNi2TeO6 structure using the FAULTS program to evaluate how different stacking configurations could affect the XRPD patterns. Two building blocks were generated with either a sodium or a potassium layer on top of a Ni/Te honeycomb sheet (Figure S9), while different vectors and stacking probabilities were used to simulate patterns with different gliding in their stacking sequences (Figure S10). Owing to the 6-fold symmetry of the honeycomb layer, five distinct stacking models are possible, with or without gliding through sodium and/or potassium layers (Figure S11). The corresponding simulated XRPD patterns are shown in Figures S12 to S16, without or with 10 % of stacking faults. Comparing to experimental XRPD patterns, the combination of two stacking models is the only way to fully assign each peak, especially the two just around 19.5 ° (Figure 5). The first model exhibits a straight stacking, for both the potassium and the sodium layers, with a 10 % of faults for the sodium layer (Figure S12). The second is characterized by a straight sequence through the potassium layer and a "zigzag" one through the sodium layers (Figures S14). Interestingly, no model with block gliding through potassium layers is required, in agreement with the aperiodic stacking already reported. [START_REF] Masese | Mixed Alkali-Ion Transport and Storage in Atomic-Disordered Honeycomb Layered NaKNi2TeO6[END_REF] It is also in line with the different stacking sequences observed for Na2Ni2TeO6 and K2Ni2TeO6 synthesized at 800 °C (Figure S2). After the crystallographic structure, the discussion also needs to focus on the formation of NaKNi2TeO6. From the Figure 2, solid-solid reaction between Na2Ni2TeO6 and K2Ni2TeO6 precursors occurs at very moderate temperatures. This in sharp contrast with other alkali-mixed compositions. Indeed, OP4-LixNayCoO2 is formed above 800 °C from a mixture of O3-LiCoO2 and P2-NaxCoO2, [START_REF] Berthelot | Reinvestigation of the OP4-(Li/Na)CoO2-Layered System and First Evidence of the (Li/Na/Na)CoO2 Phase with OPP9 Oxygen Stacking[END_REF] and that a similarly elevated temperature range is needed to obtain O3-Li3-xNaxNi2SbO6.

56 P2-type A2M2TeO6 oxides have been recently investigated for their high ionic conductivities, around 4-11 S/m at 300 °C, [START_REF] Evstigneeva | A New Family of Fast Sodium Ion Conductors: Na2M2TeO6 (M = Ni, Co, Zn, Mg)[END_REF][START_REF] Masese | Rechargeable Potassium-Ion Batteries with Honeycomb-Layered Tellurates as High Voltage Cathodes and Fast Potassium-Ion Conductors[END_REF] thanks to the high mobility of the alkali ions within the alkali layers. This certainly plays a key role in the formation of NaKNi2TeO6 and strongly suggests a topotactic and simultaneous Na + /K + and K + /Na + ionic exchanges within the alkali layers, although such mixed-alkali occupancy is considered unstable by DFT calculations.

Conclusion

Alkali-mixed layered oxide NaKNi2TeO6 could be obtained by solid-solid reaction between analogs Na2Ni2TeO6 and K2Ni2TeO6. From the structural point of view, the alternation of sodium and potassium layers along the chex.-axis is validated through the combination of XRD, solid-state NMR and DFT calculations. Thanks to stacking faults simulations, it seems clear that multiple stacking sequences occur simultaneously in NaKNi2TeO6.

The fact that the experimental patterns result as a combination of both structural models indicates that the areas exhibiting different stacking sequences cover a significant length scale.

They could be present in different crystallites, or as intergrowth within the same crystallites.

Their relative amounts evolves with the synthesis conditions (temperature and duration).

Obtaining single crystals could be a solution to get a fine crystallographic description and to eventually validate the hypothesis of a higher fraction of edge-sharing alkali sites in NaKNi2TeO6 proposed by both DFT calculations and solid-state NMR. Contrary to the OP4-LixNayCoO2 phase, here it seems achievable as slow cooling allows the formation of NaKNi2TeO6.

The application of NaKNi2TeO6 as electrode material with liquid NaK negative electrode has been recently proposed. [START_REF] Masese | Mixed Alkali-Ion Transport and Storage in Atomic-Disordered Honeycomb Layered NaKNi2TeO6[END_REF] However, the presence of tellurium cations significantly limits the specific capacity. The family of alkali transition metal compounds is already important, but the report of NaKNi2TeO6 confirms that new compositions with alkali mixing and/or ordering could be still discovered, with eventually promising physical features and interesting applications. 
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Figure 1 :

 1 Figure 1: Crystallographic features of P2-type A2M2TeO6 layered compounds: (a) top view of the honeycomb cationic ordering between nickel and tellurium cations (in blue and yellow, respectively), (b) perspective view of the two possible stacking sequences according to the sequence of the tellurium cations in dashed red lines, with alkali ions omitted for clarity, (c) possible AO6 trigonal prismatic sites (in grey) corresponding to each stacking, sharing faces with MO6 only, TeO6 only, MO6 and TeO6, or sharing edges. In layered A2M2TeO6 compounds, the space groups corresponding to the straight and "zigzag" tellurium sequences are P63/mcm and P6322, respectively.

Figure 3 :

 3 Figure3:[START_REF] Yabuuchi | A Comparative Study of LiCoO2 Polymorphs: Structural and Electrochemical Characterization of O2-, O3-, and O4-Type Phases[END_REF] Na MAS-NMR spectra of NaKNi2TeO6 (top, in red) and Na2Ni2TeO6 (bottom, in black), with spinning sidebands (*). For Na2Ni2TeO6, weak signals are also observed in some batches (¤) and could be assigned to sodium cations in the honeycomb layer, such as in the layered compound O'3-Na3Ni1.5TeO6.[START_REF] Grundish | Structural and Electrochemical Consequences of Sodium in the Transition-Metal Layer of O′3-Na3Ni1.5TeO6[END_REF] possible sodium cations present in the honeycomb layer. Spectra are recorded at 7.05 T using a Hahn-Echo sequence synchronized with one rotor rotation period (vr = 30 kHz).

Figure 4 :

 4 Figure 4:Phase stability diagram of the Na2-xKxNi2TeO6 system with respect to the proportional mixture of Na2Ni2TeO6 and K2Ni2TeO6 (dash blue line), as obtained from DFT+U calculations and showing a significant energy destabilization for random distributions of sodium and potassium within the same alkali layer, either assuming a solid-solution behavior Na2-xKxNi2TeO6 with progressive Na/K intralayer mixing (blue circles) or focusing on a fixed NaKNi2TeO6 composition with a progressive Na/K interlayer mixing (black circles). Only configurations with edge-sharing AO6 prisms are considered for all the structure relaxation.

Figure 5 :

 5 Figure 5: Comparison between experimental SXRPD pattern and the simulated ones for stacking models #1 with 10% of stacking faults (blue line) and #3 without faults(red line). The vertical bars on the top panel highlight the peaks assigned to one model or the other. The ideal

  Matthieu Saubanère (ICGM) is acknowledged for fruitful discussion. Paula Sanz-Camacho (ICMCB) is acknowledged for technical support with the 23 Na NMR acquisitions. BL04-MSPD staff of CELLS-ALBA synchrotron is acknowledged for granting beamtime through InHouse quota (proposal 2020014011) Supporting information Crystallographic features and XRPD patterns of Na2Ni2TeO6 and K2Ni2TeO6, SXRPD pattern and TEM image of NaKNi2TeO6, additional observations from the DFT calculations, general methodology for the stacking faults simulation in NaKNi2TeO6.

  

  

TOC Synopsis

Layered oxide NaKNi2TeO6 is obtained from a stoichiometric mixture of honeycomb layered precursors Na2Ni2TeO6 and K2Ni2TeO6 and characterized by X-ray diffraction and solid-state NMR. The structure of NaKNi2TeO6 exhibits an alternation of sodium and potassium layers, and DFT calculations rationalize the existence of this cationic ordering versus phase segregation. An aperiodic stacking prevents from a detailed crystallographic description, but stacking faults simulations reveal multiple possible stacking sequences in the powder material.