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Alkali-rich layered oxides Li2SnO3 and Na2SnO3 are isostructural, but no alkali-mixed compositions have been reported so far. While the thermodynamic stability of such mixed compositions is predicted by DFT calculations mainly for the sodium-rich side, single-phase compounds Li2-xNaxSnO3 were successfully obtained in the whole composition range (0 ≤ x ≤ 2) by conventional solid-state synthesis thanks to a quenching procedure at the end of the heat treatment. From Li2SnO3 to Na2SnO2, the evolution of the cell parameters and the DFT calculations demonstrate that the lithium-to-sodium substitution occurs firstly inside the alkali layer up to Li0.5Na1.5SnO3 and then in the honeycomb layer.

Introduction

Alkali-rich and honeycomb-ordered layered oxides with the general chemical formula A2MO3 (with A being an alkali metal and M a (post)transition metal) are part of the vast family of layered compounds, widely investigated especially as battery electrode materials. [START_REF] Abakumov | Solid State Chemistry for Developing Better Metal-Ion Batteries[END_REF][START_REF] Zhang | From Solid-Solution Electrodes and the Rocking-Chair Concept to Today's Batteries[END_REF] Their crystal structure is usually described as an alternate stacking of edge-shared octahedra layers in the so-called O3-type stacking. [START_REF] Delmas | Structural Classification and Properties of the Layered Oxides[END_REF] The (post)transition metal layers exhibit an in-plane honeycomb-like cationic ordering with each AO6 octahedron surrounded by six MO6 octahedra, whereas the alkali layers only consists of AO6 octahedra. Due to the honeycomb ordering, various stacking sequences are possible, leading in some cases to stacking faults which may alter the diffraction patterns and modify the electrochemical behavior, as it has been extensively investigated for the electrode material Li2MnO3. [START_REF] Bréger | High-Resolution X-Ray Diffraction, DIFFaX, NMR and First Principles Study of Disorder in the Li2MnO3-Li[END_REF][START_REF] Boulineau | Reinvestigation of Li2MnO3 Structure: Electron Diffraction and High Resolution TEM[END_REF][START_REF] Boulineau | Structure of Li2MnO3 with Different Degrees of Defects[END_REF][START_REF] Matsunaga | Dependence of Structural Defects in Li2MnO3 on Synthesis Temperature[END_REF][START_REF] Serrano-Sevillano | DFT-Assisted Solid-State NMR Characterization of Defects in Li2MnO3[END_REF] Remarkably, there are only few examples of alkali-mixed transition metal layered oxides. In early 2000s, single crystals of titanates containing both lithium and sodium cations have been grown by Nalbandyan and coworkers. [START_REF] Shilov | Crystal Growth and Crystal Structures of the Layered Ionic Conductors-Sodium Lithium Titanium Oxides[END_REF] Matsumura et al. and later Holzapfel et al. also reported some alkali-mixed compositions in the same system. [START_REF] Matsumura | Structure and Physical Properties of LixNa1-xNiO2[END_REF][START_REF] Holzapfel | Mixed Layered Oxide Phases Na XLi 1-XNiO 2: A Detailed Description of Their Preparation and Structural and Magnetic Identification[END_REF] Focusing now on honeycomb-ordered layered systems, some of us evidenced a complete solid-solution between the analogs LiNi2/3Sb1/3O2 and NaNi2/3Sb1/3O2 with a random distribution of lithium and sodium cations inside the alkali layer. Importantly, these alkali-mixed compositions are shown to be metastable with respect to phase segregation. Indeed, a quenching at the end of the high-temperature solidstate synthesis is necessary to avoid phase segregation and enable to get a single-phase end product. [START_REF] Vallée | Alkali-Glass Behavior in Honeycomb-Type Layered Li<inf>3-X</Inf>Na<inf>x</Inf>Ni<inf>2</Inf>SbO<inf>6</Inf> Solid Solution[END_REF] Recently, the group of Tarascon reported the thermodynamically stable alkali-mixed compositions Li0.5Na1.5IrO3 and Li0.5Na1.5MnO3, with lithium and sodium ions lying exclusively in the transition metal layer and in the alkali layer, respectively. [START_REF] Perez | Structural Instability Driven by Li/Na Competition in Na(Li1/3Ir2/3)O2 Cathode Material for Li-Ion and Na-Ion Batteries[END_REF][START_REF] Wang | Unlocking Anionic Redox Activity in O3-Type Sodium 3d Layered Oxides via Li Substitution[END_REF] Note that similar results were obtained by the same group with the unique layered sulfide analog Li0.5Na1.5TiS3 [START_REF] Leube | Layered Sodium Titanium Trichalcogenide Na 2 TiCh 3 Framework (Ch = S, Se): A Rich Crystal and Electrochemical Chemistry[END_REF] .

From a fundamental point of view, understanding the thermodynamic factors stabilizing alkalimixed layered compositions is critical as these materials might exhibit enhanced electrochemical properties compared to their pure lithium or sodium analogs. Among these factors, the size of the alkali ions is the most obvious and explains the preference of lithium rather than sodium to preferentially lie in the metallic honeycomb layer.

In this context, we explore the model system Li2SnO3 -Na2SnO3, with tin in being electrochemically inactive, to check the possible promotion of other alkali cation distributions with post-transitional elements. To the best of our knowledge, no alkali-mixed Li2-xNaxSnO3 compositions have been reported so far, in spite of Li2SnO3 and Na2SnO3 being isostructural.

Herein, we compute and rationalize the Li2SnO3 -Na2SnO3 phase diagram through density functional theory calculations and determine the thermodynamic (meta)stability domains of this system. Accordingly, conventional solid-state methods with final quenching at the end of the heat treatment were used to reach single-phase compositions in the whole composition range from Li2SnO3 to Na2SnO3. Instead of a classical solid-solution behavior, a non-linear evolution of the cell parameters is experimentally observed that is explained by different configurations of alkali ions distribution according to the chemical composition (more precisely the respective content of alkali ions).

Computational and experimental details

Density functional theory (DFT) calculations were performed using the VASP program package [START_REF] Kresse | Efficiency of Ab-Initio Total Energy Calculations for Metals and Semiconductors Using a Plane-Wave Basis Set[END_REF] using PAW pseudopotentials [START_REF] Kresse | From Ultrasoft Pseudopotentials to the Projector Augmented-Wave Method[END_REF] for the atom description and the PBE generalized gradient approximation [START_REF] Perdew | Generalized Gradient Approximation Made Simple[END_REF] for the exchange and correlation potential. The crystallographic structure of Li2SnO3 provided by Hoppe and coworkers [START_REF] Kreuzburg | Die Kristallstruktur von Li2SnO3[END_REF] was considered as the starting model (monoclinic space group C2/c, Figure 1) from which the Li2-xNaxSnO3 composition was varied in the range 0 ≤ x ≤ 2 through a progressive lithium for sodium substitution. For each composition, different distributions of lithium and sodium cations were generated depending on the substituted alkali sites 4e (within the two honeycomb layers), 4d and 8f (within the two alkali layers) (Figure 1c). All structural relaxations were performed on a supercell containing 12 formula units using the conjugate gradient method with a convergence criteria of 2.10 -3 eV/Å -1 for the atomic forces. The plane-waves energy cutoff was set to 600 eV and a k-point grid density of at least 1000/at Solid-state syntheses were performed by heating powder mixtures of pre-dried alkali carbonates (Li2CO3, Alfa Aesar 99% and Na2CO3, Alfa Aesar 98%) and tin oxide (SnO2, Merck 99.9%).

The mixture was homogenized by mechanical milling (20 minutes in a SPEX 8000) and then pelletized before the heat treatment at 800 C in air in muffle furnace. A nominal 15 % excess of carbonates was necessary to balance the alkali volatility and to avoid remaining traces of SnO2 after the synthesis.

X-ray powder diffraction (XRPD) patterns were collected on PANalytical Empyrean

diffractometer with cupper radiation. The thermal behavior of particular compositions was also followed by in situ XRPD with an Anton Paar heating chamber. To do so, powder suspensions were deposited and then evaporated onto platinum blade, the latter being heated up to 800 C with dwell every 100 °C for XRPD acquisition. 

Results

Figure 2 shows the formation energy of the relaxed Li2-xNaxSnO3 configurations (0 ≤ x ≤ 2) with respect to the proportional mixture of Li2SnO3 (x = 0) and Na2SnO3 (x = 2). For a sake of clarity, the structures with n sodium atoms in the honeycomb layers (n = 0 to 4 in the 4e Wyckoff sites) are highlighted with different colors. Starting from Li2SnO3, the progressive substitution of lithium for larger sodium cations invariably leads to an energy destabilization.

As expected from the larger ionic radius of Na + compared to Sn 4+ (1.02 Å vs. 0.69 Å) [START_REF] Shannon | Revised Effective Ionic Radii and Systematic Studies of Interatomic Distances in Halides and Chalcogenides[END_REF] , the destabilization increases with the number of sodium cations in the honeycomb layer (for example, see Figure S1 for the particular composition Li1.5Na0.5SnO3) up to the critical composition Li0.5Na1.5SnO3 above which no more structures with n = 0 can be generated. The most stable composition is found when lithium and sodium cations are fully ordered in the honeycomb and the alkali layers, respectively (i.e. lithium in 4e site, sodium in 4f and 8d sites), exactly like the thermodynamically stable analogs NaLi1/3Ir2/3O2 10 and NaLi1/3Mn2/3O2. [START_REF] Holzapfel | Mixed Layered Oxide Phases Na XLi 1-XNiO 2: A Detailed Description of Their Preparation and Structural and Magnetic Identification[END_REF] Interestingly, thermodynamically (meta)stable phases are found for x < 1.5, when no sodium cations are introduced in the honeycomb layer (blue circles in Figure 2). Among them, those having a negative or slightly positive formation energies falling in the room temperature thermal energy (25 meV) show a partial ordering of the sodium cations in one of the two alkali layers rather than a homogeneous distribution over the two alkali layers. This ordering shows that the system energy is less penalized when the strain induced by the sodium ions concerns only one of the two alkali layers.

Moving to sodium-rich compositions, from Li0.5Na1.5SnO3 to Na2SnO3, a solid-solution is predicted with sodium cations progressively entering the remaining 4e sites of the honeycomb layer. Previous experimental works clearly revealed that a final quenching at the end of the solid-state synthesis enable to stabilize metastable alkali-mixed layered compositions at room temperature. This is the case for example for the compositions Li1-xNaxNi2/3Sb1/3O2 (0 ≤ x ≤ 1) and for the alkali-ordered LixNayCoO2, which both tend to decompose in a Li-rich and a Na-rich phases when submitted to a slow cooling process. [START_REF] Vallée | Alkali-Glass Behavior in Honeycomb-Type Layered Li<inf>3-X</Inf>Na<inf>x</Inf>Ni<inf>2</Inf>SbO<inf>6</Inf> Solid Solution[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] In that context, and according to the computational investigation described above, solid-state syntheses of Li2-xNaxSnO3 (x = 0, 0.5, 1, 1.5 and 2) target compositions were ended by quickly removing the pellet out of the furnace and a subsequently grinding at room temperature in an agate mortar. Figure 3 gathers the corresponding XRPD patterns. The synthesis of both Li2SnO3 and Na2SnO3 is confirmed, with no trace of impurities or remaining precursors and with refined cell parameters in agreement with the literature, although significant amount of stacking faults altering the pattern of Na2SnO3 hence preventing from an accurate profile matching refinement. It is then interesting to look at the XRPD patterns of the three intermediate compositions Li1.5Na0.5SnO3, LiNaSnO3 and Li0.5Na1.5SnO3. All of them could be also well indexed with the same monoclinic space group C 2/c. The presence of a unique (002) intense peak around 17 ° clearly demonstrates that the three compositions are single-phase. Finally, at low angles no additional superstructure peak could be detected. The hypothesis of an alternation of distinct alkali layers, as observed in LixNayCoO2, [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] or more recently in the P2-type phase NaKNi2TeO6, [START_REF] Masese | Mixed Alkali-Ion Transport and Storage in Atomic-Disordered Honeycomb Layered NaKNi2TeO6[END_REF][START_REF] Berthelot | Stacking Versatility in Alkali-Mixed Honeycomb Layered NaKNi2TeO6[END_REF] could be reasonably discarded.

Figure 3: XRPD patterns on 5 -50 ° 2θ range collected for different compositions from Li2SnO3 (bottom) to Na2SnO3 (top).

Discussion

The above results confirm that it is possible to obtain single-phase alkali-mixed compounds Li2-xNaxSnO3 in the whole composition range, even though the phase stability diagram obtained from T = 0K DFT calculations predicts only Na-rich single phases to be stable towards phase segregation. It is now interesting to figure out how the alkali substitution proceeds from Li2SnO3 to Na2SnO3. The computational investigation of Li2-xNaxSnO3 formation energies shows less destabilized configurations when no sodium cations occur in the honeycomb layer, up to the critical composition Li0.5Na1.5SnO3. However, configurations with n > 0 cannot be fully excluded when their formation energy falls in the room temperature thermal energy. We then focused on the structural parameters obtained after structural relaxation to check the possible ordering of the alkali ions in the structure. It is well known that the nature and the amount of the alkali element strongly influence the hexagonal c-axis parameter in alkali transition metal layered compounds. While the thickness of the transition metal layer does not evolve significantly from one element to another because of very close ionic radii, the alkali interlayer thickness can be extended from a layer of lithium ions in octahedral symmetry to a layer of potassium ions in prismatic sites. In honeycomb-ordered layered compounds often described in a monoclinic cell, it is then interesting to pay attention to the parameter c•sin(β) to estimate the thickness of the layers. The evolution of this last parameter is gathered Figure S2 for the most stable configurations obtained after structural relaxation with n ranging from 0 to 4. For each n a linear trend is observed, which is indicative of a classic solid-solution behavior following a Vegard law. Noteworthy, for any given Na/Li substitution content, the c.sin(𝛽) parameter decreases with n, while the phase formation energy increases (Figure 2). This suggests that the thickness of the metallic layers is less sensitive to Na/Li substitution than the alkali layer or equivalently that the expansion of the c-lattice parameter of mixed layered structures is primarily governed by the alkali layers. Combining the energetical and structural analysis, it is then expected that the Na/Li substitution in Li2-xNaxSnO3 structures preferentially occurs within the alkali layers up to the critical Li0.5Na1.5SnO3 composition, resulting in a Vegard-type expansion of the c-lattice parameter. Above this composition, the remaining Na/Li substitution takes place in the metallic layers which causes a deviation from the Vegard law.

then scrutinized the evolution of the cell parameters obtained from XRPD profile matching refinement. Multiple series of synthesis have been performed, with also additional Li/Na proportions in order to increase the statistics (Figures 4 andS3). The evolution of the monoclinic cell volume follows a clear linear trend, which could be linked to a classic solidsolution behavior by the lithium to sodium substitution, irrespectively of the substitution ratio.

However, the c•sin(β) parameter clearly show two linear domains below and above the critical Li0.5Na1.5SnO3 composition. The one-to-one mapping of the experimental and theoretical results is not relevant as DFT calculations are performed at T = 0K. Nevertheless, the structural trends deduced from the DFT investigation is fully consistent with the evolution of the experimental cell parameters regarding the distribution of lithium and sodium ions in the structure. The important increase of c•sin(β) from Li2SnO3 to Li0.5Na1.5SnO3 shown in Figure 4 is induced by a random lithium to sodium substitution in the alkali layers, consistent with the significant broadening of the (0 0 2) peak observed in the XRPD pattern of Figure 3. Further substitutions for Na-richer compositions inevitably occur inside the honeycomb layers, with a very limited increase of the parameter c•sin(β). The fact that the deviation from the Vegard law is observed in the c•sin(β) parameter and not in the cell volume is due to a compensation of the a-and b-lattice parameters compared to c•sin(β). While the two former also deviate from the Vegard law above the critical Li0.5Na1.5SnO3 composition, they increase to accommodate the Na ions. The last section of our investigation deals with the thermal stability of the peculiar alkali-mixed compositions LiNaSnO3 and Li0.5Na1.5SnO3. According to our DFT phase stability diagram both phases are thermodynamically stable with respect to the phase segregation into Li2SnO3 and Na2SnO3. However, the former is metastable towards its decomposition into Li2SnO3 and Li0.5Na1.5SnO3, as its energy is +22 meV/f.u. above the reference energy of this biphasic domain (see the dotted line in Figure 2). The thermal evolution of these alkali-mixed compositions was then checked by in situ XRD (Figure 5). At 300 °C the diffraction peak (0 0 2) of LiNaSnO3 splits into two distinct contributions. Around 600 °C, the two contributions merge into a unique peak. During the slow cooling process, this unique peak decomposes again into two contributions, with final 2θ positions around 16.6° and 18.0° at room temperature which correspond to the (0 0 2) peaks of Li0.5Na1.5SnO3 and Li2SnO3, respectively. When the same procedure is applied to the Li0.5Na1.5SnO3, no peak splitting is observed upon heating, but a small shift of the (0 0 2) peak to lower angles due to the thermal expansion. This second composition is therefore dynamically stable upon phase segregation into a Li-rich and a Narich phases, as for its iridium and manganese analogs. [START_REF] Wang | Unlocking Anionic Redox Activity in O3-Type Sodium 3d Layered Oxides via Li Substitution[END_REF][START_REF] Perez | Structural Instability Driven by Li/Na Competition in Na(Li1/3Ir2/3)O2 Cathode Material for Li-Ion and Na-Ion Batteries[END_REF] These results confirm the accuracy and reliability of our DFT phase stability diagram. 

Conclusion

In the search for new alkali-mixed layered compositions, a complete solid solution between Li2SnO3 and Na2SnO3 could be prepared by classic solid-state reactions. The final quenching at the end of the heat treatment enables to stabilize metastable compositions which were found higher in energy than the convex hull of the Li-Na-Sn-O phase stability diagram obtained from DFT calculations. The difference in the ionic radii of Li + and Na + , but also Na + and Sn 4+ , drives the lithium to sodium substitution between the available sites of the alkali or honeycomb layers with sodium preferentially filling the former. The mechanical strain of the honeycomb layer due to the Na for Li substitution is shown to be too penalizing to stabilize fully disordered phases with sodium ions lying both in the metallic and alkali layers. Instead, a solid solution between the Li2SnO3 and the Li0.5Na1.5SnO3 end-members is obtained thanks to a final temperature quenching. This result confirms the richness of alkali-mixed layered compositions and should encourage the investigation of other layered systems AMO2 with A being lithium, sodium and potassium. On the specific alkali-rich tin-based compounds, the investigation should be transferred to the sulfide system Li2SnS3-Na2SnS3 for which interesting ionic conductivities have been reported recently. [START_REF] Kuhn | A Facile Wet Chemistry Approach towards Unilamellar Tin Sulfide Nanosheets from Li4xSn1-xS2 Solid Solutions[END_REF][START_REF] Brant | Fast Lithium Ion Conduction in Li2SnS3: Synthesis, Physicochemical Characterization, and Electronic Structure[END_REF][START_REF] Holzmann | 0.6[Li0.2Sn0.8S2]-a Layered Lithium Superionic Conductor[END_REF] 

Figure 1 :

 1 Figure 1: Crystal structure of Li2SnO3 adapted from Ref. 20 (a) with its top-view to highlight the particular Sn/Li cationic ordering (b) and the three crystallographic sites for lithium cations (c).

Figure 2 :

 2 Figure 2: Formation energy (meV/f.u.) of the Li2-xNaxSnO3 single-phases with respect to the stoichiometric mixture of Li2SnO3 and Na2SnO3, as obtained from DFT calculations. For each composition, various distributions of alkali cations within the honeycomb and/or alkali layers were considered and are here classified as a function of the number of sodium cations lying in the honeycomb layer (n ranging from 0 to 4, irrespectively of the distribution in the two different honeycomb layers).

Figure 4 :

 4 Figure 4: Evolution of the volume of the monoclinic cell and the parameter c•sin(β) with increasing amount of sodium from XRPD profile matching refinement collected for various series of solid-state syntheses.

Figure 5 :

 5 Figure 5: Evolution of the XRD patterns of LiNaSnO3 (left) and Li0.5Na1.5SnO3 as a function of
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