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A new potentially interesting material as positive electrode for Li-ion batteries, Li2V III (H0.5PO4)2, was obtained by hydrothermal synthesis. Its crystal structure was solved thanks to single crystal X-Ray diffraction. This material is isostructural to Li2Fe III (PO4)(HPO4), and also closely related to Li2Fe II (SO4)2. It can be described as VO6 octahedra sharing corners with six PO4 tetrahedra to form a three-dimensional framework. One oxygen atom of each phosphate group is unshared with a vanadium octahedron and as such linked to an hydrogen atom. The arrangement of these polyhedra generates large channels running along [100] in which lithium cations are located. The close structural relationship between Li2Fe III (PO4)(HPO4) and Li2Fe II (SO4)2 allows to investigate, by comparison, the effect of the hydrogen atoms lying on lithium diffusion pathways.

The development of new positive electrode materials for high energy density Lithium-ion batteries is one of the main issues for research in the field. Polyanionic compounds (AxMy(XO4)z 1 ) became the subject of intense research since the discovery by J.B. Goodenough and coworkers of reversible Lithium extraction/insertion from/in the olivine-type LiFePO4 2 . Indeed, this sustainable material demonstrates excellent chemical and thermal stability, as well as excellent cyclability even at high rates. Its main drawback is the low working voltage delivered (3.45 V vs. Li + /Li) and thus an energy density still limited for transport applications. The replacement of iron by vanadium, potentially stable at V 2+ , V 3+ , V 4+ and V 5+ oxidation states allows the expected exchange of several electrons per transition metal 3 at a higher potential (i.e. 4.25 V for V 3+ /V 4+ in LiVPO4F [START_REF] Barker | Electrochemical Insertion Properties of the Novel Lithium Vanadium Fluorophosphate[END_REF] , for example) and might be a solution to enhance energy density. We report here the structure of a di-lithiated V III phase which is theoretically able to be oxidized to V V (PO4)(HPO4) for a capacity of 210 mAh/g. Li2V(H0.5PO4)2 was obtained by hydrothermal synthesis in similar conditions than those used for the synthesis of the isostructural iron-containing composition [START_REF] Mi | Synthesis, Magnetism, and Crystal Structure of Li2Fe[(PO4)(HPO4)] and its Hydrogen Position Refinement[END_REF] . The reaction was carried out by mixing VCl3 (97 %, Sigma-Aldrich), LiH2PO4 (> 99 %, Sigma-Aldrich), and Li2B4O7 (> 99.9 %, Sigma-Aldrich) with a molar ratio of 1:5:1 in aqueous solution, in a 23 ml Teflon container with a filling rate of 60%. The reactor was introduced in an oven and heated at 220°C for two weeks with heating and cooling rates of 5°C/h. The brown-green powder obtained was filtered, washed with distilled water and then with ethanol and dried at 60°C in an oven overnight. This powder contained both Li2V(H0.5PO4)2 and LiVPO4OH in a weight ratio 60/40 (Fig. S1) and no boron-based impurity was identified, despite the presence of Lithium tetraborate in the starting mixture. Note that this precursor might promote the formation of Li2V(H0.5PO4)2 vs LiVPO4OH as we observed that without Li2B4O7, under similar conditions, a pure LiVPO4OH was obtained [START_REF] Boivin | Structural and Electrochemical Studies of a New Tavorite Composition LiVPO4OH[END_REF] . Single crystals of the new composition Li2V(H0.5PO4)2 were selected from the mixture. Single crystal diffraction data were obtained on a Bruker D8 Venture diffractometer equipped with a Photon 100 detector and a Molybdenum micro-source (λ = 0.71073 Å) at 293K. The crystal used for the diffraction experiment was a green parallelepiped (0.14*0.09*0.07 mm). The details for the data collection and the refinements are provided in supplementary information (Table S1).

Li2V(H0.5PO4)2 crystalizes in a monoclinic unit cell (a = 4.8093(6) Å, b = 8.0070(9) Å, c = 7.8485(9) Å, β = 112.395(6)°, V = 279.51(2) Å 3 and Z = 2) described in the P21/c (S.G.#14) space group. The crystal structure of Li2V(H0.5PO4)2 (illustrated in fig. 1 and fig. 2, with the atomic positions listed in table 1, the anisotropic atomic displacement parameters in table S2 and the selected interatomic distances and angles in table S3) is characterized by VO6 octahedra sharing corners with six PO4 tetrahedra (fig. 1a) forming a 3-D network while each PO4 tetrahedron shares three corners with three VO6 octahedra (fig. 1b). Vanadium is located on the inversion center of VO6 octahedra and V-O bond distances range from 1.974(2) Å to 2.031(2) Å forming slightly distorted entities (Δ = 1.11 x 10 -4 ). The bond valence sum of vanadium is in very good agreement with the formation of a V 3+ -containing phase (i.e. BVS(V) = 2.95( 1)). The PO4 tetrahedra are quite rigid groups (Δ = 2.96 x 10 -5 ) in which the distances range from 1.523(2) to 1.546(2) Å, in very good agreement with distances commonly found in phosphate groups [START_REF] Huminicki | The Crystal Chemistry of the Phosphate Minerals[END_REF] . ). On that latter, the smaller section of the path for lithium hopping between two closest sites is depicted.

Thanks to Fourier difference maps, a peanut-shape residual electronic density was found between the O(4) and its equivalent by centrosymmetry O(4') (Fig. S3). Those two oxygen atoms belong to two different PO4 and unshared with VO6. In the following, these oxygen atoms will be called "free" oxygens. The hydrogen atom position was thus fixed to the center of each lobe in a 4e site (0.45, 0.51, 0.01) half occupied generating an O-H interatomic distance of 1.018(2) Å commonly observed for hydroxyl group. This position is very close to the one found by Jin-Xiao Mi et al. [START_REF] Mi | Synthesis, Magnetism, and Crystal Structure of Li2Fe[(PO4)(HPO4)] and its Hydrogen Position Refinement[END_REF] for the iron phase (i.e. 0.45, 0.52, 0.02). A more extended discussion about the hydrogen position is provided in supporting information.

As mentioned earlier, Li2V(H0.5PO4)2 is isostructural to Li2Fe(PO4)(HPO4), but is also closely related to the Marinite structure of Li2Fe II (SO4)2 [START_REF] Reynaud | Li2Fe(SO4)2 as a 3.83V Positive Electrode Material[END_REF] . The relations between Li2V(H0.5PO4)2 and Li2Fe(SO4)2 are illustrated in figure 2. The essential differences reside in the orientation of XO4 groups (X = P, S) and in the distance between 2 "free" oxygen atoms. These distances are 2.727(5) Å in Li2Fe(SO4)2 vs 2.456(2) Å in Li2V(H0.5PO4)2. The shorter O(4)-O(4') distance in Li2V(H0.5PO4)2 can be explained by the presence of hydrogen which screens the electrostatic repulsion between these two "free" oxygen atoms. This shortening leads to a shrinking of the structure and to a decrease of the section of the channel running along [100] in which Li + can diffuse. Figures 2c and2d In order to get more insights into the possible pathways for Lithium diffusion, Bond Valence Energy Landscape (BVEL) maps were calculated thanks to the BONDSTR software in the Fullprof suite [START_REF] Rodriguez-Carvajal | Recent Advances in Magnetic Structure Determination by Neutron Powder Diffraction[END_REF] and drawn with VESTA 10 in figure 3. This empirical method uses Bond valence Sum to determine possible diffusion pathways considering a given minimum energy to activate the movement of Li + ions 11 . An energy of 1.6 eV is often used for lithium diffusion in polyanionic compounds [START_REF] Boivin | Structural and Electrochemical Studies of a New Tavorite Composition LiVPO4OH[END_REF] and it is interesting to compare the isosurfaces obtained for Li2Fe(SO4)2 and for Li2V(H0.5PO4)2 in order to investigate the influence of the additional hydrogen atom on lithium diffusion. In the iron sulfate phase, this technique highlighted that lithium diffusion occurred along [100] [011] and [0-11] according to a 3D interconnected pathway (see also the figure 8a of ref. [START_REF] Lander | Unveiling the Electrochemical Mechanisms of Li2Fe(SO4)2 Polymorphs by Neutron Diffraction and Density Functional Theory Calculations[END_REF] ). For Li2V(H0.5PO4)2, lithium diffusion doesn't occur along these directions but via a zig-zag path along [012] and [0-12], hopping between two sites distant of 4.32Å (fig. 3 in Li2V(H0.5PO4)2 comes as a surprise because i) the shorter Li-Li distance (3.19 Å) is found along those axis and ii) the section (2.94 Å) is higher compare to the one found within the Marinite structure (2.73 Å) as depicted in fig. 2 d andS3. Actually, in both cases this space is already occupied by oxygen atoms or OH groups and the bypassing of this diffusion obstacle is forbidden in Li2V(H0.5PO4)2 due to the presence of hydrogen that prevents the connection between the two pathways whereas it is possible in Marinite (fig. S3). In summary, a new composition, Li2V III (H0.5PO4)2, was obtained under hydrothermal conditions and its structure was solved thanks to single crystal X-Ray diffraction. In this structure, VO6 octahedra share corners with six PO4 tetrahedra to form a three-dimensional framework. This crystallographic feature is also observed in LiV-III P2O7 and prevents the formation of vanadyle bonds (i.e. of strongly covalent V=O bonds for V 4+ or V 5+ ) in V IV P2O7. [START_REF] Rousse | Crystal Structure of a New Vanadium (IV) Diphosphate : VP2O7 , Prepared by Lithium Extraction from LiVP2O7[END_REF] Interestingly, the voltage of the V 3+ /V 4+ redox couple in LiVP2O7 is located at a higher voltage of 4.2V vs Li + /Li, against 2.3V in the vanadyle-rich compound Li2VOPO4 [START_REF] Lin | Kinetics and Structural Evolution of Ε-LiVOPO4 over Multiple Lithium Intercalation[END_REF] Moreover, contrarily to LiVP2O7 in which the capacity is limited by the lithium content (i.e. Li/V=1), in Li2V(H0.5PO4)2 the extraction of two Li per V is expected. It would involve first the V 3+ /V 4+ redox couple (expected to be close to 4V as for LiVP2O7) and then the V 4+ /V 5+ redox couple at an higher potential, conferring to this material a very high theoretical energy density (up to 800 Wh/kg against 585 Wh/kg for LiFePO4). In Li2V III (H0.5PO4)2, one oxygen atom of each phosphate group is unshared with vanadium octahedra and hydrogen atoms are located between two of them, forming an hydroxyl group involved in an hydrogen bond which disrupts the lithium diffusion. Indeed, the comparative study between Li2V III (H0.5PO4)2 and Li2Fe II (SO4)2 by BVEL reveals that the hydrogen atom located inside the channels combined with the global shrinking of the structure forbids the diffusion along the [100], [0-11] and [011] directions in Li2V III (H0.5PO4)2. That leads to a new diffusion path where lithium is hopping between two sites distant of 4.32 Å along the [012] and [0-12] directions. Even if this study suggests a lower ionic conductivity in this material compared to the one of Marinite, its energy density, expected to be higher, makes it worth to further investigate its electrochemical properties. Prospective syntheses are in progress to obtain a pure phase powder.

Single crystal data collection and refinement details, anisotropic displacement parameters and selected bond lengths and angles. Xray crystallographic data in CIF format for Li2V(H0.5PO4)2 This material is available free of charge via the Internet at http://pubs.acs.org. Tanks to precise structure determination using single crystal x-ray diffraction and Bond Valence Energy Landscape methods, Li conduction pathways in the new material Li2V(H0.5PO4)2 have been calculated and compared to those found in the closely related material Li2Fe(SO4)2. Because of hydrogen, in the title compound, Li diffusion occurs only along a zig zag direction parallel to the c axis
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 1 Figure 1: Polyhedra in the structure of Li2V(H0.5PO4)2. The distribution of PO4 tetrahedra surrounding a VO6 octahedron is illustrated in (a) and conversely in (b).

Figure 2 :

 2 Figure 2: Structural relationship between Li2V(H0.5PO4)2 (left) and Li2Fe(SO4)2 (right). The whole structure in (a) and an enlargement of the H(PO4)2 or (SO4)2 groups in (b) are projected along [100]. The same groups are projected along the O(4)-O(4') direction in (c) (i.e. [22 ̅̅̅̅ 3] and [32 ̅ 3] for Li2V(H0.5PO4)2 and Li2Fe(SO4)2 respectively ) and along the shorter Li-Li distance in (d) (i.e. [133]). On that latter, the smaller section of the path for lithium hopping between two closest sites is depicted.

  illustrate the differences in XO4 (X=P or S) orientations. Indeed the projection along [133] (fig 2d) corresponding to the direction of shorter Li-Li distance in both materials reveals that the Li(1)-Li(1') path doesn't intersect the O(4)-O(4') segment in Li2V(H0.5PO4)2 whereas it does in Li2Fe(SO4)2.

  ), and leading to an overall diffusion direction along [001]. The comparison between both structures (fig. 3) illustrates that the presence of hydrogen in Li2V(H0.5PO4)2 unables the diffusion along [100], [011] and [0-11]. At first sight, the inability for Li to diffuse along [011] and [0-11]

Figure 3 :

 3 Figure 3: Projection along [100] of Lithium paths obtained from Bond Valence Energy Landscape (BVEL for Li2Fe(SO4)2 (right) and Li2V(H0.5PO4)2 (left) and the corresponding lithium hopping between closest sites (b).

Table 1 . Cell parameters, fractional atomic coordinates, isotropic * or equivalent isotropic displacement parameters (Å 2 ) and Bond valence sum obtained from refinement of the crystal structure of Li2V(H0.5PO4)2.
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