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The never-elucidated crystal structure of metastable iron disulfide FeS 2 resulting from the full deintercalation of Li in Li 2 FeS 2 has been cracked thanks to crystal structure prediction searches based on an evolutionary algorithm combined with first-principles calculations accounting for experimental observations. Besides the newly layered C2/m polymorph of iron disulfide, two-dimensional dynamically stable FeS 2 phases are proposed containing sulfides and/or persulfide S 2 motifs.

Lamellar transition-metal disulfides MS 2 (M = transition element) have been intensively investigated as host lattices for chemical and electrochemical intercalation of alkali metals (e.g. Li, Na and K). [START_REF] Zak | Alkali Metal Intercalated Fullerene-like MS 2 (M= W, Mo) Nanoparticles and Their Properties[END_REF][START_REF] Hu | MoS 2 Nanoflowers with Expanded Interlayers as High-Performance Anodes for Sodium-Ion Batteries[END_REF][START_REF] Stephenson | Lithium Ion Battery Applications of Molybdenum Disulfide (MoS 2 ) Nanocomposites[END_REF][START_REF] Ren | MoS 2 as a Long-Life Host Material for Potassium Ion Intercalation[END_REF] Indeed, these materials provided key information in the understanding of redox mechanisms in solids, and served for a while as models for secondary batteries. Simultaneously, the deintercalation process, which falls into the category of soft chemistry routes, [START_REF] Zhou | Metastable Layered Cobalt Chalcogenides from Topochemical Deintercalation[END_REF][START_REF] Wan | Tuning Two-Dimensional Nanomaterials by Intercalation: Materials, Properties and Applications[END_REF] was used to stabilize metastable MS 2 edifices by topotactical deinsertion of the A cation from an AMS 2 pristine compound. The resulting metastable structure retains the original host features with empty A sites. For instance, metastable CdI 2 -type VS 2 and cubic TiS 2 could be obtained from LiVS 2 and CuTi 2 S 4 in presence of iodine and bromine as oxidizing agent, respectively. [START_REF] Murphy | Preparation and Properties of LixVS 2 (0 < x < 1)[END_REF][START_REF] Sinha | Lithium Intercalation in Cubic TiS 2[END_REF] Whatever the intercalation/deintercalation regimes, only the cationic redox center was at work in the reductive/oxidative reactions, yet one can wonder what happens to the host structure when deintercalation involves not only a cationic but also an anionic species. Such a situation was first observed for the Li 2 FeS 2 ternary sulfide, which was evidenced to allow a full deintercalation of Li, [START_REF] Rouxel | Les Composites Intercalaires Na x TiS 2 . Etude Gènérale Des Phases Na x TiS 2 et K x TiS 2[END_REF][START_REF] Leblanc-Soreau | Les Intercalaires A x TiS 2 et A x ZrS 2 . Structure et Liaisons[END_REF][START_REF] Cousseau | Behavior of Zirconium Disulfide in Presence of Solutions of Alkali-Metals in Liquid-Ammonia-Intercalates Na x ZrS 2 and K x ZrS 2 and K x ZrS 2 and Phase (NH 3 )ZrS 2[END_REF][START_REF] Arnaud | Etude Structurale Des Composés M x TiSe 2 (M= Fe, Co, Ni)[END_REF] foreshadowing to some extent the forthcoming investigations on anionic redox chemistry in oxides for application in high-energy Li-ion batteries. [START_REF] Tarascon | In Situ Structural and Electrochemical Study of Ni 1-x Co x O 2 Metastable Oxides Prepared by Soft Chemistry[END_REF][START_REF] Sathiya | Reversible Anionic Redox Chemistry in High-Capacity Layered-Oxide Electrodes[END_REF][START_REF] Assat | Practical Assessment of Anionic Redox in Li-Rich Layered Oxide Cathodes: A Mixed Blessing for High Energy Li-Ion Batteries[END_REF][START_REF] Mccalla | Visualization of OO Peroxo-like Dimers in High-Capacity Layered Oxides for Li-Ion Batteries[END_REF][START_REF] Subban | Search for Li-Electrochemical Activity and Li-Ion Conductivity among Lithium Bismuth Oxides[END_REF][START_REF] Saha | Exploring the Bottlenecks of Anionic Redox in Li-Rich Layered Sulfides[END_REF][START_REF] Yahia | Unified Picture of Anionic Redox in Li/Na-Ion Batteries[END_REF] Nevertheless, the metastable iron disulfide phase obtained from totally delithiated Li 2 FeS 2 precursor has not been crystallographically characterized, and remains unknown.

Unraveling this long-sought crystal structure is needed. Therefore, in this study we investigated thermodynamically metastable two-dimensional (2D) novel iron disfulfides FeS 2 using ab initio crystal structure prediction (CSP) investigations.

The Li 2 FeS 2 precursor, prepared via a ceramic route from Li 2 S and FeS, is a layered material (see Scheme 1). [START_REF] Batchelor | Crystal Structure of Li 2 FeS 2[END_REF] Li 2 FeS 2 may be regarded as consisting of 2 /  [LiFeS 2 ] slabs with mixed Li + /Fe 2+ edge-sharing tetrahedral sites separated by monolayers of Li + cations in octahedral coordination. The overall charge balance can be written (Li + ) 2 (Fe 2+ )(S 2-) 2 . While the detailed mechanism of delithiation is still under study, [START_REF] Hansen | Cation and Anion Redox in Lithium-Rich Iron Sulfide Cathodes[END_REF] some features have been confirmed experimentally and are ascertained: the first deintercalation of half of the Li leads to the oxidation of Fe 2+ (d [START_REF] Wan | Tuning Two-Dimensional Nanomaterials by Intercalation: Materials, Properties and Applications[END_REF] HS configuration, HS indicates high spin) into Fe 3+ (d 5 HS configuration) as evidenced by infrared (IR) and Mössbauer spectroscopies. [START_REF] Brec | Redox Processes in the Li x FeS 2 /Li Electrochemical System Studied through Crystal, Mössbauer, and EXAFS Analyses[END_REF][START_REF] Blandeau | Transition-Metal Dichalcogenides from Disintercalation Processes. Crystal Structure Determination and Mossbauer Study of Li 2 FeS 2 and Its Disintercalates Li x FeS 2 (0.2 ⩽ X ⩽ 2)[END_REF] Beyond this composition, the complete departure of lithium results in the oxidation of the anions S ), as a study by IR spectroscopy of the delithiated phase [START_REF] Gard | Infrared Study of Lithium Intercalated Phases in the Li x FeS 2 System (0⩽ X⩽ 2). Characterization of a New Iron Disulfide[END_REF] showed the existence of an absorption band around 469 cm -1 assigned unambiguously to the stretching mode of a singlybonded (S-S) ) ratio of (2:1), so that the charge balance of this metastable FeS 2 material can be unambiguously be written as Fe 3+ S 2-(S 2 ) 2- 1/2 . Note that the existence of Fe 3+ HS ion in tetrahedral sites is rather rare but has already been encountered in Fe-S clusters used as biological condensers within Fe-S proteins. [START_REF] Broderick | Iron-Sulfur Clusters in Enzyme Catalysis[END_REF] Finally, due to the crystal arrangement of the precursor (stacking of LiFeS 2 and Li layers), a lamellar feature is expected for FeS 2 . While novel experiments comforted both the cation and anion redox chemistry encountered in layered Li 2-

x FeS 2 as well as the structural features, i.e. tetrahedral Fe 3+ cations and S 2 2-persulfides, [START_REF] Hansen | Cation and Anion Redox in Lithium-Rich Iron Sulfide Cathodes[END_REF] to date, the complete crystal structure of the investigated lamellar FeS 2 compound remains unknown, mainly due to a low crystallinity. Unravelling a crystal structure of a given composition is a classical crystal structure prediction (CSP) problem that can be solved in silico by locating the lowest energetic phase on the potential energy surface (PES). Here, our search differs in two ways of the classical CSP problem: (i) the aforementioned lamellar FeS 2 compound is a metastable phase, i.e. its structural arrangement is expected to lie in energy significantly above the thermodynamically stable pyrite and marcasite structures, [26][START_REF] Grønvold | Heat Capacities of Iron Disulfides Thermodynamics of Marcasite from 5 to 700 K, Pyrite from 300 to 780 K, and the Transformation of Marcasite to Pyrite[END_REF][START_REF] Sun | First-Principles Electronic Structure and Relative Stability of Pyrite and Marcasite: Implications for Photovoltaic Performance[END_REF][START_REF] Zhang | Relative Stability of FeS 2 Polymorphs with the Random Phase Approximation Approach[END_REF][START_REF] Spagnoli | Density Functional Theory Study of the Relative Stability of the Iron Disulfide Polymorphs Pyrite and Marcasite[END_REF] (ii) the structure must meet the available experimental data, i.e. Fe 3+ cations in tetrahedral coordination of sulfur atoms, and the coexistence of (S 2 ) 2-dimers and sulfide anions with a 1:2 S 2 2-:S 2-ratio.

Therefore, to find out the thermodynamically metastable FeS 2 phase(s), we employed a constrained fixed-composition evolutionary algorithm (EA) specifically developed in Poitiers (constrained EA) [START_REF] Huang | Pressure-Induced Polymerization of CO 2 in Lithium-Carbon Dioxide Phases[END_REF][START_REF] Huang | Computational Materials Discovery: Prediction of Carbon Dioxide and Nitrogen-Based Compounds under Pressure Using Density Functional Theory and Evolutionary Algorithm[END_REF] that only keeps generated structures satisfying the aforementioned criteria, and discards the others. Constrained EA is based on the evolutionary algorithm method implemented in the USPEX code [START_REF] Oganov | Crystal Structure Prediction Using Ab Initio Evolutionary Techniques: Principles and Applications[END_REF][START_REF] Oganov | How Evolutionary Crystal Structure Prediction Works and Why[END_REF][START_REF] Lyakhov | New Developments in Evolutionary Structure Prediction Algorithm USPEX[END_REF][START_REF] Zhou | Semimetallic Two-Dimensional Boron Allotrope with Massless Dirac Fermions[END_REF] that has been successfully applied to a large number of different systems. All structure relaxations (shape, volume, and atomic positions) and energy calculations were performed with the VASP 5.4.4 code. [START_REF] Kresse | Efficient Iterative Schemes for Ab Initio Total-Energy Calculations Using a Plane-Wave Basis Set[END_REF] As the whole first-principles procedure involves several levels of theory to fully explore the PESs, optimize the selected low-energy FeS 2 candidates, and calculate their electronic and bonding properties, please refer to the Supporting Information for the methodology details. In the following, all structural parameters and enthalpies are given at the SCAN+U+rVV10 level of theory, [START_REF] Sun | Strongly Constrained and Appropriately Normed Semilocal Density Functional[END_REF][START_REF] Cococcioni | Linear Response Approach to the Calculation of the Effective Interaction Parameters in the LDA+ U Method[END_REF][START_REF] Sabatini | Nonlocal van Der Waals Density Functional Made Simple and Efficient[END_REF][START_REF] Peng | Versatile van Der Waals Density Functional Based on a Meta-Generalized Gradient Approximation[END_REF] while the energy gap is computed at the hybrid Heyd-Scuseria-Ernzerhof (HSE06) functional [START_REF] Heyd | Hybrid Functionals Based on a Screened Coulomb Potential[END_REF] level of theory (see section S1 in the Supporting Information).

Relying on the lamellar structure of the Li 2 FeS 2 host, we first investigated twodimensional (2D) FeS 2 monolayers, then their tridimensional (3D) stacking. Using constrained EA on isolated 2D FeS 2 single layers, we located one admissible phase that crystallizes in the C2/m space group (SG n°12, Z=4, hereafter named C2/m-2D). Its structure type strongly differs from the MS 2 slabs commonly met in lamellar dichalcogenides where metals are six-fold coordinated by anions (octahedron or trigonal prism). [START_REF] Ataca | Single-Layer MX 2 Transition-Metal Oxides and Dichalcogenides in a Honeycomb-like Structure[END_REF] The C2/m-2D structure (Figure 1a) can be described as built upon one- ) 1/2 charge balance. This structure type is dynamically stable as its phonon dispersion curve does not present any imaginary frequencies in the entire Brillouin zone (see Figure 1b). We also evaluated its kinetic and thermal stabilities by running ab initio molecular dynamics simulations at temperatures in the range of 300~1000 K (see the Supporting Information). All of the atoms in the 2D layer vibrate only slightly around their equilibrium positions during annealing at 300 K for 10 ps, indicating the stability of the structure at room temperature. Despite the fluctuation of atoms, the whole structure is maintained at 600 and 900 K, while the system shows reconstruction at 1000 K. This indicates that the dynamically stable structure C2/m-2D is definitively viable up to ca.

dimensional 1 /  [Fe 2 S
900 K: no structural transformations are observed in the iron and sulfur network, indicating the existence of a substantial kinetic barrier which leads to a trapping of this metastable 2D phase, in line with its experimental availability.

Finally, this layer is predicted to be a semi-conductor (HSE06 gap of 0.90 eV, see Figure S3) with antiferromagnetically coupled edge-sharing (FeS 4 ) tetrahedra within 1/[Fe 2 S 4 ] ribbons along the a axis, these ribbons been connected via S 2 dumbbells along the b axis (see the studied magnetic configurations in Figure S2). As indicated on the electronic density of states curve (Figure 1 d-e), the Fe 3d-spin up and spin down blocks are well separated from each other by about 6 eV while the vacant antibonding σ* (S-S) lies much higher than these two blocks, in full agreement with the expected Fe 3+ high spin and S 2 2-electronic configuration. It is remarkable that this structure is more stable in energy than hypothetical 2D-FeS

2 f 1H 1T 1T b c 1T' c 1H-MoS 2 ,
1T-MoS 2 and 1T'-MoS 2 , respectively. [START_REF] Ataca | Single-Layer MX 2 Transition-Metal Oxides and Dichalcogenides in a Honeycomb-like Structure[END_REF][START_REF] Chou | Understanding Catalysis in a Multiphasic Two-Dimensional Transition Metal Dichalcogenide[END_REF] Both 1H-D 1T'-2D FeS 2 are local minima on the PES, while 1T-2D is dynamically unstable (see the Supporting Information). The enthalpy of C2/m-2D is shown to be 92 meV/f.u. lower than the 1T'-2D (with Fe in a distorted octahedron), and 633 meV/f.u. lower than the 1H-2D (with Fe in a trigonal prism) structures that are proved to be stable for other transition-metal disulfides. [START_REF] Ataca | Single-Layer MX 2 Transition-Metal Oxides and Dichalcogenides in a Honeycomb-like Structure[END_REF] This clearly asserts that Fe 4+ cations are instable in sulfide environment, and that Fe 3+ cations in tetrahedral sites are not oxidizing enough towards S 2-species to trigger the full transformation of regular S 2-anions into (S 2 ) 2-dimers as observed in pyrite or marcasite.

To some extent, C2/m-2D FeS 2 exhibits an intermediate charge balance between 2D (M 4+ (S 2-) 2 ) and 3D (M 2+ (S 2 2-)) transition element dichalcogenides. Nevertheless, let us notice that an unconstrained search among possible 2D layers of FeS 2 led us to unravel another dynamically metastable structure that would crystallize in the P-1 space group.

This structure is more stable than C2/m-2D, however it is built upon FeS 5 motifs (vide infra).

We applied our constrained EA algorithm to the search of the bulk layered structure based on the assembly of C2/m-2D monolayers. The resulting lowest crystal structure, denoted C2/m-3D hereafter, consists of the unchanged aforementioned monolayers, well

se f c b - f
). Its structure is displayed in Figure 2(a). We checked that C2/m-3D is a local minimum on the PES (all frequencies are positive over the Brillouin zone in the phonon dispersion curve in Figure 2b). Bulk C2/m-3D FeS 2 is an antiferromagnetic semiconductor with an HSE06 energy gap of 0.84 eV (see the Supporting Information). One can see clearly on its phonon density of states the S 2 dimer signature, i.e. a S-S stretching mode computed at 505 cm -1 within the harmonic approximation that is in good agreement with the experimental value of 469 cm -1 obtained by IR spectroscopy (4 meV difference between experimental and theoretical values). [START_REF] Gard | Infrared Study of Lithium Intercalated Phases in the Li x FeS 2 System (0⩽ X⩽ 2). Characterization of a New Iron Disulfide[END_REF] We evaluated the exfoliation energy of

C2/m-3D FeS 2 at 0.26 J/m 2 c σ) 1 G the Supporting
Information), which are lower than that of graphite (0.37 J/m 2 45 and 2.10 GPa [START_REF] Zhao | Obtaining Two-Dimensional Electron Gas in Free Space without Resorting to Electron Doping: An Electride Based Design[END_REF] ).

Considering that graphene has been experimentally exfoliated, it is highly probable that a two-dimensional FeS 2 material should be obtained. ) 26 for marcasite structures. The relative errors of predicted equilibrium volume of the unit cell with respect to experimental results are as low as 0.5% (159.6 3 1 3 1 3 1 3 for pyrite and marcasite, respectively). Both the structural and energetic properties are in very good agreement with the experimental and theoretical data, which validates our methodological approach. Finally, note that the third structure in energy ranking (therefore before the C2/m-3D that is ranked at the fourth position), to be denoted P-1-3D, displays 5-coordinated iron atoms and contains both sulfides and persulfides moieties (see Figure 3 c). In this layered material, each S 2 dimer links two [Fe 2 S 2 ] infinite chains as found in C2/m-3D phase, but here each sulfur atom of a S 2 unit bridges two iron sites within a single chain resulting in 5-coordinated square pyramidal iron atoms. This structural filiation between C2/m and P-1 layers is depicted in the Supporting Information. This new material is predicted to be antiferromagnetic and lies 282 meV/f.u. above the pyrite and 143meV/f.u. below C2/m-3D. The synthesis of this newly layered five-coordinated P-1-3D FeS 2 will be a true challenge. structure that meets all experimental criteria is framed in red, and the specific FeS 4 tetrahedral environment of the iron atom is displayed.

To conclude, we performed evolutionary crystal structure prediction searches with prior structural constraints derived from several spectroscopies to investigate the crystal structure of the twice delithiated Li 2 FeS 2 compound. We propose a dynamically stable phase C2/m-2D and its tridimensional derivative C2/m-3D built upon C2/m-2D layers as metastable phases with a crystal structure that fully matches the Fe 3+ S is to be related to its coordination geometry, since Fe in the tetrahedral sites found in C2/m-2D

FeS 2 are stabilized with d 5 high-spin configuration (Fe 3+ ), then being a milder oxidizing agent than Fe in octahedral sites of Fe in pyrite or marcasite that favours d 6 low-spin configuration (Fe 2+ ) to fill its t 2g levels. Along our exploration of the energy landscape, we discover the possible existence of another FeS 2 polymorph with five-fold coordinated Fe that would be a challenge to form. Moreover, further work will explore the complexity of the anionic/cationic redox competition in chalcogenides to generate new phases assisted by calculations.
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 1 Scheme 1. Crystal structure of Li 2 FeS 2 . The sulfur atoms are in yellow, the lithium and

  4 ] ribbons consisting of edge-shared FeS 4 tetrahedra (mean d Fe-S = 2.27 ) running along the [010] direction with zig-zag iron rows (d Fe-Fe = 2.82 ). These blocks are linked to each other along the [100] axis via S-S bonds (d S-S = ) to form a corrugated 2 /  [FeS 2 ] layer with characteristics in full agreement with a (Fe 3+ )(S 2-)(S 2 2-

Figure 1 .

 1 Figure 1. (a) Top view and side view of the FeS 2 monolayer C2/m-2D found in this work

Figure 2 .

 2 Figure 2. Layered metastable C2/m-3D FeS 2 : (a) Crystal structure and enlightened FeS 4 tetrahedra and S 2 2-dumbbells. (b) Brillouin zone for C2/m-3D, and selected k-path is

Figure 3 .

 3 Figure 3. All dynamically stable 3D FeS 2 structures investigated in this paper as a function of

  

  2-(S 2 ) 2- 1/2 formulation issued from Mössbauer, IR and EXAFS spectroscopic measurements. Such an intermediate oxidation level of C2/m-2D FeS 2
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