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Siloxene: A potential layered silicon intercalation anode for Na, Li and K ion batteries
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The alloying reaction between 14 th group elements and alkali can be detrimental for Li, Na or K-ion batteries due to the large associated volume expansion that leads to a rapid capacity fading. In order to overcome this issue, their associated 2D phases are promising anodes that enable alkali intercalation without alloying reaction and volume expansion. In this study, the lamellar siloxene obtained from topotactic deintercalation of Ca from CaSi2 delivered reversible capacities of 2300, 311 and 203 mAh/g for Li, Na and K, respectively, with good capacity retention and coulombic efficiency for Li and Na. The intercalation mechanism taking place upon cycling is highlighted on the basis of ex situ Raman characterization combined with IR spectroscopy, SEM and TEM. To the best of our knowledge, it is the first time that a lamellar Silicon based material shows such high stable capacity without volume expansion, representing a real breakthrough for the batteries field and particularly for NIB.

Introduction

Silicon is a crucial material for different technologies such as integrated circuits, photovoltaics, optoelectronics and most recently, batteries. It is one of the most promising anodes for lithium-ion (LIB) and sodium-ion (NIB) batteries due to its high theoretical capacity, 3590 mAh/g for Li15Si4 [START_REF] Mcdowell | 25th anniversary article: Understanding the lithiation of silicon and other alloying anodes for lithium-ion batteries[END_REF] and 954 mAh/g for NaSi. [START_REF] Chou | A Comparative First-Principles Study on Sodiation of Silicon, Germanium, and Tin for Sodium-Ion Batteries[END_REF] Nevertheless, its practical application is hindered by a series of obstacles. For lithium (Li), the access to such high lithiated phases causes extreme volume expansion (310%), resulting in a rapid capacity fade.

For sodium (Na), the slow kinetics and the ionic radius restrict the sodiation of c-Si. In an attempt to address these problems, recent attention has been given to the two-dimensional 2D silicon structures, comprising calcium silicide (CaSi2), polysilane (Si6H6) and siloxene (Si6O3H6), due to their potential ability to buffer the electrode volume changes during cycling and their facile synthesis through soft-chemical methods. CaSi2 has a Si-corrugated layered structure interconnected by Ca 2+ ions. Upon reaction with concentrated HCl the Ca 2+ is deintercalated while the integrity of the Si layers is preserved, producing the so-called Siloxene. [START_REF] Dettlaff-Weglikowska | Structure and optical properties of the planar silicon compounds polysilane and Wohler siloxene[END_REF][START_REF] Weiss | The Topochemical Reaction of CaSi2 to a Two-Dimensional Subsiliceous Acid Si6H3(OH)3 (= Kautskys' Siloxene)[END_REF] This topotactic reaction was first reported by Wöhler [START_REF] Wöhler | Ueber Verbindungen des Siliciums mit Sauerstoff und Wasserstoff[END_REF] and Kautsky [START_REF] Kautsky | Über einige ungesättigte Siliciumverbindungen[END_REF] while Weiss et al [START_REF] Weiss | The Topochemical Reaction of CaSi2 to a Two-Dimensional Subsiliceous Acid Si6H3(OH)3 (= Kautskys' Siloxene)[END_REF] performed the structural characterization. Two structures were proposed; one with Si planes terminated by H or OH (Wöhler siloxene), and another one with Si6 rings connected by oxygen bridges to form planes (Kautsky siloxene).

On the other hand, several theoretical studies have been done on siloxene nanosheets (Silicene). [START_REF] Ali | Chemical Synthesis of Silicon Nanosheets from layered calcium disilicide[END_REF][START_REF] Houssa | Silicene: A review of recent experimental and theoretical investigations[END_REF] The predictions show the possible intercalation of Li and Na with high theoretical capacities, low diffusion energy barrier (<0.6 eV for Li, 0.14eV for Na) and small volumetric expansion without any structural disintegration. [START_REF] Zhuang | Silicene: A Promising Anode for Lithium-Ion Batteries[END_REF][START_REF] Tritsaris | Adsorption and diffusion of lithium on layered silicon for Li-ion storage[END_REF][START_REF] Kulish | Controlling Na diffusion by rational design of Si-based layered architectures[END_REF][START_REF] Zhao | Rise of silicene: A competitive 2D material[END_REF][START_REF] Zhu | Silicene for Na-ion battery applications[END_REF] These promising theoretical studies have boosted the experimental research on this family of compounds for LIB. Recent reports include the use of different carbon coated silicon nanosheets and siloxenes as LIB anode with favorable cycling performance, attributed to the improved Li kinetics and limited volume changes due to the layered nature. [START_REF] Kumai | Characteristics of layered polysilane and its application to lithium ion battery anodes[END_REF][START_REF] Xu | Silicon-based nanosheets synthesized by a topochemical reaction for use as anodes for lithium ion batteries[END_REF][START_REF] Sun | Two-dimensional ultra-thin SiO x (0 < x < 2) nanosheets with long-term cycling stability as lithium ion battery anodes[END_REF][START_REF] Fu | Two-dimensional silicon suboxides nanostructures with Si nanodomains confined in amorphous SiO2 derived from siloxene as high performance anode for Li-ion batteries[END_REF][START_REF] Zhang | Silicene Flowers: A Dual Stabilized Silicon Building Block for High-Performance Lithium Battery Anodes[END_REF][START_REF] Imagawa | Stabilized lithium-ion battery anode performance by calciumbridging of two dimensional siloxene layers[END_REF] To our knowledge, no experimental results on siloxene with NIB or potassium-ion batteries (KIB) have been reported.

In this work we have synthesized and characterized the siloxene, evaluated its electrochemical performance with Li, Na and K and formulated a possible electrochemical mechanism. The results show the versatility of siloxene as anode for LIB, NIB and KIB, opening a quest on a deeper understanding of this family of 2D materials.

Experimental Section

Synthesis: The CaSi2 Zintl phase was synthesized by mixing stoichiometric amounts of Ca (99% ACROS Organics) and Si (325-Mesh, 99%, ACROS Organics) in an airtight 50 mL WC jar. The jar was rotated for 18 hours at 600 rpm, using a 10:2 ball:mass ratio, in a planetary ball mill (RETSCH PM 100). The resulting powders were loaded into stainless steel tubes sealed by arc welding under Ar and annealed at 800°C for 48 hours.

The siloxene was synthesized in air atmosphere, by dissolving ~300 mg of CaSi2 in ~30 mL of HCl (35% VWR Chemicals) at -20°C for 8 hours. The greenish product was washed with distilled water and acetone, separated by centrifugation and vacuum dried for 1 hour.

All synthesis products were kept in an argon atmosphere to avoid further oxidation.

Characterization:

The Powder XRD patterns were recorded in a Bruker D8 Advanced diffractometer with Cu radiation (λ1 = 1.54056 Å, λ2 = 1.54439 Å). The diffraction patterns were refined using the Fullprof software. Ex Situ Raman spectra were collected using a DXR 2 Raman Microscope. (Thermo-Fisher Scientific, 532-nm excitation). The Fourier transformed Infrared Spectra (Nicolet IS10, Themo-Fisher Scientific) were performed using KBr methods, an airtight cell with NaCl window was used for air sensitive samples. Particle morphology, size and microstructure were studied by scanning electron microscopy (SEMenvironmental FEI Quanta 200 FEG microscope) and transmission electron microscopy (TEM-FEI Tecnai F20 S-TWIN).

Electrochemistry: Electrodes were prepared with a 1:1:1 mass ratio of active material, carbon super C45 and Carboxyl Methyl Celulose (CMC-DS = 0.9, Mw = 700 000 Aldrich), dissolved in distilled water with 0.4% of Triton X dispersant. The slurry was casted into copper foil using a doctor blade (50 µm thickness) and dried at ambient conditions for one day. 11.1 mm disks were cut and dried under vacuum at 70°C overnight. The siloxene electrodes were tested in half-cells against Li, Na and K using CR2032 coin cells, 1 M LiPF6 (NaPF6) in Ethylene Carbonate (EC)/Dimethyl Carbonate (DMC) [1:1] electrolyte with 1% Fluoro-ethylene carbonate (FEC) as additive, and a Whatman glass fiber separator (GF/ D, 675 μm). For K an electrolyte of 0.8M KFSI in EC/DEC (Diethyl Carbonate) showed the best stability.

Alternative solvent mixtures were tested, EC/DEC, EC/PC (polycarbonate) and tetraglyme, the salt XPF6 (X=Na, Li) concentration and ratio of FEC additive was kept constant.

Galvanostatic cycling was performed at 25°C between 0 and 2 V versus Li/Li + (Na/Na + ) at the C/20 (C/n = 1Li (Na)/n h), using a VMP3 or MPG2 (Biologic) device.

Results and Discussion

Synthesis and Characterization of CaSi2 and Siloxene

The CaSi2 (space group R-3m) phase has two-dimensional corrugated layers of Si6 rings separated by Ca atoms (Figure 1a, S1, S2), with several polymorphs that differ in their stacking sequences; among them, the 6R with an AABBCC sequence and the 3R with an ABC one. [START_REF] Weiss | The Topochemical Reaction of CaSi2 to a Two-Dimensional Subsiliceous Acid Si6H3(OH)3 (= Kautskys' Siloxene)[END_REF][START_REF] Nakano | Soft synthesis of single-crystal silicon monolayer sheets[END_REF]. Figure 1b shows the diffraction pattern for the synthesized CaSi2, the Le Bail refinement confirms that the polymorph is the 6R with a=3.8575(2) Å, c= 30.68(1) Å and V=395.42(3) Å 3 as cell parameters, in agreement with the literature (ICSD 248515). [START_REF] Arguilla | Optical properties and Raman-active phonon modes of two-dimensional honeycomb Zintl phases[END_REF][START_REF] Bordet | Structural phase transitions in CaSi 2 under high pressure[END_REF] Note that the peak intensity calculation presents some ambiguity due to a strong preferential stacking of the layers, as observed for other layered materials. [START_REF] Dettlaff-Weglikowska | Structure and optical properties of the planar silicon compounds polysilane and Wohler siloxene[END_REF][START_REF] Drits | X-Ray Diffraction by Disordered Lamellar Structures[END_REF] Lastly, the SEM picture (Figure 1d) confirms the lamellar character of CaSi2.

Posteriorly, the siloxene (Si6H3(OH)3) was prepared according to the Wöhler method, described by equation 1. The obtained product was a greenish-powder. and 47° accompanied with sharp reflections at 28 and 47°. The former ones are ascribed to the siloxene phase, the later ones to c-Si, originated during the synthesis through the formation of Si-Si bonds, as reported for other Zintl phases like KSi and NaSi. [START_REF] Dettlaff-Weglikowska | Structure and optical properties of the planar silicon compounds polysilane and Wohler siloxene[END_REF] The Le Bail refinement provided a cell parameter a=3.93(2) Å which is close to the value obtained for CaSi2 or other functional groups. [START_REF] Dettlaff-Weglikowska | Structure and optical properties of the planar silicon compounds polysilane and Wohler siloxene[END_REF][START_REF] Weiss | The Topochemical Reaction of CaSi2 to a Two-Dimensional Subsiliceous Acid Si6H3(OH)3 (= Kautskys' Siloxene)[END_REF] Siloxene presents a more or less turbostratic stacking sequence, with some of the layers aligned with the center of a Si ring directly above the Si in the next layer and some others randomly stacked. Although as in CaSi2 the 6R stacking sequence predominates. [START_REF] Dettlaff-Weglikowska | Structure and optical properties of the planar silicon compounds polysilane and Wohler siloxene[END_REF][START_REF] Vogg | From CaSi2to siloxene: Epitaxial silicide and sheet polymer films on silicon[END_REF][START_REF] Dahn | Structure of Siloxene and Layered Polysilane (Si6H6)[END_REF] Three different interpretations of the siloxene structure are reported in the literature; [START_REF] Dettlaff-Weglikowska | Structure and optical properties of the planar silicon compounds polysilane and Wohler siloxene[END_REF][START_REF] Weiss | The Topochemical Reaction of CaSi2 to a Two-Dimensional Subsiliceous Acid Si6H3(OH)3 (= Kautskys' Siloxene)[END_REF][START_REF] Stüger | Kautsky-siloxene analogous monomers and oligomers[END_REF] (c). [START_REF] Dettlaff-Weglikowska | Structure and optical properties of the planar silicon compounds polysilane and Wohler siloxene[END_REF][START_REF] Stutzmann | Luminescence and optical properties of siloxene[END_REF] We believe that our siloxene is conformed to the Wöhler siloxene, yet the validation of this hypothesis prevails in the Raman and Infrared spectroscopy characterization. S1 shows the Raman spectra for the 6R-CaSi2, an intense peak at 493 cm -1 , along with less intense ones at 127, 222, 283, 410 and 905 cm -1 can be observed. According to the literature, the first order Transversal Optical Phonon (TO) of a 2D silicon-based material appears at ~500 cm -1 (E2g Symmetry). [START_REF] Fuchs | Porous silicon and siloxane-vibrational and structural properties[END_REF] This mode is attributed to the Si-Si vibration in the planes, which in comparison with bulk Si (520 cm -1 ) is shifted towards lower frequencies.

3CaSi2 + 6HCl + 3H2O Si6H3(OH)3+ 3CaCl2+3H2 (g) (1) 

Figure 2a, Table

The peaks at 127, 222, 283 and 410 cm -1 correspond to a combination of the Transverse Acoustic Phonon (TA) and Longitudinal Optical phonon (LO). The peak at 905 cm -1 indicates a second order Raman scattering involving two TO phonons. [START_REF] Fuchs | Porous silicon and siloxane-vibrational and structural properties[END_REF][START_REF] Zhang | Theoretical Fundamentals of Raman Scattering in Solids[END_REF][START_REF] Yu | Synthesis and electrochemical properties of silicon nanosheets by DC arc discharge for lithiumion batteries[END_REF][START_REF] Wang | Raman spectral study of silicon nanowires: High-order scattering and phonon confinement effects[END_REF][START_REF] Faraci | Quantum size effects in Raman spectra of Si nanocrystals[END_REF][START_REF] Yu | Formation mechanism and optical characterization of polymorphic silicon nanostructures by DC arc-discharge[END_REF] Similarly, the Raman signature of the Siloxene (Figure 2b, Table S1) shows a main band at 497 cm -1 , accompanied by peaks at 288, 373, 636, 727, 903 and 2115 cm -1 . In analogy with CaSi2, the Raman modes at 497, 288 and 903 cm -1 are assigned to the E2g vibration, the 2TA and the 2TO of the Si-Si in the Si layers, respectively. The mode at 497 cm -1 is accompanied by a shoulder, attributed to the presence of residual c-Si. The bands at 635, 735 and 2115 cm -1 correspond to the appearance of Si-H vibrations after Ca deintercalation. [START_REF] Fu | Two-dimensional silicon suboxides nanostructures with Si nanodomains confined in amorphous SiO2 derived from siloxene as high performance anode for Li-ion batteries[END_REF][START_REF] Fuchs | Porous silicon and siloxane-vibrational and structural properties[END_REF][START_REF] Brandt | Vibrational anti-crossing in siloxene[END_REF][START_REF] Vora | Raman scattering from pristine and oxidized polysilanes[END_REF]] is assigned to the Si-Si mode in Si plane; that becomes active due to a dipole moment induced by the difference in electronegativity of the Si ligands (H and OH). [START_REF] Fuchs | Porous silicon and siloxane-vibrational and structural properties[END_REF] The Si-H vibrations can be found at 643 and 2110 cm -1 , the Si-OH, H-Si-O and H-SiO3 at 875, 895 and 2250 cm -1 , respectively. [START_REF] Fuchs | Porous silicon and siloxane-vibrational and structural properties[END_REF][START_REF] Fuchs | Visible luminescence from porous silicon and siloxene[END_REF][START_REF] Yamanaka | New deintercalation reaction of calcium from calcium disilicide. Synthesis of layered polysilane[END_REF] The -OH bending mode is characterized by a narrow line at 1628 cm -1 while the -OH groups that participate in a hydrogen bond are defined by a broad band at 3400 cm -1 . [START_REF] Brandt | Silicon-and germanium-based sheet polymers and zintl phases[END_REF] The peak at 465 cm -1 corresponds to the Si-O-Si bending accompanied by the Si-O-Si symmetric and asymmetric stretching at 809 and 1060 cm -1 , respectively. [START_REF] Fuchs | Porous silicon and siloxane-vibrational and structural properties[END_REF] The appearance of the Si-O-Si modes in our siloxene indicates the presence of SiOx amorphous phases or an oxygen crosslinking (oxidation) between the planes. This oxidation occurs gradually and without any change in the stoichiometry as the oxygen from the -OH is incorporated in the Si-planes in the form of Si-O-Si bridges, forming isolated Si6 rings (Kautsky siloxene).

In summary, these findings indicate that indeed the Si planes from CaSi2 are preserved in siloxene after Ca removal. The structure is predominantly constituted of Si rings terminated by OH and H, with a certain degree of Si-O-Si crosslinking.

Siloxene for metal (Li, Na, K)-ion batteries.

We have evaluated the potential use of siloxene as anode material for lithium, sodium and potassium ion batteries, the galvanostatic profiles are shown in Figure 3. The discharge capacities for the first cycle were 3958, 760 and 592 mAh/g for Li, Na and K, respectively.

Unfortunately, a substantial amount of this capacity is irreversible and the second discharge delivered capacities of 2300, 311 and 203 mAh/g for Li, Na and K, respectively. Note that the conductive additive contributes with a reversible capacity of ~270 mAh/g for Li, ~120 mAh/g for Na and ~97 mAh/g for K (Figures S4,S5); though this approximation is not ideal and the real capacity could be lower for the composite electrode.

For the three systems the galvanostatic curves can be divided into three regions; i) a pseudoplateau at 1.2V (only observed for the first discharge), ii) a sloping profile from 0.7-0.5V and iii) a steady decrease in the potential for voltages <0.5V. Likewise, the processes during charge can be categorized into a rapid increment of the potential until 0.3V, followed by a region with a gentle slope, after which either the potential increases gradually, as for Na, or abruptly, as for Li and K, until the end of charge. However, some differences are identified;

for Li, in the second discharge a plateau at 0.5 V appears and prevails during the following cycles and for Na the plateau at 1.2V during the first discharge is enlarged compared to Li and K. The differential curves (Figure 3) supply complementary information; in the first cycle, for Li is possible to observe three peaks during reduction at 0.37, 0.16 and 0.06 V and during oxidation three peaks at 0.03, 0.3 and 0.45 V followed by a very broad signal. The second cycle (Figure S6a) resembles the first one, although the reduction peak at 0.37 V and the oxidation one at 0.03 V are absent and a new reduction peak appears at 0.45 V, in line with the plateau observed in the galvanostatic curve. For Na, the reduction presents peaks at 1.10 and 0.09 V, and a very sharp one at 0.03 V, whereas the oxidation at 0.1 V and a broad signal at 0.6 V. In the second cycle (Figure S6b), no drastic change in the potential can be observed until 0.2 V, where, three peaks appear at 0.1, 0.06 and 0.02 V. The oxidation displays a peak at 0.01 V followed by a hump with a maximum at 0.6 V. For K, upon reduction two peaks appear at 0.13 and 0.04 V, while during oxidation a sharp peak is observed at 0.021 V and a well-defined one at 0.46 V. During the second cycle (Figure S6c), for reduction no significant variation can be observed, except for a very broad signal at approximately 0 V, while for oxidation two peaks take place at 0.021 and 0.46 V. These preliminary tests for potassium demonstrate the possible reversibility of K in the siloxene electrode; nevertheless, its electrochemical behavior and cyclability is dependent on several factors; particularly the electrolyte formulation. [START_REF] Madec | Paving the Way for K-Ion Batteries: Role of Electrolyte Reactivity through the Example of Sb-Based Electrodes[END_REF] The research for the optimal combination is ongoing and further details will be published elsewhere.

In analogy with the reports for the lithiation/sodiation of Silicon-based materials, the first discharge is characterized by a substantial amount of irreversible capacity, due to the formation of the Solid Electrolyte Interphase (SEI) layer, which can be enhanced by the-OH and -H groups present in the Siloxene surface. The plateau at 1.2 V could correspond as well to the reduction of the FEC additive. As evidenced, when no FEC is used, this plateau is absent and the cells delivered poor lithiation/sodiation capacities, confirming the importance of FEC in the overall performance.

The reported features for the sodiation of Si do not correspond to our results, except for the signature of Na insertion into the carbon additive. According to the literature, the galvanostatic curve for the sodiation of Si presents a sloping voltage region with a plateau at 0.5 and 0.1 V; the desodiation proceeds with a gradual increase in the voltage until the end of charge. Both processes are visualized in the derivative curve by two reduction peaks at 0.5 and 0.04 V and an oxidation one at 0.08 V. [START_REF] Xu | Reversible na-ion uptake in Si nanoparticles[END_REF][START_REF] Shimizu | Electrochemical behavior of SiO as an anode material for Na-ion battery[END_REF][START_REF] Zhang | In Operando Mechanism Analysis on Nanocrystalline Silicon Anode Material for Reversible and Ultrafast Sodium Storage[END_REF] The galvanostatic curve of the conductive carbon presents a sloping voltage region at >0.1 V (Na intercalation in the graphene layers)

and a plateau at 0.05 V (Na intercalation into the pores), corresponding to a reduction peak at 0.8 and 0.020 V and an oxidation one at 0.1V [START_REF] Xu | Reversible na-ion uptake in Si nanoparticles[END_REF][START_REF] Peng | The electrochemical performance of super P carbon black in reversible Li/Na ion uptake[END_REF]. In contrast, the lithiation of siloxenebased materials has been reported in the literature, and the electrochemistry seems to be closely related to the composition. [START_REF] Kumai | Characteristics of layered polysilane and its application to lithium ion battery anodes[END_REF][START_REF] Sun | Two-dimensional ultra-thin SiO x (0 < x < 2) nanosheets with long-term cycling stability as lithium ion battery anodes[END_REF][START_REF] Zhang | Silicene Flowers: A Dual Stabilized Silicon Building Block for High-Performance Lithium Battery Anodes[END_REF][START_REF] Imagawa | Stabilized lithium-ion battery anode performance by calciumbridging of two dimensional siloxene layers[END_REF]] displayed in the derivative curve by two reduction peaks at 0.17 and 0.005 V and one at 0.45 V for oxidation. [START_REF] Obrovac | Structural Changes in Silicon Anodes during Lithium Insertion-Extraction[END_REF][START_REF] Wang | Electrochemical Reaction of Lithium with Nanostructured Silicon Anodes : A Study by In-Situ Synchrotron X-Ray Diffraction and Electron Energy-Loss Spectroscopy[END_REF][START_REF] Iaboni | Li15Si4 Formation in Silicon Thin Film Negative Electrodes[END_REF][START_REF] Kwon | Performance of electrochemically generated Li21Si5 phase for lithium-ion batteries[END_REF][START_REF] Li | An In Situ X-Ray Diffraction Study of the Reaction of Li with Crystalline Si[END_REF][START_REF] Kang | Phase transitions explanatory of the electrochemical degradation mechanism of Si based materials[END_REF] In this sense, the peaks in the Siloxene derivative curve can be only partially attributed to this reaction due to the traces of c-Si, yet its signature is not reflected in the galvanostatic curve. Thus the observed phenomena might be originated from the insertion of Li in the carbon additive and the siloxene rather than an alloying Si/Li mechanism. Indeed the lithiation of siloxene can be evidenced by a prolonged sloping profile that extends until the end of the discharge in the galvanostatic curve. [START_REF] Kumai | Characteristics of layered polysilane and its application to lithium ion battery anodes[END_REF][START_REF] Xu | Silicon-based nanosheets synthesized by a topochemical reaction for use as anodes for lithium ion batteries[END_REF][START_REF] Sun | Two-dimensional ultra-thin SiO x (0 < x < 2) nanosheets with long-term cycling stability as lithium ion battery anodes[END_REF][START_REF] Fu | Two-dimensional silicon suboxides nanostructures with Si nanodomains confined in amorphous SiO2 derived from siloxene as high performance anode for Li-ion batteries[END_REF][START_REF] Zhang | Silicene Flowers: A Dual Stabilized Silicon Building Block for High-Performance Lithium Battery Anodes[END_REF][START_REF] Imagawa | Stabilized lithium-ion battery anode performance by calciumbridging of two dimensional siloxene layers[END_REF] In the derivative curve, the reduction peaks at 0.37, 0.16 and 0.006 V and the oxidation ones at 0.3 and 0.45 V are in line with the reports from Fu et al [START_REF] Fu | Two-dimensional silicon suboxides nanostructures with Si nanodomains confined in amorphous SiO2 derived from siloxene as high performance anode for Li-ion batteries[END_REF], Sun et al [START_REF] Sun | Two-dimensional ultra-thin SiO x (0 < x < 2) nanosheets with long-term cycling stability as lithium ion battery anodes[END_REF] and Zhang et al [START_REF] Zhang | Silicene Flowers: A Dual Stabilized Silicon Building Block for High-Performance Lithium Battery Anodes[END_REF].

Finally, the capacity retention properties of siloxene were tested (Figure 4 a,c). Despite the irreversible character during the first cycle, the subsequent ones maintain significant reversible capacity values. Note that all the following values refer to the second cycle. For lithium, 1845 mAh/g are delivered after 58 cycles, representing a capacity retention of 79%.

The coulombic efficiency increases from 51% to 91%, from the first to the second cycle and holds an average value of 96%. For sodium, 252 mAh/g are obtained after 77 cycles, corresponding to a capacity retention of 81%. The coulombic efficiency rapidly increases from 37% to 90% during the second cycle, and keeps an average value of 98% for the following ones. The improved capacity retention and high coulombic efficiency for Li compared to a pure Si electrode, is believed to be related with the lamellar character of siloxene; which buffers the volumetric changes during lithiation and shortens the Li diffusion distances. [START_REF] Obrovac | Structural Changes in Silicon Anodes during Lithium Insertion-Extraction[END_REF][START_REF] Wang | Electrochemical Reaction of Lithium with Nanostructured Silicon Anodes : A Study by In-Situ Synchrotron X-Ray Diffraction and Electron Energy-Loss Spectroscopy[END_REF][START_REF] Iaboni | Li15Si4 Formation in Silicon Thin Film Negative Electrodes[END_REF][START_REF] Kwon | Performance of electrochemically generated Li21Si5 phase for lithium-ion batteries[END_REF][START_REF] Li | An In Situ X-Ray Diffraction Study of the Reaction of Li with Crystalline Si[END_REF][START_REF] Kang | Phase transitions explanatory of the electrochemical degradation mechanism of Si based materials[END_REF] Regarding the rate capability, the siloxene exhibits a good performance for both Li and Na. In 

Electrolyte solvent influence on the electrochemical cycling of Siloxene

The electrochemistry of silicon-based materials highly depends on factors like the intricate growth and poor stability of the SEI layer, the electrolyte and the nature of the electrode materials. In order to find favorable conditions for the cycling of siloxene alternative solvent mixtures to EC/DMC were tested: EC/DEC, EC/PC and Tetraglyme. Note that the XPF6 (X=Na, Li) salt and the ratio of 1% FEC additive were kept constant. In this section we present an overview of the study; for additional details please refer to the Supplementary Information section.

For Na, (Figure S7a,c,e In both cases, the EC/DMC and EC/DEC mixtures presented improved results, whereas for tetraglyme, despite the high capacities during the first cycles, it inevitably experienced rapid capacity fading. The high ionic conductivity and mobility in EC and the high viscosity and low conductivity in tetraglyme might be behind these two different behaviors. In addition, carbonate and ether-based electrolytes could have different reactivities with the siloxene surface, ratifying that the choice of solvent mixture is important to ensure an optimal cycling.

Electrochemical Mechanism insight

The electrochemical cycling of Siloxene suggests that an alternative mechanism to conventional alloying takes place. As previously presented the results show almost no evidence of the characteristic features for an alloying of Li/Na with Si. In this regard the intercalation of alkali into the siloxene layers is plausible and desired to avoid the volume change during the discharge/charge cycles. In order to understand the possible electrochemical mechanism taking place, the discharged and charged material was characterized by Raman and IR spectroscopy, complimented with microscopy techniques. product for Na and Li, the same basic structure of Si-Si in Si-planes defined by an intense peak centered between 492-507 cm -1 and the second order TA and TO at 283 and 900 cm -1 , can be observed in all of them. Note that upon Ca deintercalation from CaSi2 to form siloxene, new bands at 635, 735 and 2115 cm -1 appear, ascribed to the Si-H vibrations. These bands disappear upon electrochemical (de)sodiation/(de)lithiation but the Si planes vibration modes are preserved, indicating no structural degradation with cycling. Additional bands emerge at 1330 and 1600 cm -1 , corresponding to the disordered (D) A1g breathing mode of defects/vibrations and the graphitized (G) E2g vibration of the C-C plane from the conductive carbon. [START_REF] Lanz | Combined In Situ Raman and IR Microscopy at the Interface of a Single Graphite Particle with Ethylene Carbonate/Dimethyl Carbonate[END_REF] Interestingly, the main Si planes Raman band position seems to be related with the composition, that is, for CaSi2 it is centered at 493 cm -1 and at 497 cm -1 once the Ca is replaced by -H and -OH in siloxene. Upon sodiation/lithiation it shifts to 504 and 505 cm -1 ;

Characterization of discharged and charged compound.

and after desodiation/delithiation to 494 and 492 cm -1 , respectively. We believe that this shift is probably related with a change in the interlayer separation and in the bond nature between the Si-planes and the substituent group, meaning that upon electrochemical (de)sodiation/(de)lithiation the -H and -OH bonds in siloxene are probably replaced by the alkali ion, resulting in a reversible Raman shift. In order to examine the layered structure stability after prolonged cycling, the same analysis was performed after 100 cycles (Figure S9). The Raman signature of the Si-planes is still present, with the main band centered at 486 cm -1 for Na and 508 cm -1 for Li. This difference in shift could be related with the depth of sodiation/lithiation at the time of the analysis. In the IR spectra, for both cases, the -OH bands have practically disappeared, and the -OH bending at 1628 cm -1 has been replaced by two new bands situated at approximately the same frequency. The bands at 1450 and 1300 cm -1 and Si-O-Si signal are preserved.

Lastly to complement the Raman and IR findings, the cycled electrodes were analyzed by SEM and TEM (Figure 6, S10). After the first discharge-charge and even after 100 cycles, the lamellar compound was still present (in line with the Si-planes structure stability). Notably, the aggregate size has decreased after 100 cycles. The TEM analysis of the sodiated siloxene confirms the conservation of the lamellar character (Figure 6, S11), although the material remains amorphous as shown by the electron diffraction. The EDX analysis (Table S3)

indicates the presence of silicon (44%), oxygen (38.55%) and Sodium (14.34%) as the main components with minor traces of Cl, Ca, P and F as residues from the synthesis process and the electrolyte. the alloying mechanism. The NaSi [START_REF] Kliche | Raman Spectrum of the Tetrasilatetrahedrane Anion Si4(4-)[END_REF] and some of the LixSi [START_REF] Gruber | Raman spectroscopic studies of LixSiy compounds[END_REF] phases are Raman active, yet, our Raman experiments did not show any of their vibration bands (Figure S13). The possibility of an alloy mechanism lies then in the presence of bulk Si as an impurity, even though its Raman signature is approximately in the same range as siloxene, only a particle size of 1-2 nm would provide an extremely broad band at ~500 cm -1 [START_REF] Faraci | Quantum size effects in Raman spectra of Si nanocrystals[END_REF][START_REF] Cinquanta | Getting through the nature of silicene: An sp2-sp3 twodimensional silicon nanosheet[END_REF], thus this approach fails to explain our findings. In fact, the Raman shift in siloxene with respect bulk Si has its origins in the breaking of the translational symmetry in one direction (perpendicular to the plane) due to the 2D structure. Additionally, the modes at 172 and 210 cm -1 in siloxene are not present for bulk Si. [START_REF] De Padova | 24H Stability of Thick Multilayer Silicene in Air[END_REF] The absence of these features from an alloying mechanism sets a pathway for an alternative interpretation, such the intercalation of Na and Li in the siloxene layers. Essential indicators from this reaction are the preservation of the lamellar character even after 100 cycles, the presence of Na in the discharged compound as observed by EDX, the reversible Raman shift of the main Si-plane band for the discharged and charged electrode and the loss of the -OH and Si-H vibrations in Raman and IR spectroscopy. Undoubtedly, these two last ones are likely related to a change in the bond nature of the Si-planes with the substituent group producing a different interlayer separation, probably the electrochemical cycling induces an exchange between -OH and -H with Li/Na. Indeed, the theory predicts that the alkali ions adsorption leads to a geometrical transformation in order to accommodate more ions in alternative sites to the Si honeycomb hollow (most favored). [START_REF] Zhuang | Silicene: A Promising Anode for Lithium-Ion Batteries[END_REF] The intercalation of Na/Li into a layered Si-based materials has only been theoretically predicted for a single layer of siloxene (silicene), with no experimental record. The calculations foresee a high coverage of the silicene with alkali ions like Na, Li and K due to the nature of their interactions. The full sodiated/lithiated state of silicene corresponds to X1Si1 (X=Li/Na), the predicted binding energies and diffusion barriers indicate that their intercalation is achievable without the kinetic limitations (higher diffusion coefficient for silicene), structure degradation and volume expansion of bulk Si. [START_REF] Zhuang | Silicene: A Promising Anode for Lithium-Ion Batteries[END_REF][START_REF] Kulish | Controlling Na diffusion by rational design of Si-based layered architectures[END_REF][START_REF] Lin | Much stronger binding of metal adatoms to silicene than to graphene: A first-principles study[END_REF][START_REF] Oughaddou | Silicene, a promising new 2D material[END_REF][START_REF] Mortazavi | Application of silicene, germanene and stanene for Na or Li ion storage: A theoretical investigation[END_REF] This feasibility for alkali intercalation with such high structural stability introduces siloxene as a potential anode for LIB, NIB and KIB batteries.

Nevertheless, a better understanding of its electrochemical mechanism is necessary to develop its maximum performance.

.

Conclusion

In conclusion, the siloxene was obtained from topotactic deintercalation of Ca from CaSi2, and the obtained structure consisted of Si honeycombs planes, saturated with -H and -OH. 

Figure 1 .

 1 Figure 1. a) Ilustration of the transformation of CaSi2 into Siloxene upon reaction with HCl. b)Le Bail refinement for CaSi2 XRD pattern. c) XRD pattern for siloxene. SEM images of d) CaSi2 and e) siloxene. f) TEM image of siloxene

( 3 .

 3 8575(2) Å), indicating the preservation of the corrugated layers. The c cell parameter, has slightly increased from 5.11(1) Å (c/6) in CaSi2 to 6.092(5) Å in siloxene resulting in peak broadening and a larger interlayer separation, probably due to the incorporation of HCl, H2O

  corrugated silicon layers with three Si-Si bonds and alternating -H or -OH substituents as in Wöhler siloxene (a), two-dimensional Si sheets made of Si6 rings linked by oxygen bridges, as in Kautsky Siloxene (b) and one-dimensional Si-Si chains interconnected by Si-O bonds (c) (FigureS3). The structure (a) has been reported to be metastable, with a gradual decomposition into Kautsky siloxene (b) through a hydrolysis process of Si-H to Si-OH and condensation to Si-O-Si, enhanced by light and UV irradiation.[START_REF] Weiss | The Topochemical Reaction of CaSi2 to a Two-Dimensional Subsiliceous Acid Si6H3(OH)3 (= Kautskys' Siloxene)[END_REF][START_REF] Brandt | Silicon-and germanium-based sheet polymers and zintl phases[END_REF] Nonetheless, there is few experimental evidence for structures (b) and

Figure 2 .

 2 Figure 2. a) Deconvolution Raman spectra CaSi2. b) raman spectra of Siloxene, c) Infrarred spectra of Siloxene

Figure 3 .

 3 Figure 3. Galvanostatic curves and their respective derivative curves for the first cycle for siloxene vs a, b) Li, c,d) Na and e,f) K

Figure 4 b

 4 ,d it is possible to observe that for rates of C/20 and C/10 there is not a dramatic decrease in the capacity. However, for Na at 1C, 2C and 5C the electrode delivered poor capacities. This drop might be originated from kinetic limitations given the higher Na radius size. For Li, even at high rates (1C, 2C, 5C) the electrode delivers considerable capacities values, superior than conventional graphite-based anodes. In both cases, once the C/rate is reestablished to C/20 similar capacity values to the initial ones are recovered.

Figure 4 .

 4 Figure 4. Cycling performance of siloxene vs a) Li and c) Na at C/20. Rate performance at different C/rates for siloxene vs b)Li and d) Na

Figure 5 a

 5 Figure 5 a,b shows the Raman spectra for the CaSi2, siloxene and discharged and charged

Figure 5 .

 5 Figure 5. a) Raman spectra of a) CaSi2, siloxene and lithiated/delithiated siloxene and b) CaSi2, siloxene and sodiated/desodiated siloxene. c) IR spectra of a) siloxene and lithiated/ delithiated siloxene and d) siloxene and sodiated/desodiated siloxene

Figure 6 .

 6 Figure 6. SEM picture for the a) lithiated and b) sodiated siloxene. c, d) TEM picture of sodiated siloxene

  The combined Raman and IR spectroscopy complemented with SEM and TEM provide information on the electrochemical mechanism of sodiation/lithiation of siloxene. The results demonstrate the stability of the siloxene Si-plane structure upon cycling and the reversible insertion of Na/Li into the carbon additive, as already predicted in the standard coin cell cycling (FigureS4,S5). Nonetheless, the carbon additive cannot explain the totality of the delivered capacities, meaning that siloxene undergoes an electrochemical reaction with Na and Li. Generally, silicon-based materials are most known to undergo an alloying reaction with Li and Na, however in the present study neither the galvanostatic nor the derivative curves of siloxene exhibit the characteristic features of such process. Besides, an XRD analysis (FigureS12) of the siloxene at different potentials did not show any of the diffraction peaks from NaSi/Li15Si4 (both crystalline) at the end of the discharge, proper from

  The siloxene has exhibited potential application as anode material for LIB, NIB and KIB technologies, and despite the high irreversible capacity delivered during the first discharge, reversible capacities of 2300, 311 and 203 mAh/g were delivered for Li, Na and K, respectively. The electrode material performed with excellent capacity retention and coulombic efficiency for LIB and NIB. Additionally, an intercalation mechanism for the siloxene cycling was proposed based on the experimental findings by Raman and IR spectroscopy complemented by SEM and TEM. It is worth noting that it is the first time that a Silicon-based electrode material shows such high stable capacity without volume expansion and its associated consequences on the performance, representing a real breakthrough for the batteries field. Nevertheless, further experiments must be carried out for an advanced understanding, particularly the role of the different surface groups during the first discharge and the determination of the optimal cycling conditions for an improved performance. Finally, the family of the lamellar Zintl phases has demonstrated a vast versatility for different applications, opening their study as new anode materials for different battery technologies.

  Correspondingly, the second cycle displayed capacities of 311, 350, 320 and 300 mAh/g. No significant changes were found in the galvanostatic curve profile, with the exception of tetraglyme, where the plateau at 1.2 V is enlarged, indicating probably a different reactivity with ether-based electrolytes. For Li, (FigureS7b,d,f) the

	capacities for the first discharge are 3958, 3577, 3319 and 3409 mAh/g for EC/DMC;
	EC/DEC, EC/PC and Tetraglyme, respectively, substantial amount of this capacity is
	irreversible and for the second discharge, the capacities are 2300, 2165, 2002 and 2302
	mAh/g, respectively. Regarding the capacity retention (Figure S8), for Na, after 50 cyles
	EC/DEC retains 79%, EC/PC 84% tetraglyme 58% of the capacity with respect to the values
	observed during the second cycle.

) the use of different solvents still delivers a substantial irreversible capacity during the first cycle; 750, 815, 880 and 950 mAh/g for EC/DMC, EC/DEC, EC/PC and tetraglyme, respectively.
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