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Oxides derived from the ReO 3 structure, such as bronzes or Wadsley-Roth phases, have re-emerged from the past as they offer very attractive properties as negative electrodes for high power Li-ion batteries. Here we revisit the hexagonal bronze Cs 0.5 Nb 2.5 W 2.5 O 14 and its protonated H 0.25 Cs 0.25 Nb 2.5 W 2.5 O 14 derivative which was newly obtained after ion exchange. A panel of characterization techniques (HAADF-STEM imaging, EDX mapping and XRD) revealed a specific cation ordering in the material and a preferential ion exchange in the heptagonal tunnels of this oxide. When used as Li-ion battery electrodes, H 0.25 Cs 0.25 Nb 2.5 W 2.5 O 14 exhibits higher specific capacities as well as better capacity retention at high currents than Cs 0.5 Nb 2.5 W 2.5 O 14 . The protonated phase provides specific capacities of 132 mAh.g -1 and 111 mAh.g -1 at respectively 0.02 A.g -1 and 0.2 A.g -1 . Kinetic analysis reveals that the good capacity at high rate is due to favourable diffusion of lithium ions into the tunnels of H 0.25 Cs 0.25 Nb 2.5 W 2.5 O 14 . In addition, using in situ XRD, a solid solution mechanism occurring during lithium insertion was proposed, as well as the different lithiation sites of the material.

Introduction

For a swift development of electric vehicles, it is critical that the battery systems used can be charged within few minutes without losing capacity, safety, and life span. [START_REF] Choi | Achieving High Energy Density and High Power Density with Pseudocapacitive Materials[END_REF] To reach this goal, many teams develop electrodes that can electrochemically store a large amount of charges within a short period of time. 2 Therefore, the target would be the design of a Li-ion battery which can be charged only in a few minutes. [START_REF] Burnham | Enabling Fast Charging -Infrastructure and Economic Considerations[END_REF][START_REF] Li | Fast Charging Li-Ion Batteries for a New Era of Electric Vehicles[END_REF] Thus, various solutions have been proposed to improve the charging speed of these batteries, particularly the replacement of the negative graphite electrodes, which reduce the high-power ability of this feature. Indeed, Li + ions are inserted into graphite at a potential close to the one of the redox couple Li + /Li. [START_REF] Aurbach | On the Behavior of Different Types of Graphite Anodes[END_REF] This characteristic, for the case of rapid charging, can be detrimental to the battery. A higher charging rate can lead to a potential below 0 V vs. Li + /Li and thus potentially gives rise to the growth of lithium dendrites at the negative electrode, which will in turn cause malfunctioning of the system. [START_REF] Zhang | Aligned Graphene Array Anodes with Dendrite-Free Behavior for High-Performance Li-Ion Batteries[END_REF][START_REF] Fear | In Operando Detection of the Onset and Mapping of Lithium Plating Regimes during Fast Charging of Lithium-Ion Batteries[END_REF][START_REF] Yan | Regulating the Growth of Lithium Dendrite by Coating an Ultra-Thin Layer of Gold on Separator for Improving the Fast-Charging Ability of Graphite Anode[END_REF] Moreover, considering that the charge storage mechanism dominating in graphite is intrinsically limited by the diffusion of lithium ions, it will translate into a lower capacity at rapid charging. Therefore, this will reduce the energy delivered by the battery. [START_REF] Choi | Achieving High Energy Density and High Power Density with Pseudocapacitive Materials[END_REF] The most promising approach to replace graphite appears to be the use of transition metal oxides operating at a potential above 0.8-1.0V vs. Li + /Li. These compounds not only prevent the growth of lithium dendrites but also the formation of SEI, which drains lithium ions from the electrolyte. Lithium ion depletion would damage the ionic conductivity of the electrolyte, which is an important feature to take into account for fast charging devices. [START_REF] Jeżowski | Safe and Recyclable Lithium-Ion Capacitors Using Sacrificial Organic Lithium Salt[END_REF] Nowadays, oxides such as Li 4 Ti 5 O 12 are implemented as negative electrodes in high-power batteries. [START_REF] Thackeray | Li 4 Ti 5 O 12 Spinel Anodes[END_REF][START_REF] Zeng | Commercialization of Lithium Battery Technologies for Electric Vehicles[END_REF][START_REF] Wu | Investigation on Li 4 Ti 5 O 12 Batteries Developed for Hybrid Electric Vehicle[END_REF] However, the low relative specific capacity offered by Li 4 Ti 5 O 12 has led researchers to look for other negative electrode materials.

Reducing the particle size increases the electronic and ionic conductivity, but decreases the density of the batteries due to the lower practical density. [START_REF] Shen | Li 4 Ti 5 O 12 Nanoparticles Embedded in a Mesoporous Carbon Matrix as a Superior Anode Material for High Rate Lithium Ion Batteries[END_REF][START_REF] Calvez | Ag 2 V 4 O 11 : From Primary to Secondary Battery[END_REF][START_REF] El-Deen | Anatase TiO 2 Nanoparticles for Lithium-Ion Batteries[END_REF][START_REF] Zhou | Effect of Particle Size on Thermodynamics and Lithium Ion Transport in Electrodes Made of Ti 2 Nb 2 O 9 Microparticles or Nanoparticles[END_REF] The creation of cationic vacancies and fluorine or chlorine doping are also promising ways to increase power density. [START_REF] Shin | Oxygen-Deficient TiO 2-δ Nanoparticles via Hydrogen Reduction for High Rate Capability Lithium Batteries[END_REF][START_REF] Calvez | Investigating the Perovskite Ag 1-3x La x NbO 3 as a High-Rate Negative Electrode for Li-Ion Batteries[END_REF][START_REF] Moitzheim | Chlorine Doping of Amorphous TiO 2 for Increased Capacity and Faster Li + -Ion Storage[END_REF] On the other hand, finding new materials with intrinsic good ionic and electronic conductivity seems interesting. In this sense, Goodenough's group proposed TiNb 2 O 7 in 2011. [START_REF] Han | New Anode Framework for Rechargeable Lithium Batteries[END_REF][START_REF] Han | 3-V Full Cell Performance of Anode Framework TiNb 2 O 7 /Spinel LiNi 0. 5 Mn 1.5 O 4[END_REF][START_REF] Griffith | Titanium Niobium Oxide: From Discovery to Application in Fast-Charging Lithium-Ion Batteries[END_REF] This is a so-called Wadsley-Roth material because it has blocks of octahedra (MO 6 ) organised similarly as ReO 3, and these blocks share their edges forming a 3D structure. These types of blocks are promising to provide fast lithium ion transport. [START_REF] Griffith | Superionic Lithium Intercalation through 2×2 Nm 2 Columns in the Crystallographic Shear Phase Nb 18 W 8 O 69[END_REF][START_REF] Griffith | Ionic and Electronic Conduction in TiNb 2 O 7[END_REF][START_REF] Koçer | Cation Disorder and Lithium Insertion Mechanism of Wadsley-Roth Crystallographic Shear Phases from First Principles[END_REF][START_REF] Koçer | First-Principles Study of Localized and Delocalized Electronic States in Crystallographic Shear Phases of Niobium Oxide[END_REF] As early as 1983, R.J.

Cava identified the potential of these materials in several papers describing the insertion of lithium ions into the so-called Wadsley-Roth materials. [START_REF] Cava | Lithium Insertion in Wadsley-Roth Phases Based on Niobium Oxide[END_REF][START_REF] Cava | Lithium Insertion, Electrical Conductivity, and Chemical Substitution in Various Crystallographic Shear Structures[END_REF][START_REF] Cava | Secondary Lithium Cells Employing Vanadium Tungsten Oxide Positive Electrodes[END_REF] More recently, Griffith et al.

proposed two materials with exciting electrochemical properties for fast charging: a Wadsley-Roth oxide (Nb 16 W 5 O 55 ) and a tetragonal bronze (Nb 18 W 16 O 93 ) both showing outstanding electrochemical properties. [START_REF] Griffith | Niobium Tungsten Oxides for High-Rate Lithium-Ion Energy Storage[END_REF] In the early 1950s, Magnéli et al. studied the crystallography of tungsten bronzes and quickly realized the tremendous variety of crystallographic forms that exists. [START_REF] Magnéli | Tungsten Bronzes Containing Six-Membered Rings of WO 6 Octahedra[END_REF][START_REF] Magnéli | Contribution to the Knowledge of the Alkali Tungsten Bronzes[END_REF][START_REF] Magnéli | Studies on the Hexagonal Tungsten Bronzes of Potassium, Rubidium and Cesium[END_REF] Bronzes can have tetragonal, hexagonal tunnels, or both in the case of materials with intergrowths. [START_REF] Stephenson | The Crystal Structure of the Tetragonal Bronze, Ba 6 Ti 2 Nb 8 O 30[END_REF][START_REF] Goreaud | The Thallium Tungstate Tl 2 W 4 O 13 : A Tunnel Structure Related to the Hexagonal Tungsten Bronze[END_REF][START_REF] Krumeich | The Complex Crystal Chemistry of Niobium Tungsten Oxides[END_REF][START_REF] Krumeich | Intergrowth of Niobium Tungsten Oxides of the Tetragonal Tungsten Bronze Type[END_REF] They can also be made of different transition metal cations (W, Nb, Ta, Ti, Mo, V...). [START_REF] Lundberg | New Complex Structures in the Cesium-Niobium-Tungsten-Oxide System Revealed by HREM[END_REF][START_REF] Benhamada | KVPO 5 , an Intersecting Tunnel Structure Closely Related to the Hexagonal Tungsten Bronze[END_REF][START_REF] Awadalla | Crystal Structures of Some Niobium and Tantalum Oxides. III K 6 Ta 10.8 O 30 -A Partially "Filled" Tetragonal Tungsten Bronze-like Structure[END_REF][START_REF] Benabbas | A Novel Niobium Phosphate Bronze with a Tunnel Structure, K 3 Nb 6 P 4 O 26 , Membern ∞ of the Series(K 3 Nb 6 P 4 O 26 )n •KNb 2 PO 8[END_REF][START_REF] Leclaire | A Niobium Phosphate Bronze with a Tunnel Structure: KNb 3 P 3 O 15[END_REF] However, this large family of materials has been less studied than the Wadsley-Roth oxides as negative electrodes for fast charging batteries.

For all the reasons presented here, we focused our study on a never investigated hexagonal tungsten bronze as a negative electrode for Li-ion batteries, namely Cs 0.5 Nb 2.5 W 2.5 O 14 . This oxide is examined in the form of micrometric particles to maintain a good volumetric energy density. In addition, ion exchange was studied for the first time on this material to exchange cesium cations with protons. This method has proven to be an efficient way to obtain betterperforming electrode materials. [START_REF] Miranda | Revisiting Rb 2 TiNb 6 O 18 as Electrode Materials for Energy Storage Devices[END_REF] On the one hand, exchanging a bulky ion like Cs + (Ionic radii of 1.88 A° for a coordination number of XII) [START_REF] Shannon | Revised Effective Ionic Radii and Systematic Studies of Interatomic Distances in Halides and Chalcogenides[END_REF][START_REF] Shannon | Revised Values of Effective Ionic Radii[END_REF] by small and mobile proton will allow a larger space for the insertion of lithium ions in the tunnels. In another hand, an improve of the Li + conductivity is expected with the decrease of steric effect. In addition, ion exchange was studied for the first time on this material to exchange cesium cations with protons. This method has proven to be an efficient way to obtain better-performing electrode materials. [START_REF] Miranda | Revisiting Rb 2 TiNb 6 O 18 as Electrode Materials for Energy Storage Devices[END_REF] On the one hand, exchanging a bulky ion like Cs + (Ionic radii of 1.88 A° for a coordination number of XII) [START_REF] Shannon | Revised Effective Ionic Radii and Systematic Studies of Interatomic Distances in Halides and Chalcogenides[END_REF][START_REF] Shannon | Revised Values of Effective Ionic Radii[END_REF] by a small and mobile proton will provide a larger space available in the tunnels for the insertion of lithium cations. In another hand, an improvement of the Li + conductivity is expected with the decrease of steric effect due to the bulky cesium ions.

The characterization of the synthesized material before and after ion exchange by HAADF-STEM imaging, EDX mapping, and powder XRD shows an exchange of cesium cation located in specific crystallographic sites. The electrochemical characteristics of these materials were studied by galvanostatic and CV measurements. Finally, in situ XRD enabled to evidence the charge storage mechanism as well as volume changes during lithiation and delithiation. (2θ) with a step scan of 0.0167°. Le Bail refinements were performed using a Pseudo-Voigt function for the peak profile. [START_REF] Petříček | Crystallographic Computing System JANA[END_REF] In situ XRD patterns were collected using a homemade Leriche-like cell. [START_REF] Leriche | An Electrochemical Cell for Operando Study of Lithium Batteries Using Synchrotron Radiation[END_REF] During charge-discharge experiments, a current of 0.02 A.g -1 was applied for 60 minutes and then stopped for 30 minutes during XRD pattern acquisition.

ii. Scanning electron microscopy

Scanning electron microscopy (SEM) images were obtained using a Zeiss Merlin instrument at 15 kV EDX analysis using a 50 mm 2 X-max detector at a working distance of 8 mm was conducted on the same device.

iii. Scanning/Transmission electron microscopy

Scanning/Transmission electron microscopy (S/TEM) was performed to characterize the structural changes between the Cs 0.5 Nb 2.5 W 2.5 O 14 and H 0.25 Cs 0.25 Nb 2.5 W 2.5 O 14 phases.

Powders were dispersed in ethanol and then deposited on a holey carbon film coated copper grid before insertion in an aberration-corrected S/TEM Themis Z G3 (Thermo Fisher Scientific). High-angle annular dark-field (HAADF-STEM) images were acquired at 300 kV, with 12,5 mrad convergence angle and 63-200 mrad collection angles. The Super-X system (4 Energy Dispersive X-Ray detectors) allowed to acquire Cs, Nb and W elemental maps at atomic resolution and to control the composition of single particles (see Figure S1a).

iv. Electrochemistry

To assess the electrochemical behavior of the materials, self-supported electrodes were prepared by mixing, in a small amount of ethanol, 75% w/w H 0. Then, the mixture was placed into a mortar to homogenize the composite paste which was further cold-rolled until the obtention of electrodes with a mass loading of about 5-10 mg.cm -2 according to previous recommendations for providing reliable gravimetric values. [START_REF] Gogotsi | True Performance Metrics in Electrochemical Energy Storage[END_REF] 

Materials characterization

Cs 0.5 Nb 2.5 W 2.5 O 14 shows a hexagonal tungsten bronze structure, as it can be seen in Figure 1. [START_REF] Weirich | Ab Initio Determination of the Framework Structure of the Heavy-Metal Oxide CsxNb 2.54 W 2.46 O 14 from 100 KV Precession Electron Diffraction Data[END_REF] Derived from the ReO 3 structure, this oxide is formed by (MO 6 ), (M=Nb or W) octahedra connected via their corners. In the center of a tunnel created by five octahedra (MO 6 ), a metal cation forms a pentagon bipyramidal feature (MO 7 ), shown in violet in Figure 1. The edge-sharing connection between the octahedra and the pentagon bipyramidal forms a compact structure frequently observed for Nb-W-based oxides. [START_REF] Krumeich | The Complex Crystal Chemistry of Niobium Tungsten Oxides[END_REF] Such crystallographic skeleton leads to the formation of 6-sided hexagonal and 7-sided heptagonal tunnels where alkali Cs + cations can be located. [START_REF] Weirich | Ab Initio Determination of the Framework Structure of the Heavy-Metal Oxide CsxNb 2.54 W 2.46 O 14 from 100 KV Precession Electron Diffraction Data[END_REF][50][51] One distorted (MO 6 ) octahedron connects two 7-sided tunnels. Moreover, 3-sided octahedral tunnels are formed. However, they are too small to accommodate Cs + inside. or the amount of cesium cations exchanged. [START_REF] Omata | Hydrothermal Synthesis of W-Nb Complex Metal Oxides and Their Application to Catalytic Dehydration of Glycerol to Acrolein[END_REF] Considering that the structure of Cs 0.5 Nb 2.5 W 2.5 O 14 was solved for the first time by transmission electron microscopy [START_REF] Lundberg | New Complex Structures in the Cesium-Niobium-Tungsten-Oxide System Revealed by HREM[END_REF] , HAADF-STEM was used to verify the ion exchange feasibility of this phase. Hence, Figure 2.A shows a HAADF-STEM image of Cs 0.5 Nb 2.5 W 2.5 O 14 powder along c axis before ion exchange. This image confirms the structure proposed in the literature. Indeed, the green square in Figure 1.A corresponds to the simulated image based on the structure already reported by Weirich et al [START_REF] Weirich | Ab Initio Determination of the Framework Structure of the Heavy-Metal Oxide CsxNb 2.54 W 2.46 O 14 from 100 KV Precession Electron Diffraction Data[END_REF] and it fits well with our experimental HAADF-STEM image. [START_REF] Weirich | Ab Initio Determination of the Framework Structure of the Heavy-Metal Oxide CsxNb 2.54 W 2.46 O 14 from 100 KV Precession Electron Diffraction Data[END_REF] The hexagonal bronze skeleton with tunnels formed by 6 or 7 octahedra can be clearly seen. Moreover, we can demonstrate the presence of Cs + thanks to the whitish contrast of the spheres observable inside both hexagonal and heptagonal tunnels. 51 To better understand the possible cation ordering of Nb 5+ and W 6+ , EDX mapping was performed for the first time (Figure 2.B). There is no doubt that cesium cations (in yellow) are present in all 6 and 7 octahedra tunnels while niobium (in red) and tungsten (in blue) cations appear to be located at specific sites or mixed along some of the atomic columns (in such case they are colored in purple/pink). The cation in the center of the pentagon bipyramidal seems to be predominantly niobium. In addition, the octahedra separating the two heptagonal tunnels also contain a niobium atom. Tungsten ions appear to be preferentially located on octahedra that are less distorted, as those forming pentagonal units. Although it is complicated to determine with accuracy the ratio of Cs + ions in each tunnel, the EDX image shows that both sites are indeed occupied and almost equally filled with Cs + (see Figure 2.B and Figure S1a).

Moreover, in the case of tungsten bronzes but also of the so-called Wadsley-Roth structures, many publications report on the observation by HRTEM of intergrowth of different phases. [START_REF] Krumeich | The Complex Crystal Chemistry of Niobium Tungsten Oxides[END_REF][START_REF] Krumeich | Intergrowth of Niobium Tungsten Oxides of the Tetragonal Tungsten Bronze Type[END_REF][START_REF] Dong | Niobium Tungsten Oxide in a Green Water-in-Salt Electrolyte Enables Ultra-Stable Aqueous Lithium-Ion Capacitors[END_REF][START_REF] Sayagués | Solid-Gas Reactions of Complex Oxides inside an Environmental High-Resolution Transmission Electron Microscope[END_REF] In this case, and as it can be seen in the enlarged HAADF-STEM image ) and pentagon bipyramidal (MO 7 ) (see Figure 2.C and Figure S1c). However, we can evidence the lack of Cs + cations in all heptagonal tunnels. Moreover, those located in the hexagonal tunnels seem to remain in the structure. According to our understanding, if Cs + located in hexagonal tunnels cannot be exchanged easily, consequently they are more anchored to the structure and participate to its stability. No experiments under more drastic conditions (such as a higher temperature) were performed to check whether it is possible to exchange these Cs + ions located in hexagonal tunnels. Therefore, the question remains opened. EDX confirmed that Cs atomic fraction is half that of Cs 0.5 Nb 2.5 W 2.5 O 14.

Subsequently, protons can replace half of the cesium ions, possibly accompanied by one or more water molecules. The new oxide corresponds to the chemical formula H 0.25 Cs 0.25 Nb 2.5 W 2.5 O 14 , see Figure S2. EDX mapping confirms the absence of cesium ions in the heptagonal tunnels and their presence in the hexagonal tunnels. The niobium/tungsten distribution seems to be maintained, thus giving another evidence that ion exchange only modifies the amount of cesium in the phase. SEM images before and after ion exchange in Figure S3 show that the ion exchange does not cause any cracking or delamination as particles size and morphology are very similar. Finally, we compare our results to the literature data obtain by electron density from electron microscopy. 51 The models in the paper of Heidelmann and al. 51 give rise to different values in terms of cation occupancy compared to our study. Nevertheless, our models go in the same direction with respect to the cations ordering as well as the preferential presence of niobium in (NbO 7 ) and in the octahedra separating the heptagonal and hexagonal tunnels.

To Lastly, powder X-ray diffraction (XRD) patterns were collected to compare crystallographic structures of both Cs 0.5 Nb 2.5 W 2.5 O 14 and H 0.25 Cs 0.25 Nb 2.5 W 2.5 O 14 . As expected from the small difference observed in the HAADF-STEM images, two almost identical patterns were obtained (see Figure S5 (A-B)). Moreover, Le Bail refinement was performed.

Initially, to represent their new phase, Lundberg and Sundberg used the orthorhombic P2 1 2 1 2 space group (n° 18). [START_REF] Lundberg | New Complex Structures in the Cesium-Niobium-Tungsten-Oxide System Revealed by HREM[END_REF] More recent studies consider that more symmetric space group (Pbam, n°55) can better describe the unit cell symmetry. 50,[START_REF] Weirich | Ab Initio Determination of the Framework Structure of the Heavy-Metal Oxide CsxNb 2.54 W 2.46 O 14 from 100 KV Precession Electron Diffraction Data[END_REF] For our refinements, P2 1 2 1 2 space group was used to describe both Cs 0.5 Nb 2.5 W 2.5 O 14 and H 0.25 Cs 0.25 Nb 2.5 W 2.5 O 14 . The initial refinements in the Pbam space group led, in both cases, to worse agreement factors (Table S1). This is mainly due to the poor fit of the diffraction peak around 2 = 28°. This peak can be adequately fitted in the P2 1 2 1 2 space group, leading to a (501) reflection which is forbidden by the Pbam space group but allowed by the P2 1 2 1 2 space group (Figure S6). The refinements were therefore performed in the P2 1 2 1 2 space group and led to a better fit of the experimental data (Table S1). Results of Le Bail refinements made from Cs 0.5 Nb 2.5 W 2.5 O 14 and H 0.25 Cs 0.25 Nb 2.5 W 2.5 O 14 patterns are presented in Figure 3 with the corresponding cell parameters and volume. Interestingly, cell parameters and volume are found to be extremely close, with 0.06% of volume difference between the two compounds. As reported for several oxides with tunnels in their structure [START_REF] Michel | Nouveaux échangeurs cationiques avec une structure à tunnels entrecroisés: les niobates et tantalates A 10 M 29[END_REF][START_REF] Michel | Nouveaux echangeurs cationiques avec une structure a tunnels entrecroises: Les oxydes A 12 M 33 O 90 et A[END_REF][59][START_REF] Rebbah | Les Oxydes ATiMO 5 : Echangeurs Cationiques[END_REF] , the framework of H 0.25 Cs 0.25 Nb 2.5 W 2.5 O 14 is sufficiently rigid not to be influenced by the size of the cations in the tunnels nor by the presence of structural water. For this reason, only a small difference is observed in terms of cell and volume parameters between Cs 0.5 Nb 2.5 W 2.5 O 14 and H 0.25 Cs 0.25 Nb 2.5 W 2.5 O 14 . This result also confirms the observations from HAADF-STEM, the ion exchange only enabled to replace the cesium from heptagonal tunnels without changing the crystallographic structure of the material in contrast with the layered materials like KTiNbO 5 or KLaNb 2 O 7 , where a significant decrease of the interlayer distance is observed after ionic exchange. [START_REF] Rebbah | Les Oxydes ATiMO 5 : Echangeurs Cationiques[END_REF][START_REF] Gopalakrishnan | A I LaNb 2 O 7 : A New Series of Layered Perovskites Exhibiting Ion Exchange and Intercalation Behaviour[END_REF] Moreover, we cannot determine, neither by electron microscopy nor by the structural refinement of our XRD patterns, the accurate location of protons (accompanied by water molecules) in the heptagonal cages. Other experiments such as neutron diffraction on deuterated compounds could probably help to provide this kind of information in the future. [START_REF] Rebbah | Localization of Hydrogen in the Layer Oxide HTiNbO 5[END_REF] 

Electrochemistry

The electrochemical behaviors of Cs 0.5 Nb [START_REF] Miranda | Revisiting Rb 2 TiNb 6 O 18 as Electrode Materials for Energy Storage Devices[END_REF] A low coulombic efficiency is noticed during the first cycle. 70% and for materials with similar crystallographic structures [START_REF] Griffith | Niobium Tungsten Oxides for High-Rate Lithium-Ion Energy Storage[END_REF][START_REF] Miranda | Revisiting Rb 2 TiNb 6 O 18 as Electrode Materials for Energy Storage Devices[END_REF][START_REF] Preefer | Multielectron Redox and Insulator-to-Metal Transition upon Lithium Insertion in the Fast-Charging, Wadsley-Roth Phase PNb 9 O 25[END_REF] . Interestingly, despite the irreversible water reduction observed on the first reduction, a higher coulombic efficiency is The true difference between the two materials is emphasized in the capacity values measured at low and high current densities. Indeed, at low current (0.02 A.g -1 ), the capacities extracted for Cs 0.5 Nb for the same material before the ion exchange. The reason why the protonated phase exhibits higher specific capacities is due to the lack of cesium in the heptagonal tunnels that allows more lithium ions to be inserted inside the host material. In addition, lithium ions seem to diffuse easily into the heptagonal cages, as the proton might play a role in this mechanism. [START_REF] Fleischmann | Understanding Interlayer Deprotonation of Hydrogen Titanium Oxide for High-Power Electrochemical Energy Storage[END_REF] Subsequently, the protonated phase (H 0.25 Cs 0.25 Nb 2.5 W 2.5 O 14 )

is the more appealing one in terms of capacity at high cycling regimes. Since almost 1e -per transition metal cation is exchanged into the protonated oxide at 0.02A.g -1 , we hypothesize that almost every cation (Nb and W) is electroactive which means that insertion in both hexagonal and heptagonal tunnels is possible. Nevertheless, Li + diffusion is favored in the case of the heptagonal tunnels containing protons because of the unfavorable steric effect of Cs + in hexagonal tunnels. Complementary experiments as ex situ XPS or operando XANES could be of interest to obtain better insight concerning this issue.

We decided to keep exploring such a phase to better understand the different insertion mechanisms in this material. Therefore, we began performing cyclic voltammetry (CV) at different scan rate. Although it is a simple technique; it is widely used to understand kinetic phenomena of similar materials. [START_REF] Wang | Pseudocapacitive Contributions to Electrochemical Energy Storage in TiO 2 (Anatase) Nanoparticles[END_REF][START_REF] Augustyn | High-Rate Electrochemical Energy Storage through Li + Intercalation Pseudocapacitance[END_REF] Figure 5A shows a CV where an extremely broad peak between 1.0 V and 2.0 V vs. Li + /Li is observed, corresponding to a very common CV for those insertion materials containing niobium as an electroactive cation. 66,67 Moreover, one can observed the very similar quasi-rectangular shape at both 0.1 mV/s and 2 mV/s sweep rates without exhibiting any significant resistive behavior. In addition, a relative small capacity loss of 27% is observed between 0.1 mV.s -1 and 2 mV.s -1 (20 times faster, see Figure 5.B), with 33% capacity retention at 20 mV/s (200 times faster). We can take advantage of such experiments and calculate the b-value using Equation. 1, as already reported several times by Dunn et. al. [START_REF] Choi | Achieving High Energy Density and High Power Density with Pseudocapacitive Materials[END_REF][START_REF] Wang | Pseudocapacitive Contributions to Electrochemical Energy Storage in TiO 2 (Anatase) Nanoparticles[END_REF][START_REF] Augustyn | High-Rate Electrochemical Energy Storage through Li + Intercalation Pseudocapacitance[END_REF] . This type of analysis enables to provide a better idea of the lithium diffusion in the bulk of the oxide. Figure 5.C shows the result of our calculation and as it is shown the calculated b-value approaches to 0.94. According to the literature [START_REF] Choi | Achieving High Energy Density and High Power Density with Pseudocapacitive Materials[END_REF][START_REF] Wang | Pseudocapacitive Contributions to Electrochemical Energy Storage in TiO 2 (Anatase) Nanoparticles[END_REF][START_REF] Augustyn | High-Rate Electrochemical Energy Storage through Li + Intercalation Pseudocapacitance[END_REF] , a b value close to 1 indicates a non-diffusion limited mechanism. Since double layer capacitance only contributes to a small extend to the overall capacity due to the low specific surface of our electrode, a surface pseudocapacitive behavior coupled with a nondiffusion limited intercalation in the bulk of the electrode material are likely the major phenomena ruling charge storage in this electrode material. Such so-called "pseudocapacitive intercalation" phenomenon actually explains both the peaks involved in the CV as well as the "rectangular" shape. [START_REF] Choi | Achieving High Energy Density and High Power Density with Pseudocapacitive Materials[END_REF][START_REF] Wang | Pseudocapacitive Contributions to Electrochemical Energy Storage in TiO 2 (Anatase) Nanoparticles[END_REF][START_REF] Sobyra | Probing the In Situ Pseudocapacitive Charge Storage in Ti 3 C 2 MXene Thin Films with X-Ray Reflectivity[END_REF] Equation 1

where i is the intensity of reduction/oxidation peak, v the corresponding scan rate, a and b are constant values.

To shed more light on the charge storage mechanism of the protonated phase, and establish a possible lithium insertion into the material we decided to perform in situ XRD to follow the structural changes occurring upon the charge/discharge cycles. The experiment was carried out at 0.02 A.g -1 and the results of the first two cycles are depicted in Figure 6. It is worth mentioning that the relative intensity of the peaks is found to be different when compared to the XRD of the raw powder, most likely due to the preferential alignment of the anisotropic particles occurring during the electrode preparation. During the first lithiation there is no further change in the initial reflections. Since no new reflection seems to appear, it seems consistent with a solid solution mechanism where the lithiation does not lead to any phase changes since all the patterns were refined using the same This is consistent with the percentage reported for the bronze phases and Wadsley-Roth materials. [START_REF] Griffith | Niobium Tungsten Oxides for High-Rate Lithium-Ion Energy Storage[END_REF][START_REF] Saritha | Electrochemical Li Insertion Studies on WNb 12 O 33 -A Shear ReO 3 Type Structure[END_REF] Interestingly, a good reversibility of the structure is observed upon oxidation up to 3V and during the following cycle for H 0.25 Cs 0.25 Nb 2.5 W 2.5 O 14 electrode (Figure S6.A-C).

As previously mentioned, the first reduction demonstrated higher capacity compared to the following ones due to irreversible water reduction occuring around 1.6V vs Li + /Li.

Nevertheless, we did not notice any significant difference between the fully re-oxidized electrode after the first and second cycle. From our understanding this finding demonstrates that irreversible water reduction does not deteriorate the (Nb 2.5 W 2.5 O 14 ) skeleton.

Conclusion

In summary, this work provides for the first time the result of ion exchange on acidic media of Cs 0.5 Nb 2.5 W 2.5 O 14 . HAADF-STEM has shown that despite the presence of cesium ion in the hexagonal and heptagonal sites prior to ion exchange, only half of the cesium cations are extracted, mainly those in the heptagonal tunnels. The resulting material is then On the contrary, a major difference in Li + insertion properties is observed between the two materials. H 0.25 Cs 0.25 Nb 2.5 W 2.5 O 14 provides much higher specific capacities than its equivalent before ion exchange. Specific capacities of 132 and 111 mAh.g -1 are found for H 0.25 Cs 0.25 Nb 2.5 W 2.5 O 14 at respectively 0.02 and 0.2 A.g -1 . These better performances are mainly attributed to the difference in size between cesium ions and protons enabling the formation of a larger number of lithiation sites as well as an enhanced ionic diffusion within the heptagonal tunnels. In addition, the mechanism governing charge storage was revealed using in situ XRD. During the whole lithiation/delithiation process, a solid solution mechanism seems to be involved resulting in a relatively small increase of the cell volume (~ 5%).

The authors consider that it is of interest to revisit this type of material with known crystallographic structures to rediscover oxides of interest for future generations of high- 

Figure 1 .

 1 Figure 1. Crystal structure of Cs 0.5 Nb 2.5 W 2.5 O 14 showed with four unit cells projected along c axis. It is built from (MO 6 ) octahedra and (MO 7 ) pentagonal bipyramids creating hexagonal and heptagonal tunnels. Crystal structure is shown with the use of VESTA.[START_REF] Momma | A Three-Dimensional Visualization System for Electronic and Structural Analysis[END_REF] 

Figure 2 .

 2 Figure 2. (A-C) Experimental HAADF-STEM images (Radial Wiener Filtered) of Cs 0.5 Nb 2.5 W 2.5 O 14 and H 0.25 Cs 0.25 Nb 2.5 W 2.5 O 14 respectively, viewed along [001] (scale bar: 1 nm). Inset : simulated HAADF-STEM images (Dr Probe 54 , using ICSD file #110708 49 as input structure. (B-D) Corresponding EDX maps (Cs : yellow, Nb : red, W : blue). In the green square, the calculated images based on literature data can be observed.

Figure

  FigureS1(b-c), a considerable continuity of the crystal lattice can be observed without obvious intergrowth with different bronze phases or Wadsley-Roth structures.

Figure 2 .

 2 Figure2.C shows the HAADF-STEM images of Cs 0.5 Nb 2.5 W 2.5 O 14 after the ion exchange. It is observed that the skeleton of the structure remains unchanged with both octahedra (MO 6 ) and pentagon bipyramidal (MO 7 ) (see Figure2.C and FigureS1c). However,

  further characterize this novel material (H 0.25 Cs 0.25 Nb 2.5 W 2.5 O 14 ) and, more precisely, to quantify the amount of structural water in this new phase, thermogravimetric analysis (TGA) was carried out. In fact, as observed in Rb 2 TiNb 6 O 18 or Rb 12 Nb 30 W 3 O 90 57-60 , the ionic exchange of large ions by protons in materials showing tunnels frequently occurs with the joint insertion of a proton and a water molecule. As shown in Figure S4, a difference in mass loss is observed between Cs 0.5 Nb 2.5 W 2.5 O 14 and H 0.25 Cs 0.25 Nb 2.5 W 2.5 O 14 in the range of 100° to 900°C. Considering that the initial mass loss is due to chemisorbed water molecules, a mass loss of 0.51% at 700°C is noticed. Such value is in good agreement with the molar mass ratio of 0.25 water molecules per H 0.25 Cs 0.25 Nb 2.5 W 2.5 O 14 ,0.25 H 2 O (4.5/953.6g.mol-1) which corresponds to 0.47% of the total molar mass. Subsequently, these results could be interpreted as the presence of one water molecule per inserted proton in heptagonal tunnels, as already reported in the case of related structures.[START_REF] Miranda | Revisiting Rb 2 TiNb 6 O 18 as Electrode Materials for Energy Storage Devices[END_REF] 

Figure 3 .

 3 Figure 3. Le Bail refinement of (A) Cs 0.5 Nb 2.5 W 2.5 O 14 (Rp = 3.35 %, wRp = 6.41 %) and (B) H 0.25 Cs 0.25 Nb 2.5 W 2.5 O 14 (Rp = 3.62 %, wRp = 5.93 %).

  measured in the case of H 0.25 Cs 0.25 Nb 2.5 W 2.5 O 14 . This demonstrates a more reversible process during the first reduction for H 0.25 Cs 0.25 Nb 2.5 W 2.5 O 14 .

Figure 4 .

 4 Figure 4. Galvanostatic charge-discharge curves at different current densities in a potential range of 3.0V to 1.0V for vs Li + /Li (A) Cs 0.5 Nb 2.5 W 2.5 O 14 and (B) H 0.25 Cs 0.25 Nb 2.5 W 2.5 O 14 . (C) Specific capacity vs cycle number at different current densities for both Cs 0.5 Nb 2.5 W 2.5 O 14 and H 0.25 Cs 0.25 Nb 2.5 W 2.5 O 14 .

Figure 4 .

 4 C shows the capacities of these two materials at all density current densities, where large discrepancies in specific capacity are clearly noticeable. Due to their very close molar mass, the theoretical capacities of the two powders are very close, 134 and 136 mAh.g -1 for Cs 0.5 Nb 2.5 W 2.5 O 14 and H 0.25 Cs 0.25 Nb 2.5 W 2.5 O 14 , respectively. These calculations were made considering the exchange of one electron per transition metal (TM, Nb and W) Thus, when Cs 0.5 Nb 2.5 W 2.5 O 14 inserts only 0.75 e -/TM, almost 1e -/TM is introduced in the protonated oxide at 0.02A.g -1 .

Figure 5 .

 5 Figure 5. (A) CV at different scan rate between 1.0V and 3.0V vs Li + /Li for H 0.25 Cs 0.25 Nb 2.5 W 2.5 O 14 . (B) Specific capacity vs scan rate at different current densities for H 0.25 Cs 0.25 Nb 2.5 W 2.5 O 14 . (C) Specific current in function of scan rate and the corresponding linear fit for determination of b value for H 0.25 Cs 0.25 Nb 2.5 W 2.5 O 14 .

Figure 6 .

 6 Figure 6. In situ XRD patterns of H 0.25 Cs 0.25 Nb 2.5 W 2.5 O 14 at a current of 0.02 A.g -1 between 1.0V and 3.0V vs Li + /Li with (A) voltage-time curve, (B) in situ XRD patterns at corresponding potential in range of 20°-50° and 25°-30°.

P2 1 2 1 2

 2 space group showing steady and reversible variations in the a and b cell parameters (Figure7A and 7B). However, the sloppy plateau centered at 2.1 V vs Li/Li + upon discharge (Figure4A and 4B) and the couple of redox peaks observed at the same potential in the CV plots of H 0.25 Cs 0.25 Nb 2.5 W 2.5 O 14 electrode (Figure5A) do not enable to definitely rule out a two phase mechanism, similar to the one observed in Nb 16 W 5 O 55 and Nb 18 W 16 O 93 electrodes[START_REF] Griffith | Niobium Tungsten Oxides for High-Rate Lithium-Ion Energy Storage[END_REF] . The use of XRD in-depth analytical tools will help in the future to determine if such twophase reaction also occurs in H 0.25 Cs 0.25 Nb 2.5 W 2.5 O 14 electrode.One must notice the shift of the peaks in the patterns, which confirms the insertion of lithium cations into the open tunnels of the protonated powder. The new arriving cations will cause the pristine structure to expand. This shifting appears to be reversible. Thus, to confirm such a reversibility, Le Bail refinements were carried out for all in situ patterns. These results are shown in Figure7.(A-B), where the evolution of the cell parameters and volume upon charge/discharge are displayed for the first cycle. It is observed that such swelling only takes place along the ab planes, where both a and b cell parameters increase slightly whereas the c parameter does not change at all. This shows the anisotropic insertion of lithium in the structure which evidences insertion along direction. Details of the refinements of the pristine materials, fully reduced to 1.0V vs Li + /Li and re-oxidised to 3.0V vs Li + /Li are given in FigureS7.

Figure 7 .

 7 Figure 7. Variation of (A) cell parameters and (B) unit cell volume during the first two charge and discharge process in H 0.25 Cs 0.25 Nb 2.5 W 2.5 O 14 electrode.Between the pristine electrode and the electrode reduced to at 1.0V vs Li + /Li after one reduction, the changes in a, b and c cell parameters are about 2.5%, 2.3% and 0.1% respectively. The insertion of lithium ions will slightly extend the size of the tunnels in the ab plane, increasing the parameters a and b but the parameter c, which is the average size of two opposite corners of an octahedron ( 4 Angstroms), remains practically unchanged. An almost constant increase in cell volume results in a reasonable increase of ~5% of the cell volume.

H 0. 25

 25 Cs 0.25 Nb 2.5 W 2.5 O 14 . In addition, the use of the same technique revealed some cation ordering in the Nb and W sites. When niobium ions are predominantly present in the bipyramidal pentagons, tungsten ions are in the less distorted octahedra, those forming the hexagonal tunnels. Le Bail refinement reveals that the structure of both, Cs 0.5 Nb 2.5 W 2.5 O 14 and H 0.25 Cs 0.25 Nb 2.5 W 2.5 O 14 , are almost similar with extremely close cell parameters.

1. Experimental section a. Synthesis of Cs 0.5 Nb 2.5 W 2.5 O 14 and H 0.25 Cs 0.25 Nb 2.5 W 2.5 O 14

  

		b. Characterization
		i. Powder X-ray diffraction
	X-ray diffraction (XRD) patterns were collected using a PANalytical X'Pert Pro
	diffractometer (Malvern Panalytical, Almelo, Netherlands). X'Celerator detector with Cu-
	K α1 -K α2 (λ	.54 , .54439 ) radiation was used with an acceleration voltage and current
	of 40 kV and 40 mA, respectively. Diffraction patterns were collected between 20° and 90°
	Cs 0.5 Nb 2.5 W 2.5 O 14 was synthesized by mixing Cs 2 CO 3 , Nb 2 O 5, and WO 3 powders in a
	stoichiometric ratio. After grinding the compounds for 10 minutes to ensure a good mix of
	particles, the resulting powder is introduced into a platinum crucible and calcined at 1000°C
	for 48h. To obtain the H 0.25 Cs 0.25 Nb 2.5 W 2.5 O 14 phase, 1 g of the Cs 0.5 Nb 2.5 W 2.5 O 14 powder is
	placed in 200 mL of an aqueous solution of 3M HNO 3 for three days at room temperature.
	The acidic solution is changed daily to promote a favourable ionic exchange.

  UsingSwagelok ® cells, electrochemical measurements were performed by separating working electrode, and metallic lithium (99.9%, Aldrich) with a glass fiber membrane (70 mm, 10 mm diameter, GF/D Whatman) soaked with 1 M LiPF 6 dissolved in 1:1 %wt. EC/DMC (Solvionic, France, battery grade purity). The Swagelok cells were assembled in a glove box containing less than 0.1 ppm of O 2 and H 2 O. VMP3 potentiostat (Biologic, operated under ECLab software version V11.36) was used for electrochemical measurements.

  2.5 W 2.5 O 14 and H 0.25 Cs 0.25 Nb 2.5 W 2.5 O 14 were first evaluated by galvanostatic experiments at different current densities between 1.0V and 3.0V vs Li + /Li.Figure 4.A shows the results obtained in the case of Cs 0.5 Nb 2.5 W 2.5 O 14 , and Figure 4.B displays the protonated H 0.25 Cs 0.25 Nb 2.5 W 2.5 O 14 phase. A similar charge profile is observed for both phases during the first lithiation, with a short plateau at 1.8V followed by a constant decrease of the electrode potential as capacity increases. The small additional and irreversible plateau at 1.6V only observed in the case of H 0.25 Cs 0.25 Nb 2.5 W 2.5 O 14 could be assigned to the irreversible water reduction as it was previously observed for H 2 TiNb 6 O 18 .2H 2 O.

  2.5 W 2.5 O 14 and H 0.25 Cs 0.25 Nb 2.5 W 2.5 O 14 are 101 and 132 mAh.g -1respectively. For a relatively high current such as 0.2 A.g -1 , the difference in capacity increases even more with 68 mAh.g -1 for the Cs 0.5 Nb 2.5 W 2.5 O 14 electrode compared to 111 mAh.g -1 in the case of H 0.25 Cs 0.25 Nb 2.5 W 2.5 O 14 electrode. Relatively speaking, the differences increase again when considering the extremely high current density case. At 2.0 A.g -1 , a capacity of 61 mAh.g -1 for H 0.25 Cs 0.25 Nb 2.5 W 2.5 O 14 is obtained, contrarily to only 15 mAh.g-1 

  Li-ion batteries. Moreover, such findings can help to design electrode materials with successful extraction of all the Cs + from the structure.  HAADF-STEM images of H 0.25 Cs 0.25 Nb 2.5 W 2.5 O 14 at lower magnification showing the absence of defects in the crystal arrangement.  Crystallographic structure of H 0.25 Cs 0.25 Nb 2.5 W 2.5 O 14  SEM images of Cs 0.5 Nb 2.5 W 2.5 O 14 and H 0.25 Cs 0.25 Nb 2.5 W 2.5 O 14  TGA of Cs 0.5 Nb 2.5 W 2.5 O 14 and H 0.25 Cs 0.25 Nb 2.5 W 2.5 O 14  XRD pattern of both Cs 0.5 Nb 2.5 W 2.5 O 14 and H 0.25 Cs 0.25 Nb 2.5 W 2.5 O 14 showing the small difference between the two patterns (before and after ion exchange).  Le Bail refinement of pristine electrode H 0.25 Cs 0.25 Nb 2.5 W 2.5 O 14 , H 0.25 Cs 0.25 Nb 2.5 W 2.5 O 14 electrode after first reduction at 1.0V vs Li/Li + and H 0.25 Cs 0.25 Nb 2.5 W 2.5 O 14 electrode after first oxidation at 3.0V vs Li/Li + .  Le Bail refinements in the P2 1 2 1 2 and Pbam space groups of the XRD patterns of compounds (A and C) Cs 0.5 Nb 2.5 W 2.5 O 14 and (B and D) H 0.25 Cs 0.25 Nb 2.5 W 2.5 O 14 . The main difference between the two refinements is the (501) reflection indexed in the P2 1 2 1 2 space group and rejected in the Pbam space group.  Rp and wRp values obtained from Le Bail refinements in the P2 1 2 1 2 and Pbam space groups of the compounds Cs 0.5 Nb 2.5 W 2.5 O 14 and H 0.25 Cs 0.25 Nb 2.5 W 2.5 O 14 .
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