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Introduction

Lithium-ion batteries are of great technological interest due to their high energy density with a reduced weight. However, the volatile liquid electrolytes used in the batteries being flammable, present potential fire hazards. Very recently, solid electrolyte materials have gained enormous attention over their liquid counterparts as they exhibit protection from leakage, volatilization, or flammability. [START_REF] Braga | Alternative Strategy for a Safe Rechargeable Battery[END_REF][START_REF] Lalere | Improving the Energy Density of Na3V2(PO4)3-Based Positive Electrodes through V/Al Substitution[END_REF][START_REF] Vignarooban | Current Trends and Future Challenges of Electrolytes for Sodium-Ion Batteries[END_REF][START_REF] Zhou | Rechargeable Sodium All-Solid-State Battery[END_REF] The main drawback of the current organic liquid electrolytes is their restriction to lower working temperatures. The higher temperatures experienced by Li-ion batteries could cause damage to the electronic components or, in a worst-case scenario, an explosion. [START_REF] Pecher | Methods: NMR in Battery Research[END_REF] The current technologies for the production of solid electrolytes use powder routes, resulting in unavoidable porosity that lowers the mechanical properties, the electrical performance, and thereby, the stability and safety of the materials. [START_REF] Mcgrogan | Compliant yet Brittle Mechanical Behavior of Li2S-P2S5 Lithium-Ion-Conducting Solid Electrolyte[END_REF][START_REF] Nose | Evaluation of Mechanical Properties of Na2S-P2S5 Sulfide Glass Electrolytes[END_REF] On the other hand, melt-quenched glasses are intrinsically non-porous and can be easily molded to required shapes. Furthermore, the chemical compositions of the glasses can be tailored to obtain desired properties such as high ionic conductivity. This can be achieved based on the composition-structure-property relationships, since the properties of the glasses are intrinsically dependent on their structure, which in turn depends on the chemical composition. [START_REF] Reddy | Development of Bilayer Glass-Ceramic SOFC Sealants via Optimizing the Chemical Composition of Glasses-a Review[END_REF][START_REF] Allu | Structure and Crystallization of Alkaline-Earth Aluminosilicate Glasses: Prevention of the Alumina-Avoidance Principle[END_REF] With the success of Liion batteries, ion conducting lithium silicate-based glasses could be an interesting electrolyte material.

The ionic conduction in glasses can be understood based on their intermediate range structure. [START_REF] Greaves | A Structural Basis for Ionic Diffusion in Oxide Glasses[END_REF] Therefore, the study of the glass structure is of paramount importance, not only for predicting the ionic conductivity, but also for understanding other glass properties and processes such as relaxation and crystallization. The well-known paper by Zachariasen,[START_REF] Zachariasen | The Atomic Arrangement in Glass[END_REF] was one of the first to address the atomic level structure of the glasses. It proposes a model that is now commonly known as Continuous Random Network (CRN) model of the glass. It states that the glass network is made of oxygen polyhedra that are connected randomly throughout the entire network. This would imply that the network modifiers are distributed randomly throughout the entire network. Later, Greaves 12 proposed Modified Random Network (MRN) model of glasses. According to which, the network modifiers micro-segregate to form channel-like regions in the glass network. This MRN model, has received much success in describing the glass structure. [START_REF] Losq | Percolation Channels: A Universal Idea to Describe the Atomic Structure and Dynamics of Glasses and Melts[END_REF] It also became a foundational model for understanding the ionic conduction in glasses. [START_REF] Greaves | A Structural Basis for Ionic Diffusion in Oxide Glasses[END_REF] During conduction, the network modifying ions percolate through these channels. In our recent work, [START_REF] Allu | Structure and Crystallization of Alkaline-Earth Aluminosilicate Glasses: Prevention of the Alumina-Avoidance Principle[END_REF][START_REF] Ganisetti | Elucidating the Formation of Al-NBO Bonds, Al-O-Al Linkages and Clusters in Alkaline-Earth Aluminosilicate Glasses Based on Molecular Dynamics Simulations[END_REF] we have further extended the ideas of MRN model, which is called Extended Modified Random Network (EMRN) model, to account for the disallowance of the Lowenstein's rule in certain glass compositions. [START_REF] Loewenstein | The Distribution of Aluminum in the Tetrahedra of Silicates and Aluminates[END_REF] Experimentally, to the best of the authors' knowledge, currently there are no methods/techniques to detect or quantify these channels. Nevertheless, from the detailed structural information obtained from the MD simulations, one could easily identify these channels qualitatively. Therefore, in this paper, we propose a model to also quantify the connectivity of these.

As mentioned above, the glass structure plays an important role in determining almost every physical and chemical property of a glass. Further, the glass structure can be tuned by appropriately changing glass composition. It has been reported that the presence of isolated tetrahedral units, such as phosphorus, that exist apart from the network can enhance the conductivity of Li + ions. [START_REF] Rao | Structural and Lithium Ion Transport Studies in Sol-Gel-Prepared Lithium Silicophosphate Glasses †[END_REF][START_REF] Glatz | Quantitative Determination of the Phosphorus Environment in Lithium Aluminosilicate Glasses Using Solid-State NMR Techniques[END_REF] In glasses, vanadium in 5+ oxidation state generally behaves like phosphorus, existing in the form of tetrahedral units. [START_REF] Laorodphan | Boron and Pentavalent Vanadium Local Environments in Binary Vanadium Borate Glasses[END_REF] Vanadium is typically added to glasses as a coloring agent. [START_REF] Weyl | Vanadium as a Glass Colorant[END_REF] Thus its effect on the optical properties of the glasses is interesting to many researchers. [START_REF] Cicconi | Influence of Vanadium on Optical and Mechanical Properties of Aluminosilicate Glasses[END_REF] However, its effect on the structure-properties correlations is still not very well understood. Especially, studies on its influence on the intermediate-range structure and ionic conductivity are still lacking.

Owing to the above concerns, in the current paper, we have investigated the influence of V on the structure and ionic conductivity of a lithium silicate-based parent glass, 23.00Li 2 O-2.64K 2 O-2.64Al 2 O 3 -71.72SiO 2 (mol%) that exhibits strong mechanical properties, excellent chemical resistance and good thermal stability. [START_REF] Fernandes | Crystallization Process and Some Properties of Li 2 O-SiO 2 Glass-Ceramics Doped with Al 2 O 3 and K 2 O[END_REF][START_REF] Fernandes | Effect of Al 2 O 3 and K 2 O Content on Structure, Properties and Devitrification of Glasses in the Li 2 O-SiO 2 System[END_REF][START_REF] Fernandes | Structural Characterisation and Thermo-Physical Properties of Glasses in the Li2O-SiO2-Al2O3-K2O System[END_REF][START_REF] Fernandes | Structural Characterisation and Thermo-Physical Properties of Glasses in the Li 2 O-SiO 2 -Al 2 O 3 -K 2 O System[END_REF][START_REF] Fernandes | The Role of K 2 O on Sintering and Crystallization of Glass Powder Compacts in the Li 2 O-K 2 O-Al 2 O 3 -SiO 2 System[END_REF] The structure and properties of the parent glass composition were studied in detail elsewhere. [START_REF] Gaddam | Structure and Thermal Relaxation of Network Units and Crystallization of Lithium Silicate Based Glasses Doped with Oxides of Al and B[END_REF][START_REF] Gaddam | Glass Structure and Crystallization of Al and B Containing Glasses Belonging to the Li 2 O-SiO 2 System[END_REF][START_REF] Gaddam | Influence of Al 2 O 3 and B 2 O 3 on Sintering and Crystallization of Lithium Silicate Glass System[END_REF] Further, in the current paper we proposed a mathematical model to quantify the ion conducting channels. (all with purity > 99%). The powders (100 g batch size) were first ball milled, calcined at 800 ºC, further mixed using mortar and pestle, and then transferred to Pt-crucibles. All compositions were molten at 1550 ºC for 1 h in air and cast on brass molds. One piece (~15 g) of each glass composition was subjected to annealing for 1 h at 480 ºC to assess the liquid-liquid phase separation (LLPS). To study the crystallization behavior and phase assemblage, a small piece of (approx. 10 mm × 10 mm × 6 mm) each glass composition was subjected to heat-treatments between temperatures from 650800 ºC for 1 h.

Experimental Methods

Differential Thermal Analysis (DTA) was carried out in air from room temperature to 900 ºC with a heating rate of 10 ºC min -1 on Setaram Labsys and Perkin-Elmer DTA-7

instruments. The densities of the non-annealed glass samples were measured by Archimedes principle upon immersing them in ethylene glycol (density = 1.11 g cm -³).

Glass plates for optical spectroscopy were prepared by plane-parallel-polishing to a mirror finish of both the sides down to a thinness of 1 to 2 mm. The spectra were recorded over a range of 200-1500 nm wavelengths using Shimadzu UV-Vis-NIR spectrophotometer (model UV-3100).

The Fourier Transform Infrared (FTIR) spectroscopy measurements were performed with a Perkin Elmer Spectrum BX II spectrometer, in Attenuated Total Reflectance (ATR) mode using a Pike MIRacle accessory with germanium crystal plate. The spectra, collected in the 2000-670 cm -1 range, at a resolution of 4 cm -1 , represent the average of 32 individual scans.

The Magic Angle Spinning Nuclear Magnetic Resonance (MAS-NMR) spectroscopy of [START_REF] Massiot | Modelling One-and Two-Dimensional Solid-State NMR Spectra[END_REF] Si, and [START_REF] Gaddam | Glass Structure and Crystallization of Al and B Containing Glasses Belonging to the Li 2 O-SiO 2 System[END_REF] Al of the glasses were performed using a Bruker ASX 400 MAS-NMR spectrometer (magnetic field of 9.4 T, Aveiro, Portugal). For [START_REF] Massiot | Modelling One-and Two-Dimensional Solid-State NMR Spectra[END_REF] Si, the spectrometer was operated at a Larmor frequency of 79.5 MHz, with samples being spun at 5 kHz in 7 mm rotors, the flip angles were 90º and the relaxation time was 60 s. For [START_REF] Gaddam | Glass Structure and Crystallization of Al and B Containing Glasses Belonging to the Li 2 O-SiO 2 System[END_REF] Al, the spectrometer was operated at a Larmor frequency of 104.3 MHz using a 4 mm rotor spinning at 14 kHz with 10º flip angles and 2 s delay relaxation time. [START_REF] Silversmit | Determination of the V2p XPS Binding Energies for Different Vanadium Oxidation States (V 5+ to V 0+ )[END_REF] V MAS-NMR spectroscopy of the glass samples was performed using a Bruker Avance I MAS-NMR spectrometer (magnetic field of 9.4 T, Lille, France). For this, a Larmor frequency of 105.2 MHz using a 2.2 mm rotor spinning at 30 kHz with 10º flip angles and 2 s delay relaxation time (these values were also first optimized before measurements). For [START_REF] Massiot | Modelling One-and Two-Dimensional Solid-State NMR Spectra[END_REF] Si, [START_REF] Gaddam | Glass Structure and Crystallization of Al and B Containing Glasses Belonging to the Li 2 O-SiO 2 System[END_REF] Al and [START_REF] Silversmit | Determination of the V2p XPS Binding Energies for Different Vanadium Oxidation States (V 5+ to V 0+ )[END_REF] V NMR spectroscopic measurements, Si(CH 3 ) 4 , Al(NO 3 ) 3 and VOCl 3 , were used as chemical shift (δ iso ) references, respectively. NMR spectra were analyzed using the DMfit software. [START_REF] Massiot | Modelling One-and Two-Dimensional Solid-State NMR Spectra[END_REF] The glass surface composition and chemical state of elemental components were assessed by X-ray Photoelectron Spectroscopy (XPS) with a Specs GmbH equipment.

The ~3 mm-thick glass slides were fractured and introduced immediately (to prevent high C-contamination) into the analysis chamber (which was subsequently vacuumed up rapidly) and analyzed. The measurements were performed at a pressure of ~10 -7 Pa, using an XR-50M monochromatic X-ray source set at 300 W with Al K α (1486.7 eV) radiation and a spot size of ~0.5 × 3 mm. A Phoibos150 electron analyzer with a radius of 150 mm has been employed with an ultimate resolution of 0.44 eV (given as full width at half maximum of Ag3d 5/2 spectral line, measured in best conditions), equipped with a nine channeltron detector. The analyzer was operated at a pass energy of 50 eV for the survey spectra and 20 eV for the high-resolution scans of relevant core electron levels. The sample neutralization during the measurements was achieved by using a Specs FG15/40 flood gun, with an acceleration energy of 1 eV and an emission current of 1 mA. The fitting of the spectra was approached in Spectral Data Processor program using Voigt functions and tabulated Scofield sensitivity factors.

For conductivity measurements, the annealed samples were cut into rectangular shapes and polished. The conductivities were measured in ambient air by the complex Electrochemical Impedance Spectrometer (EIS) using HP 4284A LCR meter. The cell assembly containing the glass sample sandwiched between the gold electrodes foil was fixed inside the furnace, and the ionic conductivity measurements were carried over a temperature region of 50 to 400 ºC, at intervals of 50 ºC. The samples were stimulated over a range of frequencies varying from 20 Hz to 1 MHz at constant signal amplitude of 500 mV. To avoid current leakage errors due to the relatively less conductive parts, the samples were coated with silver paint (purchased from G302 Agar Scientific Ltd., Stansted, UK) using the manual brush painting, and fired for 20 min. The obtained data were analyzed by using the Z-view software.

X-ray diffraction (XRD) on the samples was conducted using a Rigaku Geigerflex D/Mac C Series instrument with Cu K α radiation. The patterns were recorded in Bragg-Brentano geometry at a step size of 0.026, in the 2θ angular range 10-60º. The microstructures of these samples were examined by stereomicroscopy using a microscope with LED and HD Camera LEICA EZ4HD.

Molecular dynamics simulations

The glass samples were prepared with the use of classical molecular dynamics (MD) simulations in the Large-scale Atomistic/Molecular Massively Parallel Simulator (LAMMPS) software package. [START_REF] Plimpton | Fast Parallel Algorithms for Short-Range Molecular Dynamics[END_REF] A two body pair potentials developed by Pedone et al.

were used to compute the interactions between the atoms. [START_REF] Pedone | A New Self-Consistent Empirical Interatomic Potential Model for Oxides, Silicates, and Silicas-Based Glasses[END_REF] The Coulombic interactions were computed using Ewald summation technique with a precision of 10 -5 in force. [START_REF] Ewald | Die Berechnung Optischer Und Elektrostatischer Gitterpotentiale[END_REF] Velocity Verlet algorithm was used with a time step of 1 fs to integrate the Newton's equation of motion. Periodic boundary conditions were imposed along the three axes. The temperature and pressure were controlled using Nose-Hoover thermostat and barostat whenever required. [START_REF] Nosé | A Unified Formulation of the Constant Temperature Molecular Dynamics Methods[END_REF][START_REF] Shinoda | Rapid Estimation of Elastic Constants by Molecular Dynamics Simulation under Constant Stress[END_REF] Initially, "N" number of positions were generated randomly within a cubic box and assigned a unique number to identify each particle, the box length was calculated based on the experimental density. The particles were selected randomly and assigned the atom type, this procedure was continued until reaching the desired composition. The obtained configuration was then equilibrated at 300 K using NVE ensemble for 10 ps.

The sample was then heated from 300 to 5000 K with a heating rate of 100 K/ps by keeping the volume constant. The sample was thermalized for 100 ps at 5000 K to get a well-equilibrated melt. The melt was then cooled to room temperature at a rate of 1 K/ps using NVT ensemble. At 300 K, the sample was thermalized for 100 ps with NVT, and an additional 100 ps with NPT ensemble to obtain a completely relaxed sample. These samples were then used for computing the physical and structural properties. For statistical relevance, three samples were prepared for each composition.

Results

The X-ray diffraction patterns of bulk glasses revealed no crystalline phases (Fig. S1 of supplemental information (SI)), confirming the good glass forming ability of the system. During melting, the V-containing compositions showed small amounts of bubbling, which increased slightly with increasing V 2 O 5 contents. Bubbling results from the reduction of vanadium from 5+ to lower oxidation states. This process is discussed in more detail in Section 5.1. Because of the low viscosity of the melts at 1550 ºC, the bubbles easily surfaced, resulting in final clear glasses. The SEM observation of glass samples revealed a significant reduction of the LLPS trend upon adding V (Fig. S2 of SI).

The characteristic temperatures obtained from the DTA curves (Fig. S3 of SI) viz. glass transition (T g ), onset crystallization (T c ) and peak crystallization (T p ) temperatures are presented in Table 2. The densities (ρ) are also presented in Table 2. Using the ρ values, the molar volume (V m ) and the Network Volume [START_REF] Gaddam | Structure and Thermal Relaxation of Network Units and Crystallization of Lithium Silicate Based Glasses Doped with Oxides of Al and B[END_REF][START_REF] Gaddam | The Structural Role of Lanthanum Oxide in Silicate Glasses[END_REF] (NV) of the glasses could be calculated using the following formulae:

𝑉 𝑚 = 𝑋 𝐿𝑖 2 𝑂 𝑀 𝐿𝑖 2 𝑂 + 𝑋 𝐾 2 𝑂 𝑀 𝐾 2 𝑂 + 𝑋 𝐴𝑙 2 𝑂 3 𝑀 𝐴𝑙 2 𝑂 3 + 𝑋 𝑆𝑖𝑂 2 𝑀 𝑆𝑖𝑂 2 + 𝑋 𝑉 2 𝑂 5 𝑀 𝑉 2 𝑂 5 𝜌 Eq. (1) 𝑁𝑉 = 𝑉 𝑚 (2𝑋 𝐴𝑙 2 𝑂 3 + 𝑋 𝑆𝑖𝑂 2 + 2𝑋 𝑉 2 𝑂 5 )
Eq. ( 2)

With, X α and M α being the mole fraction and the molecular weight, respectively, of the α component. Here, V m is the volume occupied by one mole of the glass components, whereas NV is the volume occupied by one mole of network formers. By assuming the network forming role of V with tetrahedral coordination, which is substantiated in the discussion (Section 6.2), the V m and NV values were calculated and presented in Table 2.

Both V m and NV increase with the addition of vanadium. To know the overall polymerization of the glasses, the NBO/BO ratios were calculated for each composition, again assuming the network forming role of V, according to the following equation:

𝑁𝐵𝑂 𝐵𝑂 = 2(𝑋 𝐿𝑖 2 𝑂 + 𝑋 𝐾 2 𝑂 -𝑋 𝐴𝑙 2 𝑂 3 + 𝑋 𝑉 2 𝑂 5 ) 2𝑋 𝑆𝑖𝑂 2 + 5𝑋 𝐴𝑙 2 𝑂 3 + 3𝑋 𝑉 2 𝑂 5 -𝑋 𝐿𝑖 2 𝑂 -𝑋 𝐾 2 𝑂 Eq. ( 3 
)
These theoretical results suggest that the addition of V increases the NBO/BO ratio (Table 2).

MAS-NMR and FTIR-ATR spectroscopy

Fig. 1a shows the [START_REF] Massiot | Modelling One-and Two-Dimensional Solid-State NMR Spectra[END_REF] Si NMR spectra of the glasses. These spectra were decomposed using three peaks corresponding to Peak A, Peak B, and Peak C, and results are presented in Table 3 (Figs S4 and1a). The assignment of these peaks to the units is complicated 𝑄 𝑛 𝑆𝑖 due to the ambiguities brought by the presence of Al 2 O 3 in the glasses. [START_REF] Gaddam | Glass Structure and Crystallization of Al and B Containing Glasses Belonging to the Li 2 O-SiO 2 System[END_REF] Al 2 O 3 creates 𝑄 4 𝑆𝑖 type Si units, m ∈ {3, 4}, which would have chemical shifts at about -90 ppm, (𝑚𝐴𝑙) similar to pure units, causing a mixing of the peaks. Therefore, Peak B could be a 𝑄 3 𝑆𝑖 mixture of , , and units. Further, the addition of V would make the

𝑄 3 𝑆𝑖 𝑄 4 𝑆𝑖 (3𝐴𝑙) 𝑄 4 𝑆𝑖 (4𝐴𝑙)
peak assignment more complicated. This complicated peak assignment is discussed in Section 5.2. However, it could be qualitatively noticed from Fig. 1a that the addition of V resulted in an increasing shielding effect on the [START_REF] Massiot | Modelling One-and Two-Dimensional Solid-State NMR Spectra[END_REF] Si nuclei, progressively shifting the peak towards right side with vanadium addition. and experience second order quadrupolar effects. To obtain the isotropic chemical shift (δ iso ), Chemical Shift Anisotropy (CSA) and quadrupolar coupling constants (C Q ) values the spectra were fitted with single line shape of Czjzek distribution. [START_REF] Czjzek | Atomic Coordination and the Distribution of Electric Field Gradients in Amorphous Solids[END_REF][START_REF] Neuville | Environment in Tectosilicate and Peraluminous Glasses: A 27 Al MQ-MAS NMR, Raman, and XANES Investigation[END_REF] The obtained values were presented in Table 4. It can be noticed that with increasing V content, there is a slight increase in the shielding effect on the [START_REF] Gaddam | Glass Structure and Crystallization of Al and B Containing Glasses Belonging to the Li 2 O-SiO 2 System[END_REF] Al nuclei, which is similar to [START_REF] Massiot | Modelling One-and Two-Dimensional Solid-State NMR Spectra[END_REF] Si, but much less pronounced. 
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Figure 1 (a) [START_REF] Massiot | Modelling One-and Two-Dimensional Solid-State NMR Spectra[END_REF] Si NMR, (b) [START_REF] Gaddam | Glass Structure and Crystallization of Al and B Containing Glasses Belonging to the Li 2 O-SiO 2 System[END_REF] Al NMR and (c) [START_REF] Silversmit | Determination of the V2p XPS Binding Energies for Different Vanadium Oxidation States (V 5+ to V 0+ )[END_REF] V NMR spectra of the glasses. (d) An example of the deconvolution of the [START_REF] Massiot | Modelling One-and Two-Dimensional Solid-State NMR Spectra[END_REF] Si NMR spectra. Asterisks represent spinning side bands.

The [START_REF] Silversmit | Determination of the V2p XPS Binding Energies for Different Vanadium Oxidation States (V 5+ to V 0+ )[END_REF] V nucleus has a natural abundance of 99.75%, however because of its spin being 7/2, the [START_REF] Silversmit | Determination of the V2p XPS Binding Energies for Different Vanadium Oxidation States (V 5+ to V 0+ )[END_REF] V spectra show first and second order quadrupolar effects. [START_REF] Mackenzie | Multinuclear Solid-State NMR of Inorganic Materials[END_REF] Further, the localized unpaired electrons present in V 3+ and V 4+ would cause paramagnetic broadening of the 51 V NMR spectra. [START_REF]Spectroscopy or Transition Metal Ions on Surfaces[END_REF] Thus, these species could not be detected by the [START_REF] Silversmit | Determination of the V2p XPS Binding Energies for Different Vanadium Oxidation States (V 5+ to V 0+ )[END_REF] V NMR spectra. On the other hand, V 5+ having no unpaired electrons ([Ar] 4s 0 , 3d 0 ), would not exhibit paramagnetic broadening. According to Lapina et al. [START_REF] Lapina | 51 V Solid State NMR Studies of Vanadia Based Catalysts[END_REF] , the second order quadrupolar effects could be minimized by using high magnetic strength greater than 7

T; in the current study the magnetic field used was 9.4 T. Fig. 1c shows the [START_REF] Silversmit | Determination of the V2p XPS Binding Energies for Different Vanadium Oxidation States (V 5+ to V 0+ )[END_REF] V NMR spectra of vanadium containing glasses. The NMR parameters of the spectra were obtained by performing simulations like that of [START_REF] Gaddam | Glass Structure and Crystallization of Al and B Containing Glasses Belonging to the Li 2 O-SiO 2 System[END_REF] Al NMR spectra. The results of the simulations: δ iso , CSA and C Q values are presented in Table 4. The comparative FTIR-ATR spectra of the glasses are presented in Fig. 2. The IR spectra were broad, typical for silica-based glasses, [START_REF] Müller | Infrared Attenuated Total Reflection Spectroscopy of Quartz and Silica Micro-and Nanoparticulate Films[END_REF][START_REF] Popa | Antibacterial Efficiency of Alkali-Free Bio-Glasses Incorporating ZnO and/or SrO as Therapeutic Agents[END_REF] eliciting two absorption maxima, located in the 850-690 and 1270-850 cm -1 wave numbers regions, and associated to the symmetric (ν s ) and asymmetric (ν as ) stretching vibrations of bonds in various silicate units, respectively. [START_REF] Popa | Antibacterial Efficiency of Alkali-Free Bio-Glasses Incorporating ZnO and/or SrO as Therapeutic Agents[END_REF][START_REF] Xu | A Study of Glass Structure in Li 2 O-SiO 2 , Li 2 O-Al 2 O 3 -SiO 2 and Li-Al-Si-O-N Systems[END_REF][START_REF] Agathopoulos | Formation of Hydroxyapatite onto Glasses of the CaO-MgO-SiO 2 System with B 2 O 3 , Na 2 O, CaF 2 and P 2 O 5 Additives[END_REF][START_REF] Serra | FTIR and XPS Studies of Bioactive Silica Based Glasses[END_REF] The prominent ν as vibration band has three shoulders peaking at ~940-946, 1015-1023 and ~1145-1152 cm -1 , yielded by the Si-O -(NBO) in and 𝑄 2 𝑆𝑖 𝑄 3 𝑆𝑖 units, Si-O-Si TO 3 (transverse-optical) and Si-O-Si LO 3 (longitudinal-optical) type bonds, respectively. [START_REF] Agathopoulos | Formation of Hydroxyapatite onto Glasses of the CaO-MgO-SiO 2 System with B 2 O 3 , Na 2 O, CaF 2 and P 2 O 5 Additives[END_REF][START_REF] Innocenzi | Infrared Spectroscopy of Sol-Gel Derived Silica-Based Films: A Spectra-Microstructure Overview[END_REF] A slender shift to higher wave numbers of the BO absorption bands was noticed with the increase of the V concentration of the glasses (Fig. 2 (inset)), suggesting some degree of polymerization of the silicate network. [START_REF] Serra | FTIR and XPS Studies of Bioactive Silica Based Glasses[END_REF] 

UV-Vis and XPS spectroscopies

Fig. 3a shows the UV-Vis spectra of the glasses. The spectra were deconvoluted (Fig. 3b-e) to identify the fractions of several oxidation states of vanadium (V 3+ , V 4+ and V 5+ ) according to the procedure described elsewhere. [START_REF] Johnston | Optical Spectra of the Various Valence States of Vanadium in Na 2 O.2SiO 2 Glass[END_REF][START_REF] Leister | Redox States and Coordination of Vanadium in Sodium Silicates Melted at High Temperatures[END_REF] )
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)

Wave number (cm -1 ) The XPS survey spectra of the glasses are presented comparatively in Fig. 4a. All the glass components (Si, O, Li, V, Al, and K) were clearly evidenced. The binding energy positions of the Li 1s (~55.2-55.4 eV), Al 2p (~74.1-74.3 eV) and K 2p 1/2 /K 2p 3/2 (~296.1/293.2 -296.4/293.6 eV) lines indicated their complete oxidation. [START_REF] Naumkin | NIST X-ray Photoelectron Spectroscopy Database[END_REF] The V 2p 3/2 peak present in the vanadium glasses is situated at ~517.6-517.8 eV (Fig. 4b), and could be fitted by a single component corresponding to the 5+ oxidation state. [START_REF] Zhao | A Relationship between the V 4+ /V 5+ Ratio and the Surface Dispersion, Surface Acidity, and Redox Performance of V 2 O 5 -WO 3 /TiO 2 SCR Catalysts[END_REF][START_REF] Silversmit | Determination of the V2p XPS Binding Energies for Different Vanadium Oxidation States (V 5+ to V 0+ )[END_REF] No traces of V 4+ (~516.5 eV), V 3+ (~515.5 eV), V 2+ (513.5 eV) or metallic V (~512 eV) were evidenced. [START_REF] Naumkin | NIST X-ray Photoelectron Spectroscopy Database[END_REF][START_REF] Zhao | A Relationship between the V 4+ /V 5+ Ratio and the Surface Dispersion, Surface Acidity, and Redox Performance of V 2 O 5 -WO 3 /TiO 2 SCR Catalysts[END_REF][START_REF] Silversmit | Determination of the V2p XPS Binding Energies for Different Vanadium Oxidation States (V 5+ to V 0+ )[END_REF] Two major components were unveiled in the O 1s region in the glasses (Fig. 4c). The higher energy peak (at ~532.2-532.4 eV) represents the Si-O bonds contribution, while the lower binding energy component (at ~530.6-530.8 eV) stands for the oxygen bonds with metal species (M-O) in the glass. [START_REF] Serra | FTIR and XPS Studies of Bioactive Silica Based Glasses[END_REF][START_REF] Nesbitt | Bridging, Non-Bridging and Free (O 2-) Oxygen in Na 2 O-SiO 2 Glasses: An X-Ray Photoelectron Spectroscopic (XPS) and Nuclear Magnetic Resonance (NMR) Study[END_REF][START_REF] Popa | Nanomechanical Characterization of Bioglass Films Synthesized by Magnetron Sputtering[END_REF] However, the Si-O bonds component incorporates also a (minor) contribution of various oxygen-carbon bonds, which could not be safely separated. An additional third minor O 1s component was evidenced, positioned at the highest binding energies (at ~533.9-534.2 eV), ascribed to the adsorbed water, [START_REF] Popa | Nanomechanical Characterization of Bioglass Films Synthesized by Magnetron Sputtering[END_REF] and attributed to the hygroscopic character of the glasses. The M-O/Si-O ratio of the two prominent components of O 1s has generally shown a discrete monotonous increase with V content in glasses, expected since the overall metal ions content was incrementally enlarged.
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The surface oxide compositions of the glasses (as estimated by XPS) are presented in SI (Fig. S5) with respect to the bulk glass oxide concentration. One can observe a good surface/bulk compositional equivalence for all elements (in the typical experimental errors of XPS quantification), [START_REF] Seah | The Quantitative Analysis of Surfaces by XPS: A Review[END_REF] with the V 2 O 5 content within the projected concentration ranges.

Impedance spectroscopy

Fig. 5a shows the Nyquist plots of impedance of the glasses collected at 200 ºC. It can be noticed that, with increasing V, the impedance initially increases and then starts to decrease. The temperature dependence of the conductivity in ion conducting systems is given by,

𝜎 = 𝜎 𝑜 𝑇 exp ( -𝐸 𝐴 𝑘 𝐵 𝑇 )
Eq. ( 4)

Here, σ is the conductivity, σ o is a pre-exponential factor, E A is the activation energy for conduction, k B is the Boltzmann constant and T is the temperature. The plot of ln(σT)

vs 1/T is presented in Fig. 5b. The activation energies of the glasses are obtained from the slop of these lines. Fig. 5c shows the variation of the activation energies with the amount of V 2 O 5 content. 

V 0.0 V 0.2 V 0.5 V 1.0 V 2.0 ( 

Crystallization of glasses

The microscopic examination of the samples (not shown) revealed that adding V drastically reduced the bulk crystal nucleation extent. A small amount of V (0.2 mol%) almost eliminated this phenomenon, in clear contrast to the parent glass composition as documented elsewhere. [START_REF] Gaddam | Glass Structure and Crystallization of Al and B Containing Glasses Belonging to the Li 2 O-SiO 2 System[END_REF][START_REF] Gaddam | Role of Manganese on the Structure, Crystallization and Sintering of Non-Stoichiometric Lithium Disilicate Glasses[END_REF] Therefore, V-containing samples presented predominantly surface crystallization. The thickness of crystallized surface layer was measured for each sample at each crystallization temperature by optical microscopy. The surface crystal growth rates (U) could then be calculated by dividing the thickness of the surface layer by the duration of the heat-treatment (1 h) and the results are plotted in the Fig. 6a. These growth rates were fitted using Arrhenius equation [START_REF] Thieme | The Mechanism of Deceleration of Nucleation and Crystal Growth by the Small Addition of Transition Metals to Lithium Disilicate Glasses[END_REF] as described below:

𝑈 = 𝑈 𝑜 exp ( -𝐸 𝑈 𝑅𝑇 )
Eq. ( 5)

Here, U o is a pre-exponential factor, E U is the activation energy for crystallization and R is the gas constant. For fitting the data with this curve, only lengths that are less than 1.30 mm were considered. The results are presented in Fig. 6b. The XRD patterns

showing the phase compositions of the crystallized layers are presented in Fig. S6 in SI.

The samples showed three different crystal phases (1) lithium disilicate (Li 2 Si 2 O 5 , LS 2 );

(2) lithium metasilicate (Li 2 SiO 3 , LS) and ( 3) quartz (SiO 2 , Q). 

MD simulations

According to MD simulations, the coordination numbers of cations Si 4+ , Al 3+ , V 5+ , Li + and K + are around 4.0, 4.0, 4.7, 3.8 and 7.0, respectively. The radius of Li + ions (0.59 

Connectivity of conducting ionic sites

As mentioned in the Introduction (Section 1), the conduction of ions in glasses is understood by MRN model, which proposes the micro-segregation of the network modifying ions (such as Li + and K + ) to form channel-like regions. Under an applied electric field (E), these ions flow through these channels contributing to the ionic conductivity. Therefore, the ionic conductivity depends largely on the structure of these channels and how well they are connected to each other. Therefore, quantifying the connectivity of these channels is important. Qualitatively, one could say that two channels are weakly-connected/disconnected if they are far apart from each other. However, under a sufficient thermal energy they get connected to form one channel. If s is the distance an ion needs to jump to an adjacent site, then whenever this jump takes place, the two sites would be considered as connected to form a channel (of size 2, in this case, for example). As more ions get connected in this way, the channel grows or new channels form (which will be subsequently explained in detail using an example). If the ion does not have enough energy to jump a distance greater than s, then the two sites would be disconnected from each other. Thus, the connectivity of the ionic sites to form the conduction channels can be measured as a function of the jump distance s, which is related to the available thermal energy. For a very small s, all the sites will remain disconnected, contrariwise, for a sufficiently large s, all the sites will be connected forming a single universal channel. In Fig. 8, a two-dimensional schematic of eight randomly arranged ions inside a box without periodic boundary conditions is presented explaining the dependence of s on their connectivity. The points represent ions, and each coloured region represents an isolated channel or a connected region. In this figure, r is the radius of the circles such that s = 2r. If d is the distance between any two ions, then the two ions would be considered as connected if d ≤ s. Therefore, as s increases, ions get connected first to form smaller channels, and then they merge to form large channels.

Here, for s = 0.8, all the sites are disconnected from each other. When s increases to 1.2, four ions get connected forming two independent channels. When s further increases to 2.2, one channel grows and a new channel is formed, resulting in a total number of three independent channels. For s = 3.6 and 4.2, we see the channels growing and merging into each other. For s = 5.4 all the channels are merged forming a single channel or a single connected region. Figure 9 shows the same idea in 3D applied to the sample V 0.0 that is obtained from MD simulations. Here, the connectivity of Li + ions is considered.

The number of connected ions thus is a function of the jump distance s, which we call here as the connectivity distribution function, given by h(s), where, h(s) is a cumulative distribution function that depends on the jump distance for a given atomic positions (x p , y p , z p ). This connectivity distribution function h(s) quantitatively defines the connectivity of the conducting ions in the glass. We could also define the connectivity density function,

given by n(s), which is a measure of the number of connected ions per unit length. The functions h(s) and n(s) are related to each other as,

ℎ(𝑠) = 𝑠 ∫ 0 𝑛(𝑠′)𝑑𝑠′ Eq. ( 6 
)
The n(s) distributions were computed using the MD simulations data (three samples for each composition). Figure 10 shows an example of the n(s) distribution functions computed for Li + ions. The n(s) distributions for both Li + and K + ions together were also calculated. However, it is not very different from just Li + , considering the small amount of K + ions in the glass composition. The data is fitted to Skew Normal distribution function, . As seen in Fig. 10, the peak

𝑛(𝑠) = exp ( -(𝑠 -𝑠 𝑜 ) 2 2∆𝑠 2 )[ 1 + erf ( (𝑠 -𝑠 𝑜 )𝜎 2∆𝑠 )]
maximum, s max , goes through a maximum at 0.2 mol% vanadium. The trend is similar to that of the activation energies obtained from the conductivity measurements (Fig. 5c). As mentioned before, the average jump distance depends on the available thermal energy, which could be obtained using statistical mechanics. If ϵ is the energy required by a given ion to jump a distance s, such that ϵ = αs, where α is a proportionality constant that depends on the amount of resistance experienced by the ion, then the partition function Q for this system would be,

𝑄 = ∞ ∫ 0 exp ( -𝛼𝑠 𝑘 𝐵 𝑇 ) 𝑑𝑠 = 𝑘 𝐵 𝑇 𝛼 Eq. (7) 
The ensemble averages for energy ⟨ε⟩ and jump distance ⟨s⟩ are given by,

〈𝜀〉 = -𝑘 𝐵 𝑇 2 ∂ln 𝑄 ∂𝑇 = 𝑘 𝐵 𝑇 〈𝜀〉 = 〈𝛼𝑠〉 ⟹ 〈𝑠〉 = 𝑘 𝐵 𝑇 𝛼 Eq. ( 8 
)
At lower temperatures, the average jump distance ⟨s⟩ would be small. Consequently, the conduction channels would be less connected. At sufficiently high temperatures, all the ions will be connected forming a large single channel.

Discussion

Oxidation state of vanadium

The V 2p 3/2 XPS spectra (Fig. 4b) show that, at the sensitivity limit of the XPS equipment, V exists solely in 5+ oxidation state, [START_REF] Zhao | A Relationship between the V 4+ /V 5+ Ratio and the Surface Dispersion, Surface Acidity, and Redox Performance of V 2 O 5 -WO 3 /TiO 2 SCR Catalysts[END_REF][START_REF] Silversmit | Determination of the V2p XPS Binding Energies for Different Vanadium Oxidation States (V 5+ to V 0+ )[END_REF] The V 5+ units, having no electrons in the outer shell ([Ar] 4s 0 , 3d 0 ), result in the Charge Transfer (CT) bands in the UV-Vis spectrum. The CT bands are caused by the transfer of the charge density from ligand (O -2 )

to the metal ions (V 5+ ) and generally these bands are very intense. The large intensity of the CT bands causes the absorption edge in the UV region of a spectrum (Fig. 3a). The UV-Vis spectra also reveal the presence of V 3+ and V 4+ states (Fig. 3). In the case of V 3+ and V 4+ species, the absorption is caused by the d→d transitions. For V 3+ the band at ~12000 cm -1 is generated by the 3 T 1g → 3 T 2g transitions. For V 4+ the bands at ~9000 cm -1 , ~15000 cm -1 and ~22000 cm -1 are engendered by the 2 T 1 → 2 T 2 , 2 T 1 → 2 E and 2 T 1 → 2 A 1 transitions, respectively. [START_REF] Johnston | Optical Spectra of the Various Valence States of Vanadium in Na 2 O.2SiO 2 Glass[END_REF] Nevertheless, the deconvolution of UV-Vis absorption spectra reveal that the major fraction of V exists in 5 + states in all the glasses, in good agreement with the XPS results.

The presence of a small fraction of V 3+ and V 4+ indicates the reduction of V 5+ cations and this could be described by the following equilibrium reactions:

V 2 O 5 2VO 2 + 1 2 O 2 ↑
Eq. ( 9)

VO 2 1 2 V 2 O 3 + 1 2 O 2 ↑
Eq. ( 10)

Equations ( 18) and ( 19) describe the reduction of V 5+ and the associated release of oxygen. The possibilities for the occurrence of these reactions were validated by the bubbling phenomena noticed during melting of the glasses. The amounts of V 3+ and V 4+ units are presented in Fig. 3. Considering ideal gas conditions, the amount of O 2 released from 100 g of glass melts due to Eqs. ( 18) and ( 19) would be 3, 4 and 5 mL for compositions V 0.5 , V 1.0 and V 2.0 , respectively. Thus, though the fraction of V reduced to 3+ and 4+ oxidation states is extremely small and insignificant, i.e. < 0.4 %, there would be still considerable bubbling of the melt.

Short-range structure

According to Lapina et al. [START_REF] Lapina | 51 V Solid State NMR Studies of Vanadia Based Catalysts[END_REF] , the [START_REF] Silversmit | Determination of the V2p XPS Binding Energies for Different Vanadium Oxidation States (V 5+ to V 0+ )[END_REF] V NMR δ iso values for alkali orthovanadates (VO 4 3-,

) range from -540 to -560 ppm. In the case of alkali pyrovanadates (V 2 O 7 4-, ), the 𝑄 0 𝑉 𝑄 1 𝑉 51 V NMR δ iso values range from -560 to -580 ppm. Both and units are analogous 𝑄 0 𝑉 𝑄 1 𝑉 to orthophosphate and pyrophosphates, respectively, which exist in silicate glasses when small amount of P 2 O 5 is added to the glass. [START_REF] Gaddam | The Roles of P 2 O 5 and SiO 2 /Li 2 O Ratio on the Network Structure and Crystallization Kinetics of Non-Stoichiometric Lithium Disilicate Based Glasses[END_REF] According to Skibsted et al. [START_REF] Skibsted | Magnitudes and Relative Orientation of 51 V Quadrupole Coupling and Anisotropic Shielding Tensors in Metavanadates and Potassium Vanadium Oxide KV 3 O 8 from 51 V MAS NMR Spectra. 23 Na Quadrupole Coupling[END_REF] and Hayashi et al., [START_REF] Hayashi | 51V NMR Chemical Shift and Anisotropy in Solid Metavanadates[END_REF] alkali metavanadates (VO 3 -, ), with alkali ions Li + and K + have δ iso values in 𝑄 2

𝑉

the ranges -573 to -577 ppm and -553 to -558 ppm, respectively. The metavanadates also have a distorted tetrahedral structure. The pure V 2 O 5 crystalline compound exists in the 6-fold coordination environments and does not exist as tetrahedral units ( ). [START_REF] Enjalbert | A Refinement of the Structure of V2O5[END_REF] And 𝑄 3 𝑉 the δ iso value of these octahedral vanadium units is ~-610 ppm. [START_REF] Skibsted | MAS NMR Spectroscopy: Determination of Quadrupole and Anisotropic Shielding Tensors, Including the Relative Orientation of Their Principal-Axis Systems[END_REF] Also, according to MD simulations, there are no octahedral vanadium units formed in the current glasses.

Nevertheless, pure units do not form in crystalline materials. In glasses however, the 𝑄 3 𝑉 formation of these units might be possible, but detection by NMR spectroscopy is too difficult owing to the quadrupolar and some paramagnetic effects. In the current glasses, the δ iso values of [START_REF] Silversmit | Determination of the V2p XPS Binding Energies for Different Vanadium Oxidation States (V 5+ to V 0+ )[END_REF] V NMR spectra have peak maxima at ~-562.7 ppm with a very broad resonance (Fig. 1c, Table 4). This would indicate that units in the current glasses exist 𝑄 𝑛 𝑉 for n ranging from 0 to 2. However, decomposition of these broad resonance peaks into individual components would be unreliable. Nevertheless, this distribution could be obtained from MD simulations as shown in Table 5. According to which, most of the vanadium species exist as units. Moreover, these units are mainly connected to 𝑄 2 𝑉 𝑄 𝑛 𝑉 𝑄 𝑛 𝑆𝑖 units forming Si-O-V linkages (Fig. 7). From Table 5 With the addition of vanadium, the [START_REF] Massiot | Modelling One-and Two-Dimensional Solid-State NMR Spectra[END_REF] Si MAS-NMR spectra progressively shift towards the shielding side. This effect could happen due to two scenarios:

i. The vanadium units would form lower polymerized states such as and units. 𝑄 0 𝑉 𝑄 1 𝑉 Consequently, extracting the Li + or K + cations from the silicate network region and increase the silicate network connectivity, leading to a shielding effect on the [START_REF] Massiot | Modelling One-and Two-Dimensional Solid-State NMR Spectra[END_REF] Si nuclei. These less polymerized units, having few to none BOs would stay 𝑄 𝑛 𝑉 separated/disconnected from the silicate network thus, not having any chemical shielding on the [START_REF] Massiot | Modelling One-and Two-Dimensional Solid-State NMR Spectra[END_REF] Si nuclei. In this scenario, the amount of units increase from 𝑄 [START_REF] Zhou | Rechargeable Sodium All-Solid-State Battery[END_REF] 36 to 50 % when V 2 O 5 is added from 0.0 to 2.0 mol % (the calculation is presented in SI). After accounting for the formation of and units, these

𝑄 4 𝑆𝑖 (3𝐴𝑙) 𝑄 4 𝑆𝑖 (4𝐴𝑙)
amounts would correspond to Peak C (Table 3). Therefore, in this scenario, Peak A corresponds to units; Peak B corresponds to , , and

𝑄 2 𝑆𝑖 𝑄 3 𝑆𝑖 𝑄 4 𝑆𝑖 (3𝐴𝑙) 𝑄 4 𝑆𝑖 (4𝐴𝑙)
units; and Peak C corresponds to units. Further, in this scenario, the slight 𝑄 4 𝑆𝑖 chemical shielding effect on the [START_REF] Gaddam | Glass Structure and Crystallization of Al and B Containing Glasses Belonging to the Li 2 O-SiO 2 System[END_REF] Al spectra (Fig. 1b, Table 4) could be due to the increased Si connectivity. Since Al tetrahedra are connected to highly polymerized units in the next nearest neighborhood. 𝑄 𝑛 𝑆𝑖 ii. The vanadium units would form higher polymerized and units. These units 𝑄 2 𝑉 𝑄 3

𝑉

have BOs might be connected other V, Si, and Al tetrahedra forming V-O-V, Si-O-V, and Al-O-V linkages. In this scenario, V atoms having larger atomic number, thus larger electron density, result in chemical shielding on the 51 V, [START_REF] Massiot | Modelling One-and Two-Dimensional Solid-State NMR Spectra[END_REF] Si, and [START_REF] Gaddam | Glass Structure and Crystallization of Al and B Containing Glasses Belonging to the Li 2 O-SiO 2 System[END_REF] Al nuclei. Therefore, the [START_REF] Massiot | Modelling One-and Two-Dimensional Solid-State NMR Spectra[END_REF] Si and [START_REF] Gaddam | Glass Structure and Crystallization of Al and B Containing Glasses Belonging to the Li 2 O-SiO 2 System[END_REF] Al NMR peaks would shift to lower δ iso values. However, the relative intensity of the peaks would not change much.

Further, the silicate species would form mixed units such as . 𝑄 𝑛 𝑆𝑖 (𝛼𝐴𝑙,𝛽𝑉)

Therefore, the Peaks B and C contain a much more complex mixture of the said units.

According to the MD simulations, both the above-mentioned scenarios are at play simultaneously. It can be seen that the vanadium units are distributed within a range from to (Table 5). 𝑄 0 𝑉 𝑄 3 𝑉

Intermediate-range structure

Though many properties of glasses depend on the short-range order, properties such as ionic conductivity and crystallization behavior depend on the intermediate-range order.

Because, both ionic conduction and crystallization behavior depend on the ionic diffusion at intermediate-range distances. Therefore, understanding the intermediate-range structure by MD simulations is of great interest. The conducting ionic sites' connectivity density function, n(s), introduced in this work serves as a tool to quantify the ionconducting channels in the glasses. The n(s) distribution functions calculated from MD simulations (Fig. 9), show a right skewness. This right skewness would be due to the short-range order of the glass/liquid structure. This short-range order dictates many properties of the glasses. Therefore, techniques like NMR spectroscopy that probe the short-range structure have been of much interest to glass science and technology.

According to Eq. ( 8), the energy for ion to jump to a site adjacent to it depends on the distance between two adjacent sites. This implies that the activation energies for the ionic conduction would be directly proportional to the average jump distance which intern is related to the n(s) distribution. At very small concentrations of vanadium in the glass, the s max value (Fig. 10) increases and at larger concentrations, decreases, showing a nonmonotonic trend. Thus, activation energies for both conduction (Fig. 5c) and crystallization (Fig. 6b) also follow a similar trend. This non-monotonic trend of s max can be explained by assuming two different structural roles for V in the intermediate range order, as shown in Fig. 11. The first type of V enters the glass network without being associated to the channel regions. These V species are named as "network-V" as represented in the schematic in Fig. 11a. Since V exists as 𝑄 𝑛 𝑉 units, they would have Li + ions associated with them. And these ions are locked away from the channel regions. The second type of V species is associated to the channel regions; named as "channel-V" as represented in the schematic in Fig. 11b. And the Li + ions associated with them are also part of channel regions. The network-V sites depend on the concentration of other network forming units, such as Si and Al, because they go into interstitial spaces in the network. The larger the concentration of other network forming units, the larger the interstitial spaces, and thus the larger the network-V sites.

Contrariwise, the channel-V sites do not depend on the concentration of the other network forming units but on the size of the channel regions, which is not constrained, and could be expanded and contracted as required by various means viz. broadening, meandering, breaching out, etc. If the aforementioned hypothesis is true, then the distribution of V into network-V and channel-V species might depend on the availability of the network-V sites in each composition and the Boltzmann statistics. It might be energetically more favorable (from molecular dynamics standpoint) to form network-V units, but the available sites are constrained as discussed above. Therefore, at lower concentrations, the glass mainly contains network-V units because there are more network-V sites available. At higher concentrations, network-V sites become exhausted, and the rest of the V units go to the channels. Thus, the glass mainly contains channel-V units that enhance the connectivity of the ion conducting channels. This enhanced connectivity therefore increased the overall ionic conductivity even when the concentration of charge carriers is decreasing.

This hypothesis further supported by the non-monotonic trends observed in E a (Fig. 5), E U (Fig. 6b), s max (Fig. 10), NV and V m (Table 2), values.

Structure-property relations

The ionic radii of the elements present in the glass compositions are as follows: Li + (IV) = 0.59; K + (VI) = 1.38; Al 3+ (IV) = 0.39; Si 4+ (IV) = 0.26; V 5+ (IV) = 0.35; O 2- (II) = 1.35 Å. [START_REF] Shannon | Revised Effective Ionic Radii and Systematic Studies of Interatomic Distances in Halides and Chalcogenides[END_REF] Considering that the ionic radius of V 5+ is smaller than most of the other ions that it replaces, the overall V m and NV must decrease. However, the experimental values of the glasses show that, apart from a slight initial decrease, there is an overall increase with vanadium addition. This suggests that vanadium creates a more open structure in the intermediate range order, even when its ionic radius is smaller. The decrease in T g values (Table 2) also supports the formation of the open structure with increasing V additions.

Also, the theoretical NBO/BO ratios increase with increasing additions of V (Table 2).

The modifications in the network structure could be further understood from the crystallization behavior of the glasses. Since crystallization involves intermediate range reordering of the network structure, studying crystallization behavior could be used as a probe to investigate the intermediate range structure. The crystalline phase assemblage (SI) showed an interesting trend. At lower and higher concentration of V, the main phase is LS 2 . At intermediate concentrations, the main phases are LS and Q. In a previous paper, [START_REF] Gaddam | Influence of Al 2 O 3 and B 2 O 3 on Sintering and Crystallization of Lithium Silicate Glass System[END_REF] we have explained the reason behind the formation of the metastable LS phase in the present glass systems. In the crystallization sequence, regions that are rich in Li + ions (micro-segregation owing to MRN model) with depolymerized Si units have large probability (kinetically speaking) to form LS phase. Whereas the formation of LS 2 phase requires the presence of Li + ions in the polymerized network region (Fig. 11a-b) of the glass. Also, V-containing samples showed predominant surface crystallization. This indicates that V acts as a nucleation inhibitor in these glass compositions, diminishing the crystal nucleation rate. However, its addition resulted in an increase in the crystal growth rates Fig. 6a. Therefore, it can be assumed that at lower concentrations of V 2 O 5 , the vanadate tetrahedral units occupy the interstitial sites of silicate network regions, which are highly polymerized. The as-formed isolated vanadate tetrahedral units connect with each other through modifier cations and reduce the sizes of polymerized network regions ( ) into the polymerized and depolymerized silicate structural units with 2𝑄 [START_REF] Vignarooban | Current Trends and Future Challenges of Electrolytes for Sodium-Ion Batteries[END_REF] 𝑉 ↔𝑄 2 𝑉 + 𝑄 4 𝑉 increasing the concentration of V 2 O 5 up to 1 mol%. The depolymerized silicate structural units along with Li + cations convert into the LS phase during the heat-treatment.

However, at the highest V 2 O 5 concentrations (2 mol%), the glass network consists of highly polymerized silicate units as confirmed by NMR (Fig. 1a).

Conclusions

Small additions (0.22.0 mol%) of vanadium oxide to the parent glass (23Li 2 O-2.64K 2 O-2.64Al 2 O 3 -71.72SiO 2 ) induce remarkable variation trends in the ionic conductivity. Therefore, these glasses are interesting candidates for being further explored through different compositional modifications to tailor ionic conductivity towards potential uses as electrolytes for Li-ion batteries for high temperature applications. Besides doping with vanadium, other components with similar structural roles could be envisaged to design compositions with improved conduction channels.

Moreover, the application temperature could be modified by tailoring Li 2 O concentrations that will change the number of Li-ions in the channels.

The small additions of vanadium also have other important technological implications:

(i) enhanced glass forming ability by substantially reducing the bulk crystal nucleation rates without affecting much the transparency in the visible region (Fig. 3a); (ii) drops in T g (at 10 12 Pa s), indicating decreases in the viscosity, allowing to reduce the processing temperatures.

In the studied glasses, vanadium exists mostly in V 5+ oxidation state forming ortho-or pyro-vanadate units (Fig. 8a-b). These units, exist as network-V units at lower concentrations, and as channel-V units at higher concentrations. The network-V units lock away the network modifier ions thus hindering the ion transport (Fig. 8c). The channel-V units on the other hand promote the ion transport through the channels (Fig. 8d). This dual structural role of vanadium brings non-monotonic changes on molar volume, network volume, ionic conduction, and crystallization behavior with variations in glass composition.
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 3 Figure 3 (a) UV-Vis spectra of the glasses and (b)-(e) their deconvolution.
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 4 Figure 4 (a) XPS survey scans of the glasses. (b, c) High resolution XPS spectra of (b) V 2p 3/2 and (c) O 1s core photoelectron levels and their deconvolution. Symbols: experimental spectrum, Solid line: fit sum. Filled area curves: spectral components.
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 5 Figure 5 (a) Nyquist plots for the impedance at 200 °C; (b) Temperature dependence of conductivity; (c) Variation of activation energy with the composition.
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 6 Figure 6 (a) Surface growth rates of the crystals (the error bars are too small for some data points to be visible); (b) variation of Arrhenius parameters with composition.

Å 2 𝑉Figure 7

 27 Figure 7Oxygen environment in the simulated glasses.
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 8 Figure 8 A two-dimensional schematic showing that the increase of s (where s = 2r, r being the radius of the circle) leads to the increase of connectivity of the conducting ions to form different channels, represented in different colors. The eight points represent eight randomly chosen ions inside a two-dimensional box without periodic boundary conditions.
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 5910 Figure 9 Variation of ionic connectivity with cut-off distance s in sample V 0.0 . On the left-hand size: a large continuous connected main channel. On the right-hand size: isolated individualions/channels.
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 11 Figure 11 Schematic representation of the intermediate-range glass structure showing two different roles of V: (a) network-V with narrow channels and (b) channel-V with broad channels.

  

Table 1

 1 Nominal compositions of the glasses (in mol %).The glass compositions investigated in this work, and reported in Table1, were prepared from the following precursor powders: SiO 2 , Li 2 CO 3 , K 2 CO 3 , Al 2 O 3 , and V 2 O 5

		Li 2 O	K 2 O	Al 2 O 3	SiO 2	V 2 O 5
	V 0.0	23.00	2.64	2.64	71.72	0.00
	V 0.2	22.95	2.63	2.63	71.58	0.20
	V 0.5	22.89	2.62	2.62	71.36	0.50
	V 1.0	22.77	2.61	2.61	71.00	1.00
	V 2.0	22.54	2.59	2.59	70.29	2.00

Table 2

 2 Properties

	ρ	NV	V m	T g	T c T p	NBO/BO
	(g cm -3 )	(cm 3 mol -1 )			(°C)	
	V 0.0 27 2.354 ± 0.003	30.42 ± 0.04 23.43 ± 0.03	480 707 824	0.351
	V 0.2 2.3654 ± 0.0005	30.31 ± 0.01 23.41 ± 0.01	459 608 705	0.353
	V 0.5 2.3655 ± 0.0008	30.38 ± 0.02 23.57 ± 0.01	449 603 704	0.355
	V 1.0 2.3700 ± 0.0008	30.42 ± 0.02 23.80 ± 0.01	439 594 689	0.358
	V 2.0 2.3759 ± 0.0008	30.55 ± 0.02 24.28 ± 0.01	435 575 617	0.365

of the glasses: ρ -density; NV -network volume; V m -molar volume; T gglass transition temperature; T c -onset crystallization temperature; T p -peak crystallization temperature. (Typical errors for T g T c and T p are ± 2°C)

Table 3

 3 Parameters for simulation of[START_REF] Massiot | Modelling One-and Two-Dimensional Solid-State NMR Spectra[END_REF] Si NMR spectra. δ

iso (ppm) FWHM (ppm) Amount (%) Peak A Peak B Peak C Peak A Peak B Peak C Peak A Peak B Peak C

  

	V 0.0 -77.7 -92.2 -104.8	5.0	15.6	12.8	0.4	73.0	26.6
	V 0.2 -77.7 -92.0 -104.4	5.0	15.9	13.2	0.9	72.0	27.1
	V 0.5 -77.7 -91.9 -104.3	5.0	16.5	13.5	0.3	73.5	26.2
	V 1.0 -77.7 -92.2 -104.7	5.0	16.3	14.3	0.3	66.1	33.6
	V 2.0	---	-93.4 -105.9	---	17.6	13.5	0.0	66.8	33.2

Table 4

 4 Parameters for simulation of[START_REF] Silversmit | Determination of the V2p XPS Binding Energies for Different Vanadium Oxidation States (V 5+ to V 0+ )[END_REF] V and[START_REF] Gaddam | Glass Structure and Crystallization of Al and B Containing Glasses Belonging to the Li 2 O-SiO 2 System[END_REF] Al NMR spectra.

		δ iso (ppm)	CSA (ppm)	C Q (MHz)
		27 Al NMR parameters	
	V 0.0	59.6	10.52	4.8
	V 0.5	59.5	10.29	5.0
	V 1.0	59.1	10.36	5.0
		51 V NMR parameters	
	V 0.2	-562.7	41.52	5.69
	V 0.5	-563.2	47.05	5.30
	V 1.0	-563.2	51.11	5.18
	V 2.0	-562.1	49.06	5.23

cm -1 ) Wave length (nm)

  

		3.00			
	Absorption coefficient (	0.50 1.00 1.50 2.00 2.50			
		0.00			
		300	500	700	900	1100 1300 1500
						2.0

Table 5

 5 Distribution of Si and V species in the glasses according to MD simulations.

	Species	V 0.0	V 0.2	V 0.5	V 1.0	V 2.0
			Distribution of Si species		
	Q 4 (0Al, 0V) 33.67 ± 0.63 32.98 ± 0.44 33.18 ± 0.77 31.64 + 0.62 29.40 ± 1.00
	Q 3 (0Al, 0V) 32.98 ± 0.59 32.62 ± 1.14 31.82 ± 0.71 31.55 ± 0.41 32.02 ± 0.84
	Q 4 (1Al, 0V) 11.87 ± 0.71 11.96 ± 1.31 11.75 ± 0.22 11.38 ± 0.35 10.56 ± 0.48
	Q 2 (0Al, 0V) 8.74 ± 0.59	8.81 ± 0.61	9.31 ± 0.51 10.00 ± 0.62 9.70 ± 0.43
	Q 3 (1Al, 0V) 7.86 ± 0.70	8.36 ± 0.78	7.52 ± 0.25	7.70 ± 0.99 8.31 ± 0.29
	Q 4 (2Al, 0V) 1.50 ± 0.30	1.44 ± 0.28	1.57 ± 0.19	1.52 ± 0.32 1.39 ± 0.10
	Q 2 (1Al, 0V) 1.42 ± 0.34	1.43 ± 0.23	1.10 ± 0.92	1.31 ± 0.26 1.64 ± 0.14
	Q 1 (0Al, 0V) 0.90 ± 0.19	0.92 ± 0.43	1.07 ± 0.17	1.24 ± 0.07 1.41 ± 0.43
	Q 3 (2Al, 0V) 0.76 ± 0.24	0.67 ± 0.31	0.70 ± 0.08	0.63 ± 0.10 0.51 ± 0.07
	Q 3 (0Al, 1V)	---	0.17 ± 0.05	0.30 ± 0.13	1.00 ± 0.07 1.55 ± 0.24
	Q 4 (0Al, 1V)	---	0.17 ± 0.03	0.47 ± 0.08	1.08 ± 0.29 1.90 ± 0.52
	Q 4 (3Al, 0V) 0.08 ± 0.03	0.09 ± 0.08	0.03 ± 0.03	0.05 ± 0.00 0.06 ± 0.05
	Q 4 (1Al, 1V)	---	0.08 ± 0.03	0.16 ± 0.15	0.23 ± 0.08 0.54 ± 0.12
	Q 1 (1Al, 0V) 0.06 ± 0.05	0.05 ± 0.05	0.08 ± 0.03	0.11 ± 0.05 0.11 ± 0.03
	Q 2 (0Al, 1V)	---	0.05 ± 0.05	0.68 ± 1.06	0.17 ± 0.07 0.38 ± 0.13
	Q 3 (1Al, 1V)	---	0.03 ± 0.03	0.08 ± 0.03	0.16 ± 0.05 0.30 ± 0.07
			Distribution of V species		
	Q 3	---	5.89 ± 10.18 21.62 ± 4.67 23.60 ± 3.38 23.39 ± 9.98
	Q 2	---	82.34 ± 36.74 48.65 ± 21.45 59.55 ± 11.83 47.96 ± 7.09
	Q 1	---	11.77 ± 10.18 29.73 ± 20.41 12.36 ± 1.94 24.57 ± 9.28
	Q 0	---	0.00 ± 0.00	0.00 ± 0.00	4.49 ± 3.88 4.08 ± 2.02
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