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Introduction

Among binary oxide, tungsten trioxide (WO) 3 has attracted considerable attention for its fascinating properties and promising technological applications [1 and references therein].

WO 3 is a non-toxic n-type semiconductor widely used in a variety of applications such as electrochromic devices in smart windows [START_REF] Granqvist | Electrochromic tungsten oxide films: review of progress 1993-1998[END_REF], superconducting [START_REF] Aird | Sheet superconductivity in twin walls: experimental evidence of WO 3-x[END_REF][START_REF] Aird | Sheet superconductivity in: crystal structure of the tetragonal matrix[END_REF], lithium-ion batteries [START_REF] Yoon | Development of a high-performance anode for lithium ion batteries using novel ordered mesoporous tungsten oxide materials with high electrical conductivity[END_REF], photocatalytic for water splitting [START_REF] Yan | Synthesis of WO 3 nanoparticles for photocatalytic O 2 evolution by thermal decomposition of ammonium tungstate loading on g-C 3 N 4[END_REF], gas sensor device [START_REF] Reyes | Gas sensor response of pure and activated WO 3 nanoparticle films made by advanced reactive gas deposition[END_REF].

According to the literature, the structure of WO 3 undergoes polymorphism and phase transitions, depending on temperature and synthesis method [START_REF] Salje | Crystal structure and paramagnetic behavior of ε-WO 3-x[END_REF][START_REF] Diehl | The Crystal Structure of Triclinic WO 3[END_REF][START_REF] Loopstra | Neutron diffraction investigation of WO 3[END_REF][START_REF] Xu | Single Crystal Diffraction Studies of WO 3 at High Pressures and the Structure of a High-Pressure WO 3 phase[END_REF][START_REF] Vogt | The High-Temperature Phases of WO 3[END_REF][START_REF] Salje | The orthorhombic of WO 3[END_REF][START_REF] Mc Colm | Iron-promoted phases in the tungstenoxygen system[END_REF][START_REF] Kehl | The Structure of Tetragonal Tungsten Trioxide[END_REF][START_REF] Andersson | On the crystal structure of tungsten trioxide[END_REF][START_REF] Locherer | Phase transitions in tungsten trioxide at high temperatures -a new look[END_REF].

The structures of these polymorphs consist of a network of WO 6 octahedra, and are described as a result of distorted ReO 3 -type structure by deformation tilting angles and rotation direction of these WO 6 octahedra.

In general WO 3 occur as oxygen efficient WO 3-x (0 < x < 1), giving rise to a series of nonstoichiometric oxides like Magnéli phases, with better properties than the parent stoichiometric phase [START_REF] Zheng | Nanostructured Tungsten Oxide -Properties, Synthesis, and Applications[END_REF][START_REF] Bandi | Review: Oxygen-deficient tungsten oxides[END_REF]. WO 3 is an n-type semiconductor with a wide band gap ranging from 2.6 to 3.3 eV [START_REF] Shaner | Photoelectrochemistry of core-shell tandem junction n-p+-Si/n-WO 3 microwire array photoelectrodes[END_REF][START_REF] Vemuri | Correlation between Surface Chemistry, Density, and Band Gap in Nanocrystalline WO 3 Thin Films[END_REF], but it is well established that doping or mixing with various chemical elements can boost the performance of inorganic or organic semiconducting materials, in particular photocatalytic activity and gas sensing [START_REF] Maruthamuthu | Hydrogen production with visible light using metal loaded-WO 3 and MV 2+ in aqueous medium[END_REF][START_REF] Baeck | Combinatorial Electrochemical Synthesis and Characterization of Tungsten-Based Mixed-Metal Oxides[END_REF][START_REF] Murphy | Photoelectrochemical and structural characterization of carbon-doped WO 3 films prepared via spray pyrolysis[END_REF][START_REF] Liu | Nanostructure-based WO 3 photoanodes for photoelectrochemical water splitting[END_REF][START_REF] Wang | Doping of WO 3 for Photocatalytic Water Splitting: Hints from Density Functional Theory[END_REF][START_REF] Hjelm | Electronic structure and optical properties of WO 3 , LiWO 3 , NaWO 3 , and HWO 3[END_REF][START_REF] Hu | Density functional theory study of NO2-sensing mechanisms of pure and Ti-doped WO3 (002) surfaces[END_REF][START_REF] Korotcenkov | Metal oxides for solid-state gas sensors: What determines our choice?[END_REF][START_REF] Gaspera | WO 3 -Au-Pt Nanocrystalline Thin Films as Optical Gas Sensors[END_REF][START_REF] Mansouri | Ab Initio Investigation on the Effect of Transition Metals Doping and Vacancies in WO 3[END_REF][START_REF] Hariharan | Simultaneous Structural and Optical Control of Tungsten Oxide (WO 3 ) Nanoparticles through Cobalt Doping for Super Conducting Applications[END_REF][START_REF] Cui | Optical properties of doping electrochromic M 0.125 W 0.875 O 3[END_REF][START_REF] Zhang | Iron-doping-enhanced photoelectrochemical water splitting performance of nanostructured WO 3 : a combined experimental and theoretical study[END_REF][START_REF] Irfan | Computational designing of low energy gap small molecule acceptors for organic solar cells[END_REF][START_REF] Mahmood | Computational analysis to understand the performance difference between two small-molecule acceptors differing in their terminal electron-deficient group[END_REF][START_REF] Mahmood | Effect of fluorination on exciton binding energy and electronic coupling in small molecule acceptors for organic solar cells[END_REF][START_REF] Mahmood | Quantum chemical analysis and molecular dynamics simulations to study the impact of electron-deficient substituents on electronic behavior of small molecule acceptors[END_REF].

In addition, introducing a second cation A with tungsten in a distorted closely-packed hexagonal pattern of oxygen led in the formation of novel metal tungstate families, as the tungstates bronze A x WO 3 and the wolframites type tungstates AWO 4 frequently used in a range of applications [39 and references therein].

In this study, the crystal structures of three (03) novel germanium tungstates, Ge x W 1-x O 3 (x ~ 1/4, 1/2), and Ge 1-x WO 4 (x ~ 0.2,), are synthesized by the crystal vapour transport method and investigated by single X-ray diffraction technique.

Furthermore, a comparative study of the systems WO 3 / Ge x W 1-x O 3 (x ~ 1/4, 1/2) and GeWO 4 / Ge 1-x WO 4 (x ~ 0.2) involving thermodynamic stabilities, electronic structures, and optical properties was attempted using DFT with the CASTEP code in order to determine the influence of Ge atoms incorporated in WO 3 .

Experimental Section

Crystal growth, morphology and chemical analysis

Single crystals of the title compound were prepared via the CVT (chemical vapour transport) method during our attempts to prepare Ge-doped WSe 2 .

First, WSe 2 was prepared by heating an appropriate mixture of pure elements (W and Se) in silica tubes. The mixture was ground and then sealed into an evacuated silica tube with iodine (~5 mg/cm 3 ) as a transport agent to favor crystallization. It was then heated for one month at 1000-1200 °C (30 days).

Secondly, in an evacuated quartz tube, an appropriate mixture (charge 1g) of pure Ge, WSe 2 , WO 3 , and I 2 was sealed and heated. To minimize thermal shock, the temperature was gradually increased to 400°C and held for 48 hours. After that, the temperature was gradually increased to between 980 and 1000°C for 15 days. Ge x WSe 2 thin platelets with metallic lustre and Ge x WO 3 dark-blue crystals of various shapes and morphologies were obtained (Figure S1). SEM Quanta 650 and LEO 1530 FEG-SEM are being used to analyze the morphology and chemical content of the samples (energy dispersive X-ray spectrometer EDX).

The FE-SEM images of Ge x WSe 2 in Figure 1(a,c) show the formation of large platelet-like morphologies that overlap one another with thicknesses of 0.1μm and cross sections of 150 μm (Figure 1d). Figure 1b displays the EDX spectra results, which confirm the presence of Ge in the WSe 2 crystals with a percentage %Ge atom ratio of 0.5 to 1.5%. Figure 2 shows SEM images of Ge x WO 3 nanowires with a size of ~25 μm. According to EDX analysis (Figure 2b), this morphology is only obtained for Ge x WO 3 with a low Ge content of about 2.5 -3.5 atom%, while Ge x WO 3 with a higher Ge atom content (7.5 -8.5 atom%) crystallizes in the shape of large sticks (Figure 3). 

Single crystal structure determination

Single crystal data were collected using an SMART-APEX CCDX-ray diffractometer (Bruker AXS) and an Oxford Xcalibur Sapphire 3 CCD detector with graphite-monochromated Mo Kα radiation. The reflection intensities were integrated with the SAINT [40]. An empirical absorption correction was applied by SADABS [START_REF] Sheldrick | SADADS Bruker AXS Inc[END_REF]. Primary structure solution was given by superflip [START_REF] Palatinus | SUPERFLIP-a computer program for the solution of crystal structures by charge flipping in arbitrary dimensions[END_REF] and refined by using the program Jana 2006 [START_REF] Petricek | Structure determination software programs[END_REF].

Experimental details are given in Table 1, while atomic coordinates, anisotropic displacement parameters, and selected bond distances are listed in Tables S1, S2 and S3.

Structural and distortional parameters are obtained by VESTA [START_REF] Momma | VESTA 3 for three-dimensional visualization of crystal, volumetric and morphology data[END_REF], and molecular visualisation by the Diamond program [START_REF] Brandenburg | Diamond. Crystal Impact GbR[END_REF]. 

Theoretical calculations

All the DFT calculations were conducted using the plane-wave pseudopotential method [START_REF] Clark | First principles methods using CASTEP, Zeitschriftfür Kristallographie[END_REF] implemented in the Cambridge Sequential Total Energy Package (CASTEP) Code of the Material Studio program from Accelrys [START_REF]Materials Studio CASTEP Manual[END_REF].

The exchange and correlation interactions were modeled using the GGA-PBE functional [START_REF] Perdew | Generalized gradient approximation made simple[END_REF],

whereas the interactions between the ion core and the valence electrons were explained using the ultra-soft pseudopotential approach [START_REF] Vanderbilt | Soft self-consistent pseudopotentials in a generalized eigenvalue formalism[END_REF].

The cut-off energy was set at 380 eV, and the Monkhorst-Pack k-point grid [START_REF] Pack | Special points for Brillouin-zone integrations a-reply[END_REF] sampling was set to 3 x 3 x 6 for pure WO 3 and W 1-x Ge x O 3 (x ~1/4, 1/2) and 3 x 2 x 3 for Ge 1-x WO 4 (x ~ 0, 0.2). As far as self-consistent condition setting is concerned, the total energy per atom was less than 5.10 -6 eV, and the maximum displacement and maximum stress allowed were 5.10 -4 Å and 2.10 -2 GPa respectively. Ge: 4s 2 4p 2 , W: 5s 2 5p 6 5d 4 6s 2 , and O: 2s 2 2p 4 are the valence electronic configurations considered in atomic pseudopotential calculations.

To simulate germanium tungstates, we used 2 x 2 x 2 supercells built from primitive unit cells.

The cohesive energy E coh is defined as the difference between the total energy determined by DFT and the chemical potentials E of the simple substances of each atom calculated from their respective bulks under the same computation conditions.

[ ] Where x, y and z, respectively, represent the W, Ge and O atoms numbers in the supercell structure model.

Results and Discussion

3.1. Crystal structures description

3.1.1 Crystal structure of tetragonal W 1-x Ge x O 3 (x ~1/2)
The crystal structure of W 1-x Ge x O 3 (x~ 1/2) was solved in the space group P-42 1 m on the basis model proposed by A. Aird et al. [START_REF] Aird | Sheet superconductivity in: crystal structure of the tetragonal matrix[END_REF]. The structure is based on corners and edges sharing distorted MO 6 octahedra, forming infinite zigzag chains in the b and c directions (Figure 4).

The M (Ge/W) atoms are then shifted from the center of the octahedron (approximately toward one of the edges of the octahedron). The M-O distances that range from 1.68 to 2.18 Å (mean 1.895 Å) are close to those observed in the parent pure tetragonal WO 3 structure, 1.70 to 2.18 Å (mean 1.91 Å) [START_REF] Aird | Sheet superconductivity in: crystal structure of the tetragonal matrix[END_REF], with short (s)

and long (l) M-O distances alternating along the 03 directions (Figure S2).

The ionic radius of Ge in octahedral coordination, 0.53 Å is smaller than that of W atoms, 0.64 Å [START_REF] Shannon | Revised effective ionic radii and systematic studies of interatomic distances in halides and chalcogenides[END_REF]. As the Ge replace W atoms to form covalent bonds, we expect a shrink in both M-O bonds and in the octahedral distortion compared to the host structure (Table 2 andFigure S3).

Table 2 Selected structural and distortional parameters (Å, °) of some tungstates compounds. Compared to the host structure, the shrink observed in both M-O bond distances (especially in M-O2 bonds) and octahedral distortion is consistent with the smaller ionic radius of Ge (0.53 Å) compared to W ionic radius (0.64 Å), as the Ge replace W atoms to form covalent bonds.

Furthermore, oxygen atoms exhibit large (ADP's) amplitude displacement parameters in the (ab) plane (perpendicular to the M-O bonds). The O2 atom shows particularly large ADP's (see Table S2), which can be probably attributed to either Jahn-Teller distortion (JTD) usually observed in tungstate compounds or to some deficit in the occupation of O2 atoms with a refined site occupancy factor of about 81% (ie)19% of vacancy (see Table S1). The composition obtained with the final structure refinement is Ge 0.427 W 0.573 O 2.612 ; the Ge and W atoms almost equally occupy the position 4e with refined site occupancy close to 1/2.

3.1.2. Crystal structure of orthorhombic W 1-x Ge x O 3 (x ~1/4) E. Salje and K. Viswanathan [START_REF] Salje | Physical properties and phase transitions in WO 3[END_REF] and F.A. Schörder [START_REF] Schröder | Contributions to the chemistry of Mo and W. XVIII., The structures of the triclinic and orthorhombic modifications of WO 3[END_REF] first reported the orthorhombic WO 3 modification above 480°C; the structure was refined by the former in the space group

Pmnb by doubling the c parameters [START_REF] Salje | The orthorhombic of WO 3[END_REF].

The existence of the orthorhombic W 1-x Ge x O 3 (x ~ 1/4) at room temperature (RT) can be explained by pseudo-lattice transformations from the RT monoclinic lattice (with closed parameters and β = 90°, space group P2 1 /a) or from the RT tetragonal lattice (with a = b =7.42 Å and c = 3.83 Å, space group P-42 1 m) [START_REF] Kroumova | PSEUDO: a program for a pseudosymmetry search[END_REF]. Indeed, the replacement of W atoms by some Ge atoms can induce these distortions. Unfortunately, our attempts to solve the structure in both space groups (P2 1 /a and P-42 1 m) were not successful, and the best result was obtained in the space group Pbcm (Figure 5) using the solution suggested by the Superflip program [START_REF] Mahmood | Quantum chemical analysis and molecular dynamics simulations to study the impact of electron-deficient substituents on electronic behavior of small molecule acceptors[END_REF]. This outcome is supported by M. E. Pam et al. [START_REF] Pam | Effects of precursor pre-treatment on the vapor deposition of WS 2 monolayers[END_REF] structural optimization in the stoichiometric monoclinic WO 3 , which converts the space group P2 1 /a to Pbcm. In fact, the orthorhombic WO 3 in Pbcm can be considered a substructure by halving the c axis of the orthorhombic WO 3 in Pmnb, a minimal non-isomorphic subgroup of the space group

Pbcm. The group-subgroup relationship, leads to a klassengleich symmetry reduction of index 2 (type k) [START_REF] Ivantchev | SUBGROUPGRAPH: a computer program for analysis of group-subgroup relations between space groups[END_REF].

The M-O (M = Ge/W) distances in this orthorhombic structure that range from 1.77 to 2.10 Å (mean 1.897 Å), are similar to those observed in the tetragonal W 1-x Ge x O 3 (x ~1/2) (mean 1.895 Å) (see Figure 6), with short (s) and long (l) M-O distances alternating along the a and b directions (Figure S4). In contrast to the orthorhombic WO 3 parent structure, shorter bond distances of 1.81 to 2.10 Å (mean 1.949 Å) [START_REF] Salje | The orthorhombic of WO 3[END_REF] and a less distorted octahedron are expected as Ge replaces W atoms to form covalent bonds in the octahedron (Table 2 and Figure S3).

Since the refinement yields very large or unrealistic ADP's for oxygen atoms, an isotropic model was applied for O atoms; while anisotropy was kept for M atoms.

Generally, an enlarged ADP's of oxygen atoms on the octahedron suggests the presence of disorder (static or dynamic) associated with the presence of the JTD effect.

Primary refinement shows full occupancies of oxygen atoms; however, strong correlations seem to occur between site occupancy and ADP's for oxygen atoms, so this assumption cannot be totally checked without applying constraints to improve refinement stability and avoid unrealistic ADP's.

The composition obtained with structure refinement is Ge 0.275 W 0.725 O 3; the Ge and W atoms occupy randomly position 4d, with refined site occupancy close to 1/4 and 3/4, respectively. 

Crystal structure of wolframite Ge 1-x WO 4 (x ~0.2)

The structure of Ge 1-x WO 4 (x ~0.2) adopts the monoclinic wolframites type structure in the space group P2/c with β = 90°. The structure is characterised of highly distorted WO 6 and GeO 6 octahedral forming infinite edge sharing zigzag chains that run parallel to the c-axis.

Common corners connect the two types of chains (Figure 7). S3), respectively, are comparable to those found in other wolframites.

The Ge-O bonds are somewhat shorter, which is consistent with the smaller ionic radius of Ge compared to the W ionic radius (Figure S5).

The bond-valence-sum BVS of the metal atoms in the three (03) tungstates was calculated using the Bond-valence model [START_REF] Brown | Bond-valence parameters obtained from a systematic analysis of the inorganic crystal structure database[END_REF] (see Table S3). W atoms in the wolframite structure have [START_REF] Maignan | FeWO 4 Single Crystals: Structure, Oxidation States, and Magnetic and Transport Properties[END_REF].

a

Theoretical results

The optimized structural parameters, in addition to the cohesive energies of the different tungstate phases, are presented in Table 3. Most of the theoretical studies by means of ab initio methods on WO 3 phases are mainly addressed to the room temperature RT monoclinic phase, and only a few studies have examined the most common polymorphic phases [START_REF] Chatten | The oxygen vacancy in crystal phases of WO 3[END_REF][START_REF] Migas | Tungsten oxides. I. Effects of oxygen vacancies and doping on electronic and optical properties of different phases of WO 3[END_REF][START_REF] Wang | Electronic and structural properties of WO 3 : a systematic hybrid DFT study[END_REF][START_REF] Hamdi | First-principles reinvestigation of bulk WO 3[END_REF][START_REF] Wang | Phase transformations upon doping in WO 3[END_REF].

It was established that the W-O bond splitting in the y direction dominates the magnitude of the band gap and that the band gap value increases as the crystal symmetry is lowered from cubic to triclinic [START_REF] Chatten | The oxygen vacancy in crystal phases of WO 3[END_REF]. The computed band gaps are respectively 1.248 and 1.910 eV, suggesting that both WO 3 phases are conventional direct semiconductor materials (Figure 8 a,c). However, these values, which are similar to those observed for common WO 3 phases, are underestimated by the GGA method. As reported in previous studies, the relatively flat BV consists of O-2p states, while the BC has a W-5d character (Figure 9a,c).

Once Ge atoms are introduced to pure WO 3 , the electronic structures of both systems display a metallic character, shifting down the Fermi level (Figure 8 b,d), as observed in hexa-WO 3 and γ-WO 3 (monoclinic RT) doped with alkali or transition metals [START_REF] Hariharan | Simultaneous Structural and Optical Control of Tungsten Oxide (WO 3 ) Nanoparticles through Cobalt Doping for Super Conducting Applications[END_REF][START_REF] Zhang | Iron-doping-enhanced photoelectrochemical water splitting performance of nanostructured WO 3 : a combined experimental and theoretical study[END_REF][START_REF] Paul | Vacancy-induced in-gap states in sodium tungsten bronzes: Density functional investigations[END_REF][START_REF] Yang | Design of the alkali-metal-doped WO 3 as a nearinfrared shielding material for smart window[END_REF][START_REF] Xu | Cs0. 33WO3 as a high-performance transparent solar radiation shielding material for windows[END_REF][START_REF] Liu | Predictions of electronic structures and optical performance of potential near infrared absorber Sn 0. 33 WO 3[END_REF][START_REF] Perez | Influence of lithium interstitial doping on the optoelectronic properties of NiO and WO3[END_REF]. GeWO 4 is an indirect semiconductor with a band gap of 2.197 (~ 2.20) eV (Figure 8e).

Compared to analogous wolframite, it has one of the smaller band gaps, with theoretical and experimental gaps ranging from 1.83 to 5.7 eV [START_REF] Dey | Metal-to-Metal Charge Transfer in AWO 4 (A = Mg, Mn, Co, Ni, Cu, or Zn) Compounds with the Wolframite Structure[END_REF][START_REF] Lacomba-Perale | Optical absorption of divalent metal tungstates: Correlation between the band-gap energy and the cation ionic radius[END_REF][START_REF] Ruiz-Fuertes | Growth, characterization, and high-pressure optical studies of CuWO 4[END_REF][START_REF] Huang | DFT study of various tungstates for photocatalytic water splitting[END_REF].

It was established that the nature of the A 2+ cation is largely responsible for the dispersion in the wolframite band gap. R. Lacomba-Perales [START_REF] Lacomba-Perale | Optical absorption of divalent metal tungstates: Correlation between the band-gap energy and the cation ionic radius[END_REF] investigated various different tungstates and found an empirical relation between the A +2 metals effective ionic radius [START_REF] Shannon | Revised effective ionic radii and systematic studies of interatomic distances in halides and chalcogenides[END_REF] and the bad gap energy. As a result, when the metal's contribution to the valence and conduction bands is larger, the band gap appears to be narrower.

For GeWO 4 , we can see that the upper part of the BV is dominated by fully O-2p states with slightly hybridized W-5d in addition to Ge-4s states, while the lower part of the BC is dominated by W-5d states hybridized with O-2p and Ge-4p centered around 2.5 eV (Figure 9e). The narrower gap of GeWO 4 can be explained by the smaller ionic radius of Ge, which involves a non-negligible contribution of Ge-4s and 4p states to the BV and BC, but this lowest energy can also be associated with a ligand-to-metal charge transfer (LMCT) transition from the filled O-2p states to empty states that have predominantly W-5d characters [START_REF] Dey | Metal-to-Metal Charge Transfer in AWO 4 (A = Mg, Mn, Co, Ni, Cu, or Zn) Compounds with the Wolframite Structure[END_REF].

The estimated electronic density of states (DOS) plot for Ge 1-x WO 4 (x ~ 0.2) shows that the band gap reduces to 0.89 eV due to Ge-vacancies (Figure 8f). The hybridization appears to generate some new states within the gap, resulting in larger VB and CB widths and a shift in the Fermi level toward higher energy (Figure 9f). 

Optical properties

Optical properties are some of the most significant features for a material to acquire a thorough understanding of its electronic structure, as they indicate a material's response to electromagnetic radiation, particularly visible light.

The Figures 10 and 11 present the optical functions of the different tungstates calculated for photon energies up to 45 eV.

Absorption Spectra

It has been determined that the optical properties of pure WO 3 phases are directly related to their bandgap, with an absorption edge at ultraviolet wavelengths and essentially minimal absorption at visible wavelengths.

Both ortho-and tetra-WO 3 have high UV absorption due to interband transitions, which correspond to electronic transitions from the O-2p to the W-5d states, as shown in (Figure 10a). In contrast to the ortho-WO 3 absorption curve, which has two distinct peaks of 2.8 10 +5 cm -1 and 1.4 10 +5 cm -1 at 100-150 (10 eV) and 200 -250 nm, tetra-WO 3 has a minor shoulder at 150 nm (>1.2 10 +5 cm -1 ) and a maximum peak of 1.8 10 +5 cm -1 at 200 -250 nm (5.5 eV).

The optical properties change as the transition from pure WO 3 semiconducting to W 1-x Ge x O 3 (x~ 1/4, 1/2) metal-like behavior occurs. Because of its metallic composition, the absorption spectrum starts at zero photon energy, and the absorption curves of W 1-x Ge x O 3 show additional absorption in the NIR region. Metaldoped hexagonal WO 3 [START_REF] Yang | Design of the alkali-metal-doped WO 3 as a nearinfrared shielding material for smart window[END_REF][START_REF] Xu | Cs0. 33WO3 as a high-performance transparent solar radiation shielding material for windows[END_REF][START_REF] Liu | Predictions of electronic structures and optical performance of potential near infrared absorber Sn 0. 33 WO 3[END_REF][START_REF] Perez | Influence of lithium interstitial doping on the optoelectronic properties of NiO and WO3[END_REF][START_REF] Lacomba-Perale | Optical absorption of divalent metal tungstates: Correlation between the band-gap energy and the cation ionic radius[END_REF] exhibited a similar absorption behavior.

The absorption coefficients of MO 3 in the UV region reveal a slight reduction in the intensity of the pronounced peak at 150 nm (10 eV) as the Ge atom content is increased from x~1/2 to 1/4. At 600 nm (2.07 eV) and 400 -450 nm (2.76 eV), respectively, light absorption valleys occur with minimum coefficients of 10 +4 cm -1 . The maximum coefficients in the NIR area are 5 10 +5 cm -1 and 4 10 +5 cm -1 at 1200 (1eV) and 1000 -1050 nm (1.2 eV), respectively, indicating that absorption is shifting to higher energies (lower wavelengths).

The absorption spectrum of germanium wolframite is very similar to that of tetra-WO 3 , peaking at 2.2 eV for stoichiometric GeWO 4 against 1eV for non-stoichiometric Ge 1-x WO 4 (x ~ 0.2). It is obvious that germanium vacancies narrow the band gap and shift the absorption edge to a lower energy, resulting in increased absorption in the visible region.

Complex Dielectric Function

The imaginary part ε2(ω) of the dielectric function is directly related to the energy band structure. The real and imaginary components of the dielectric function are shown in Figures 11a,b.

The prominent peaks in the imaginary part ε2(ω) of pure WO 3 in the low energy zone are around 8 eV with a magnitude of approximately 4.00 (4.02). This peak is related to the transition from O-2p states of the BV to the W-5d states of the BC. At zero photon energy, the static dielectric constant ε1(0) of pure WO 3 is around 5.4, while it reaches a maximum at 8.57 for 3.08 eV and 7.4 for 2.14 eV, respectively, for ortho and tetra-WO 3 .

The highest static dielectric constant ε1(0) in W 1-x Ge x O 3 (x ~1/4, 1/2) is obtained for x ~1/4 with ε1(0) = 150, indicating a better dielectric material compared to x ~1/2 with ε1(0) = 36

(see Table 3), and that the Ge substitution plays an important role in modulation of the static dielectric constant of the tungstates. The curve then decreases rapidly to negative values, exhibiting Drude-like behavior, which is frequent in metallic systems.

Figure 11a shows that the germanium vacancies improve the wolframite structure's dielectric characteristics by almost doubling the dielectric constant ε1(0) from 3.27 to 6.1. The predominant peaks of ε2(ω) in the GeWO 4 , which related to ligand-to-metal charge transfer (LMCT) transition and range from 3.79 to 4.47 at 3.75 and 3.91 eV, respectively, are boosted to 6.27 at 4.25 eV. In the high energy region, ε2(ω) approaches zero, and the electronic part of the static dielectric constant ε1(ω) is close to unity, indicating that the tungstates are almost transparent with a small ultraviolet absorption.

Reflectivity

Reflectivity is the ability of a material to reflect light energy from the layers of the material.

The reflectance spectra of tungstates as a function of photon energy are shown in Figure 10b.

In the visible region, the reflectance of pure WO 3 starts at about 15% and climbs to 30%. [START_REF] Yang | Design of the alkali-metal-doped WO 3 as a nearinfrared shielding material for smart window[END_REF][START_REF] Xu | Cs0. 33WO3 as a high-performance transparent solar radiation shielding material for windows[END_REF][START_REF] Liu | Predictions of electronic structures and optical performance of potential near infrared absorber Sn 0. 33 WO 3[END_REF][START_REF] Perez | Influence of lithium interstitial doping on the optoelectronic properties of NiO and WO3[END_REF][START_REF] Lacomba-Perale | Optical absorption of divalent metal tungstates: Correlation between the band-gap energy and the cation ionic radius[END_REF].

By inserting germanium vacancies into wolframites, the reflectivity values are increased and shifted to a higher energy state. Reflectivity nearly doubles (17%) in the IR region, and increases in the visible range, resulting in a decrease in transmissivity. The Ge-vacancy wolframite's curve reached a shoulder of 41% at 6.5 eV, compared to 32% at 5.5 eV for the Ge-non vacancy. In the UV region, reflectivity climbs to around 60% at 9.8 eV and 24% at 8.5 eV, respectively, before declining for energy above 15 eV.

Complex Refractive Index

The refractive index of a material is an important optical property that explains how light is refracted when it enters the material.

As functions of photon energy, the real n(ω), and imaginary k(ω), parts of the refractive index are displayed in Figures 11c,d.

The static refractive indices n(0) of the two WO 3 phases are found to have a value around 2.35

(see Table 3). The refractive indices of these compounds are high in the infrared and gradually decline in the visible and ultraviolet regions. The primary peak is at n = 2.8 in the energy range of 3.00 -3.50 eV, whereas n approaches unity at higher energies.

In the UV, the extinction coefficients reach maximum peaks of 1.7 for ortho-WO 3 and 2.1 for tetra-WO 3 in the photon energy range of 5 -10 eV, respectively. K(w) then drops to minimum values for photon energies greater than 16 and 12 eV.

The metallic systems W Both k(w) and n drop to zero and unity at energies greater than 15 eV.

When Ge-vacancies are introduced into wolframites, the static refractive index n(0) increases from 1.8 to 2.5. The refractive indices of wolframites are higher in the infrared and gradually lower in the visible, with primary maxima of n = 2.6 at 1.5 eV and 1.9 at 3 eV, respectively, as can be seen in pure WO 3 . For energies greater than 10 eV, n approaches unity. For Gevacancy, the extinction coefficient k(w) curve is initially enhanced and then grows to a maximum at 5 eV. The wolframites structure displayed a high electrically conductive range of energy less than 11 eV by introducing Ge-vacancy, the highest peak of σ(w) is found at 4.5 eV within a range of 2.1 and 3.5 eV.

Loss function

The energy loss function explains the energy loss of a fast electron through a material. Its maximum peak appears at a specific incident light frequency known as the plasma frequency ωp. The energy loss spectra of tungstates are shown in Figure 10c.

The ortho-and tetra-WO 3 plasma frequencies are equal to 10.6 and 15.6 eV, respectively, which corresponds to the photon energy at which the reflectivity rapidly decreases (see Figure 10b).

In W 1-x Ge x O 3 , ωp tends to increase with low Ge-substitution, with 15.8 and 13.6 eV for x ~1/4, 1/2, respectively, and switches from a metallic to a dielectric response if the incident light has a frequency greater than these values. The ωp in the wolframite structure, on the other hand, increases with Ge-vacancy from 8.86 to 10.4 eV.

Conclusions

The crystal structures of three (03) novel germanium tungstates, W 1-x Ge x O 3 (x ~ 1/4, 1/2) and Ge 1-x WO 4 (x ~ 0.2), synthesized by the crystal vapour transport method, are investigated in this study using single crystal X-ray diffraction and DFT. The presence of disorder in the Ge position in wolframite is probably attributable to some stacking faults between the (W/Ge)O 6 zigzag chains.

Compared to GeWO 4 , the Ge vacancies narrow the band gap and shift the absorption edge to a lower energy, making it more suitable for visible light activity.

Figure 1 .

 1 Figure 1. (a) Platelet-like GexWSe 2 crystal shape, the corresponding EDX spectrum in (b) indicates the presence of Ge in WSe 2 crystals. (c) Magnification of one side of the platelet shows layer thickness of about 107.5 nm (d).

Figure 2 .

 2 Figure 2. (a) Nanowire-shaped GexWO 3 crystals, the corresponding EDX spectrum in (b) confirms the presence of Ge inWO 3 crystals, one needle is about 24.79 µm (c).

Figure 3 .

 3 Figure 3. (a-c) ) GexWO 3 nanowire in a large stick shape, the corresponding EDX spectrum in (b) reveals high %Ge atoms in WO 3 crystals.

Figure 4 .

 4 Figure 4. Crystal structure of the tetragonal Ge x W 1-x O 3 (x ~ 1/2). (a) The unit cell. (b) Distorted MO 6 octahedra, sharing corners and edges, forming zigzag chains. Thermal ellipsoids of Ge/W and O atoms are drawn at 95% probability level.

  SG = space group, ABL = Average bond length (Å), Vol = polyhedral volume (Å 3 ), DI = distortion index, ECN = effective coordination number, OQE = octahedral quadratic elongation, OAV = octahedral angle variance (°2). All calculations were performed using VESTA (Momma & Izumi 2011; for the mathematical meaning see the VESTA Handbook).

Figure 5 .

 5 Figure 5. Crystal structure of the orthorhombic Ge x W 1-x O 3 (x ~ 1/4). (a) The unit cell. (b) Distorted MO 6 octahedra, sharing corners and edges, forming zigzag chains. Thermal

Figure 6 .

 6 Figure 6. The crystal structures of the tetragonal Ge x W 1-x O 3 (x ~ 1/2) (left) and orthorhombic Ge x W 1-x O 3 (x ~ 1/4) (right), respectively, exhibit MO 6 octahedra distortions along the 03 directions.

Figure 7 .

 7 Figure 7. Crystal structure of the wolframite Ge 1-x WO 4 (x ~ 0.2). (a) Unit cell. (a-d) Distorted WO 6 (purple) and GeO 6 (blue) octahedral form infinite edge-shared zigzag chains parallel to the c-axis; common corners connect the two types of chains (b). Thermal ellipsoids of atoms are drawn at 95% probability level.

Figure 8 , 9

 89 Figure 8, 9 shows respectively the band structures and density of states (DOS) of the different

Figure 8 .

 8 Figure 8. The electronic band structures of the studied tungstates. The red dashed line represents the Fermi level.

Figure 9 .

 9 Figure 9. The total density of states (DOS) of the studied tungstates.

Figure 10 .

 10 Figure 10. The optical properties of the studied tungstates: (a) absorption spectra, (b) reflectivity plot and loss function plot (c).

Figure 11 .

 11 Figure 11. The optical properties of the studied tungstates: plots of the real and imaginary parts of the dielectric function (a, b), refractive index (c, d) and the optical conductivity (e, f), respectively.

W 1 -

 1 x Ge x O 3 (x ~ 1/4, 1/2) structures are formed by corners and edges sharing distorted MO 6 (M = Ge/W) octahedral, forming infinite zigzag chains. The M-O bond lengths reduce as Ge replaces W in the covalent bond, compared to the WO 3 host structure, while the larger ADP's of oxygen atoms on the octahedral can be associated to the presence of some disorder associated with the presence of JTD effect. The electronic structures of both systems display a transition from pure WO 3 semiconducting to W 1-x Ge x O 3 metal-like behaviour by shifting down the Fermi level. W 1-x Ge x O 3 appears to have potential optical properties for high-performance transparent solar radiation and strong IR shielding.

  

Table 1

 1 Selected single crystal data and structure refinement parameters for the Ge 0.427 W 0.573 O 2.612 , Ge 0.275 W 0.725 O 3 and Ge 0.821 WO 4 tungstates.

	Tungstates	Ge 0.427 W 0.573 O 2.612	Ge 0.275 W 0.725 O 3	Ge 0.841 WO 4
	Molar mass (g.mol -1 )	178.1	201.3	308.9
	Crystal size (mm 3 )	0.25 x 0.15 x 0.04	0.16 x 0.12 x 0.05	0.17 x 0.12 x 0.10
	Space group, Z	P-42 1 m, 4	Pbcm, 4	P12/c1, 2
	Unit cell dimensions (Å, °) a = b = 7.4073(6)	a = 3.8582, b =	a = 4.7309(7), b =
		c = 3.8636(7)	7.4783	5.7077(9) c = 4.9580(7),
			c = 7.3615	 = 90.00
	Volume (Å 3 )	211.99(5)	212.40(7)	133.88(3)
	Calculated density(g cm -1 ) 5.5813	6.2935	7.6626
	Absorption coefficient	37.08	43.055	52.191
	(mm -1 )			
	Angular range T(°)	5.28 -34.38	5.28 -36.18	3.57 -40.42
	Index ranges	-11<h<10 -	-6<h<6 -12<k<12	-7<h<8 0<k<10
		11<k<11	-12<l<12	0<l<8
		-5<l<5		
	Total recorded reflexions	1772	2175	635
	Independent reflexions,	467,0.0405	597, 0.0606	635, 0.0583
	Rint			
	Reflexions with I>3σ(I)	442	552	604
	T min / T max	0.0785 / 1	0.1601 / 0.5838	0.00486 / 0.0118
	Number parameters	26	16	31
	Goodness of fit on F 2	2.30	3.16	2.06
	(R/R w ) obs (%)	0.0561 / 0.0600	0.0925 / 0.0962	0.0600 / 0.0751

  The observed W-O and Ge-O distances, which range from 1.789 to 2.142 Å (mean 1.940 Å) and from 2.050 to 2.193 Å (mean 2.128 Å) (Table

Table 3

 3 The optimized structural constants and selected optical properties for the Ortho-and Tetra-WO 3 , Ge x W 1-x O 3 (x ~ 1/3), Ge x W 1-x O 3 (x ~ 1/2), Ge x W 1-x O 4 (x ~ 0.2) and GeWO 4 tungstates. LP : optimized lattice parameters (Å, °), MP : Mulliken population analysis, d Calc : selected bond lengths Å, E G : Bandgap (eV), E Coh : calculated cohesive energy (eV),  1 (0) : dielectric function, (0) : refractive index and Lf : loss function (eV).

	Tungstates	°) (Å. LP		Specie s	s	p	d	Total Charg e (e)	Bon d	MP	dcalc ( Å)	EG (eV)	Ecoh (eV)	1 (0)	 (0) Lf (eV )
				W	2.3	6.2	3.5	12.1	+1.81	W-O	0.3	1.777					
					5	6	8	9			6	2.093					
	Ortho-WO3	=3.933 b=7.627	c = 7.524	O	1.8 5 1.8 4	4.8 0 4.7 3	0.0 0	6.58 6.61	-0.58 -0.61	O-O	0.0 3 1.0 2 -	2.648 2.745 /	1.24 8	-0 8.89	5.46	2.34	15. 6
		a									-						
											0.0						
											6						
				W	2.3	6.2	3.5	12.1	+1.81	W-O	0.3	1.778					
					5	6	8	9			6	2.023					
	Tetra-WO3	a=b=7.627, c=3.928		O	4 1.8 5 1.8	3 4.7 8 4.7	0 0.0	6.61 6.58	-0.58 -0.61	O-O	--0.0 3 1.0 2	2.648 2.745	1.19 0	-9 8.88	5.39	2.32	10. 6
											0.0						
											6						
				W	2.3	6.2	3.5	12.2	+1.72	W-O	0.3	1.768					
					6	9	7	2	+1.78		9	1.966					
				Ge	2.3 7	6.3 3	3.5 8	12.2 8	+2.16	Ge-O	1.0 2	1.888 1.939		-8.00 150	12.6 7	15. 8
	GexW1-xO3 ( x~1/3)	a=7.569 b=7.553	c=3.884	O	1.8 0.4 1.8 4 9	4.7 1.3 4.7 2 5	0 0	1.84 6.58 6.67	-0.57 -0.46	O-O	-0.3 0.7 3 2	2.640 2.709					
					8	9					0.0						
											3						
											-						
											0.0						
											6						
				W	2.3	6.3	3.5	12.2	+1.75	W-O	0.4	1.802					
					5	2	8	5			7	1.901					
	GexW1-xO3 ( x~1/2)	a=3.820 b=7.486	c=7.563	Ge O	1.8 1.8 4 0.6 3	4.8 4.7 4 1.3 3	0 0	6.58 6.68 1.96	-0.68 +2.04 -0.58	O-O Ge-O	6 0.3 4 0.7 0.9 8	2.636 2.683 1.856 1.906		6 7.15 -	4 35.7	6.03	13.
					8	1											
											-						
											0.0						

Compared with experimental data, the lattice parameters are slightly overestimated, which is a feature of the GGA method. The calculated cohesive energy indicates that all the tungstate phases can be thermodynamically stable. Thus, the pristine structures have turned out to be quite comparable in energy to the most WO 3 polymorphs

[START_REF] Chatten | The oxygen vacancy in crystal phases of WO 3[END_REF][START_REF] Migas | Tungsten oxides. I. Effects of oxygen vacancies and doping on electronic and optical properties of different phases of WO 3[END_REF]

, because these polymorphs

  The reflectivity of tetra-WO 3 reaches maximum values of 57 -55% in the ultra-violet region in the energy range 6.5 -9.5 eV, whereas the ortho-WO 3 reaches maximum values of 55 -65% in the energy range 11-15 eV. For energies larger than 16 eV and 20 eV, respectively, the reflectivity becomes zero.W 1-x Ge x O 3 exhibits strong reflectivity of 67.5% and 52% in the infrared region for x~1/4 and x~1/2, respectively. In the visible region, reflectance drops dramatically to minimal values, and then climbs to a maximum of nearly 36% around 5 eV. The maximum is between 35 and 46 % in the ultraviolet area at 11.5 -12.5 eV, and it reaches zero at energies higher than16.5 

	and 20 eV, respectively. This suggests that W 1-x Ge x O 3 (x~1/4, 1/2) has higher visible and
	lower IR transmissivity, making it a promising material for high-performance transparent
	solar radiation and strong IR shielding, especially with a low Ge concentration. A comparable
	absorption trend was seen in metal-doped hexagonal WO 3
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