Abdelmajid Agnaou 
  
Wafaa Mhaira 
  
Rachida Essalim 
  
Andrea Turino 
  
Abdelaziz Ammar 
  
Mohamed Zamama 
  
Maati Alga 
  
Fabrice Mauvy 
  
Structural study and ionic

Keywords: Bismuth vanadium oxide, BISIPVOX, XRD, Ionic conductivity Bismuth vanadium oxide, BISIPVOX, XRD, Ionic conductivity

teaching and research institutions in France or abroad, or from public or private research centers.  

Introduction

In many fields, the development of science and technology is largely based on the use of materials with specific physical properties: ferroelectric, magnetic, superconducting, oxygen ionic conductivity and others. In this context, bismuth-based ceramics, such as the Aurivillius compounds of the general formula (Bi2O2) 2+ (An-1BnO3n+1) 2-occupy a special place.

The powder mixture is then heated to 800°C for 24 hours in air and then cooled to room temperature.

The powder samples were characterized by X-ray diffraction (XRD) using a diffractometer Rigaku, SmartLab SE with Kα(Cu) radiation (=1.5405 Å). The measurements were made over the range 5 ≤ 2θ ≤ 80° with a scan speed of 2 °/min, with a step of data collection of 0.02°. The network parameters were determined by the Rietveld refinement method with DICVOL06 as the starting model in the program "FullProf".

The study of the surface morphology of the sintered samples was carried out using a scanning electron microscope (VEGA3), equipped with an energy dispersive X-ray spectroscopy (EDS) analyzer. Grain size measurements were carried out using Image J processing software. The measurements were carried out on pellets sintered at 820 °C for 5 hours.

Raman scattering spectra were recorded using a Confotec MR520 spectrometer using confined samples in powder form. A laser with ionized argon emitting in the green at wavelength λ = 532 nm have been implemented.

Fourier transform infrared (FTIR) spectra were recorded using a Bruker VERTEX 70 spectrometer. The synthesized samples were dispersed with proportions of 2/100 in KBr and compacted into pellets. The data collections were made at room temperature in the 400-4000 cm -1 wavenumber region. Differential Thermal Analyses (DTA) were performed on samples at increasing temperatures from 25 °C to 700 °C, using a Labsys Evo-gas analyzer, at a heating rate of 10 °C.min -1 .

Ion conductivity measurements were performed by Electrochemical Impedance Spectroscopy (EIS) in the frequency range from 0.01 to 1 MHz using a Modulab system equipped with a frequency response analyzer (Solartron Analytical). The amplitude of the ac signal applied to the sample was 50 mV. Measurements were carried out on pellets sintered at 820 °C for 5 hours. Platinum electrodes were deposited by painting on both flat surfaces of the pellets. For each sample, impedance measurements were performed in dry air from 150 to 700 °C, on a 30 min isothermal plate.

Results and discussions

X rays diffraction characterizations

Room temperature XRD patterns for the compounds Bi4V2-x(P0.5Si0.5)xO11-δ are reported on figure 1 in the angle range 10° ≤ 2θ ≤ 65°.

The typical Bragg peaks of the BIMEVOX phases are visible for all compositions. For x ≤ 0.3 compound, the XRD diagram also reveals the presence of doublets at 2θ = 32, 34, 48 and 55°, as well as over structure peaks (see stars *) at 2θ = 24.3° and 2θ = 33.6°, characteristics of the α-monoclinic form with the space group C2/m. Concerning x = 0.4 sample, the structure adopted is that of the orthorhombic β phase with the space group Amam. The X-ray pattern of this phase shows super-structure lines (see full circles •) at 2θ = 24.7° and 2θ = 33.2° and tight doublets located at 2θ = 32, 34, 48 and 55°. As x increases, the presence of Bi8V2O17 secondary phase peaks is observed.

The limiting composition of the BISIPVOX solid solution is estimated to be close to x ≈ 0.45 due to the presence of peaks at 2θ≈ 27° and 33° (see clovers ♣) corresponding to the phase indexed as Bi8V2O17. This secondary phase is usually observed during the synthesis of several BIMEVOX compounds [6] with the exception of the solid solution Bi4V2-xPxO11- (BIPVOX), where the secondary phase is BiPO4 [5].

The double substitution of vanadium resulted in a solid solution over a wider compositional range (0.0 ≤ x ≤ 0.4) than that obtained by the single substitution with phosphorus Bi4V2-xPxO11- (0.0 ≤ x ≤ 0.2) [5].

In the entire solid solution domain, the quadratic γ-phase could not be stabilized. This can be explained by the small size of the ions and consequently the covalent nature of the Si-O and P-O bonds. As it has been shown for the compounds Bi4V2-xPxO11- [5], the strongly covalent nature of the bonds is not very favorable to the disorder that characterizes the phase γ.

The values of the cell parameters and the cell volume as a function of x are reported in Table 1. As generally observed for other BIMEVOX, the c-parameter varies with the size of the dopant ion. The partial substitution of vanadium by silicon and phosphorus, results in a decrease of the c-parameter for 0 ≤ x ≤0.3. This observation is consistent with the smaller effective ionic radius of the elements P 5+ (0.38 Å) and Si 4+ (0.26 Å in coordination 4 and 0.40 Å in coordination 6) compared to V 5+ (0.54 Å) [13]. However, for x=0.4, the increase in the parameter c can be correlated to the transition from the monoclinic to the orthorhombic phase

.

A slight variation in the a and b cell parameters can be noticed. This small evolution in the dimensions of the cell in the basic (a, b) plane is a general characteristic of BIMEVOX which can be explained by the marked two-dimensional character of these phases whose structure framework is governed by the (Bi2O2) 2+ entity. Nevertheless, the a and b cell parameters generally show a dependence on the valence of the doping cation and consequently on the rate of anionic vacancies induced by the substitution. In the case of Bi4V2-xSix/2Px/2O11x/2□1+x/4 compound, this vacancy ratio is relatively low (x/4) and it induces only a small variation in the a and b parameters.

Raman spectroscopy measurements

The Raman spectra recorded on the BISIPVOX compounds in the composition range 0 ≤ x ≤ 0.4, are reported in Figure 2. The bands between 600 and 950 cm -1 are assigned to the symmetric and asymmetric stretching modes of the bonds between the V and O atoms in the tetrahedral VO4 groups [14,15]. For x = 0.0, 0.2 and 0.3 (α monoclinic phase), the waveforms are similar with slight variations in peak positions and intensities. The Raman bands at 300 and 383 cm -1 are attributed to the bending modes of the V-O bond.

As presented in Figure 2, in the frequency range 600 -1100 cm -1 , the Bi4V2O11 material crystallized in monoclinic phase shows five bands 640, 322, 728, 780, 854 and 930 cm -1 . A strong mode was observed at 854 cm -1 , which can be attributed to the symmetric stretching mode of the V-O bond in the VO4 [16]. It is interesting to note that the stretching mode V-O at 854 cm -1 moves towards 847 cm -1 when the silicon and phosphorus content increases from 0% (x = 0) to 20 % (x =0.4).

Based on the relationship between the Raman stretching frequencies (ν in cm -1 ) and the equilibrium Vanadium-Oxygen bond length (R in Å), an empirical relationship (Equation 1) between these two quantities was established by Hardcastle et al. [17]:

ν = 21349 × exp(-1.9176 × R) Equation 1
This relation is obtained by adopting the diatomic approximation where the V-O bond vibrations are assumed to be independent of the crystal lattice. The calculation of the V-O bond length via this equation yielded the values given in Table 2. In the doped compounds with x ≤ 0.3, the V-O bond length differs slightly from that of the parent Bi4V2O11 phase. This result indicates a small local deformation induced by doping in all α-type phases. Nevertheless, a larger increase in bond length is observed for the composition x = 0.4. This increase can be explained by the α → β transition that takes place at this composition. This observation is in perfect agreement with the increase of the lattice parameters when x goes from 0.3 to 0.4 evidenced by DRX. Finally, it can be mentioned that no bands that could be attributed to dopantoxygen vibration were detected.

Infra-red spectroscopy measurements

Figure 3 shows the transmission FTIR spectra for all compositions of the BISIPVOX system in the range 400-4000 cm -1 . All the FTIR spectra show bands at 1636 cm -1 and 3430 cm -1 , assigned to the vibrational modes of the O-H bonds of H2O molecules adsorbed by the samples. All the spectra of the doped compounds, compared to that of Bi4V2O11, show a band around 1040 cm -1 . This band is characteristic of the asymmetric νas(P-O) elongation in the (PO4) 3-entity [18].

The band located around 520 cm -1 is mainly assigned to elongation modes vibrations of the Bi-O bond in distorted octahedral units BiO6, and to the distortion δas (O-V-O) of vanadate ions [19] A slight variation in the position of this band towards the high frequencies can be noticed. It moves from ⁓517 cm -1 for x=0,0 at ⁓524 cm -1 for x = 0.3, then close to ⁓528 cm -1 for x = 0.4. This demonstrates the sensitivity of the Bi2O2 layers to the substitutions in the VO4 layers. A similar effect was observed in the Bi4V2-xCux/2Alx/2O11-δ [6]. The bands observed around 715 cm -1 and 830 cm -1 are assigned to the symmetrical elongation vibrations νs(V-O)

and asymmetric νas (V-O), respectively due to valence bond vibrations V-O in the VO4 polyhedra [4,19]. A band observed at 1038 cm -1 for the solid solution BISIPVOX, is assigned to the vibration of vanadyl groups V=O isolated in the VO5 entity [20]. In addition, for the x ≤ 0.3 compounds, a fine structure can be observed that gradually disappears as the substitution rate increases. The disappearance of the fine structure and the broadening of the absorption bands for x = 0.4 correspond to the stabilization of the more disordered orthorhombic phase.

This result is in agreement with the XRD results.

The FTIR spectra reported on Figure 3 show that, depending on the composition, some bands shift to low or high frequencies, while other bands disappear completely from the spectrum. Indeed, for the undoped sample (x = 0), it can be seen that the bands at 768, 614, and 486 cm -1 completely disappear from the IR spectrum with low substitution ratio (x = 0.1). This can be attributed to the forbidding of specific vibrational modes due to a local symmetry change.

Indeed, the comparison of the FTIR spectra of the present samples with those of phosphorus monosubstituted compounds [5], reveals more modes in the case of the latter (BIPVOX). These additional modes were explained by the existence of distortions in the VO4 tetrahedra. It can be concluded that the presence of silicon has attenuated these distortions.

Microstructure characterization by SEM images

Figure 4 shows SEM micrographs of sintered pellets at 820 °C for 5 hours for the solid solution BISIPVOX 0 ≤ x ≤ 0.4. The studied ceramics show well-defined grains. The grain size is non-uniform and varies with the substitution rate as shown in Table 3. The presence of mainly intergranular pores can be observed for x ≤ 0.2 (see Figures 4a -4c). Above this composition, the porosity decreases drastically and increasingly dense ceramics are obtained (see Figures 4d -4e). Densification process can be explained by the decrease of the melting point when the phosphorus content increases, which facilitates the diffusion of ions (mass transport). This sintering process is accompanied by granular growth. In the case of compositions x ≥ 0.3, the excessive and non-isotropic growth of the grains induces strong stress effects between them and leads to the formation of micro cracks. Such behavior has already been observed in other BIMEVOX compounds [4,7]. Furthermore, since phosphorus substitution decreases the melting temperature of the material, the hypothesis of local liquid phase sintering cannot be excluded, at least for high substitution rates. The appearance of the grain boundaries of the ceramic of composition x = 0.4 is consistent with this hypothesis. In addition, the sintered pellets have shiny surfaces with relief crystallite formation as shown in Figure 4(f).

The results of the elemental analysis obtained by EDS are presented in Table 4. The atomic percentages as well as the V/Bi, P/V and Si/V ratios are in agreement with those given by the stoichiometric formula of the studied compounds. As an example, the calculated (V/Bi)theo ratios are compared with the experimental (V/Bi)exp ratios determined by EDS in Table 4. The presence of carbon impurity on all compounds is due to the sputtering step during the preparation of the samples for SEM imaging.

Differential Thermal Analysis

The DTA thermograms recorded for the BIMEVOX samples with x = 0.0 -0.4 are shown in Figure 5. The DTA curve for the parent compound Bi4V2O11, shows two endothermic peaks appearing during heating at 442 and 560 °C, representing the phase transitions α→β and β→γ.

In the case of compositions x ≤ 0.3, the peak corresponding to the α→β transition is observed at 442, 450 and 449°C for x= 0.1, 0.2 and 0.3 respectively. However, the thermal phenomenon attributed to the β→ γ phase transition, appears with low intensity and at lower temperature compared to that of the parent phase (⁓500°C for x = 0.2 and ⁓470° for x = 0.3). The low intensity of this transition can be explained by the low enthalpy associated with it or by the degree of disorder in the substituted phases. The latter hypothesis is in perfect agreement with the disappearance of the fine structure and the broadening of the absorption bands observed by infra-red spectroscopy. This second peak was not detected for the composition x=0.1 for the same reasons as for x = 0.2 and x = 0.3. The same behavior has been observed in the case of other BIMEVOX [6] where the only observed peak was attributed to the direct α→γ transition.

No thermal phenomenon was detected for the compound with x = 0.4 which is isotype to the βphase. In the case of this composition, the non-appearance of the β→γ transition can be explained on the basis of the degree of disorder in the lattice in agreement with the FTIR results.

Ionic conductivity

Ionic conductivity measurements were carried out on pellets sintered in air at T= 820 °C for 5 hours. Typical Nyquist diagrams for the Bi4V2-xSix/2Px/2O11-δ system with different compositions measured at the temperature of 300 °C are shown in Figure 6. In general, the O 2- oxide ion conductors show two semi-circular contributions: a high frequency contribution is assigned to the bulk (intra-granular) transport properties and the medium frequency semi-circle is attributed to the grain boundaries transport properties. In the present study, the impedance diagrams of the BISIPVOX solid solution are characterized by a single depressed arc at higher frequencies which reflects both grain and grain boundary effects. This single loop can be assigned to an overlap process of both contributions. Concerning the low frequency range, the classical electrode polarization phenomena is not observed in the Nyquist diagrams because the measurement frequencies are not low enough. Figure 7 shows the Arrhenius curves of ionic conductivity for the compositions Bi4V2-xSix/2Px/2O11-x/4 in the temperature range 300°C -700 °C under air.

At low temperature, an improvement in the ionic conductivity can be observed σ300 (see Table 5) by substitution for all compositions. The best conductivity is obtained for a substitution rate x = 0.1 which is ⁓15 times higher than that of the parent phase Bi4V2O11. A decrease in ionic transport properties when x increases can also be noticed. At high temperature, the conductivity is poorly dependent on the composition. However, a slight decrease in σ600 values can be noted with increasing vanadium substitution rates. This result is a general trend for BIMEVOX [6]. This conductivity decrease can be attributed to the ordering of the oxygen vacancies. It can also be explained, in the case of Si 4+ and P 5+ , by the increase in the covalence of the Metal-Oxygen bond. It can be seen that the optimum composition for the best conductivity is close to x = 0.1.

According to the conductivity measurements, a clear discontinuity in ionic mobility can be observed in three distinct regions, for the compound with x = 0.1. The two drops in the diagrams occur around 400 °C and 550 °C. However, for compositions x ≤ 0.3, a discontinuity in the conductivity values is detected between the two temperature ranges around 430 to 470 °C. This discontinuity is attributed to the α → γ phase transition. The discontinuity observed for the sample with x = 0.4 at 440°C is associated with the β → γ phase transition. All these results are in good agreement with those obtained by DTA and XRD.

The activation energy corresponding to each linear part of the logσ = f(T) graphs in Figure 7 was calculated using the Arrhenius equation (Equation 2):

 = A exp (- E a kT ) Equation 2
The evolution of the conductivity between 300 °C and 600 °C and the activation energy at low and high temperatures are reported on Figure 8. Overall, the conductivity and activation energy (Table 5) evolve as a function of composition in opposite directions. The doping of Bi4V2O11 up to x=0.1 leads to an increase in conductivity and a decrease in activation energy.

This behavior is in very good agreement with the changes in the activity of certain vibrational modes in the FTIR spectrum observed for this composition. Above the rate x = 0.1, these variations become less strong. At low temperatures, the activation energy tends to increase with

x, whereas at high temperatures, it decreases until x = 0.2 and then increases slightly until x = 0.4. This activation energy increase is constituent with both the XRD results which indicate a decrease in the volume of the crystal lattice and the increase in the covalence of the metaloxygen bond with the rate of substitution x. Typically, the activation energy Ea(HT) in the BIMEVOX phases is in the range 0.2 and 0.44 eV. Considering the present samples, Ea(HT)

shows higher values. This phenomenon can be explained on the one hand by the increase in covalence of the P 5+ -O and Si 4+ -O bonds, which make the neighboring V-O bonds more ionic and on the other hand by the rate of anionic vacancies which is very sensitive to the cooling rate of these materials. Similar Ea(HT) values have been observed in the case of the double substitution with copper and aluminum BICUALVOX [6].

Conclusion

A new solid solution of the BIMEVOX family has been prepared by the coupled substitution of vanadium with phosphorus and silicon. Due to the small size of the dopant ions, this substitution did not stabilize the γ-polymorph. The variations in the lattice parameters and the FTIR band profiles were analyzed on the basis of lattice disorder. A substantial Tables: 
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synthesized by Abraham et al [1] in the late 1980s. It is classified as one of the best O 2-ionic conductors. This compound exhibits several phase transitions (α→β→γ) on heating, before melting at 1073 K. The structure of this compound can be described as alternating Bi2O2 2+ and VO3.5 2-layers with oxygen vacancies. γ -Bi4V2O11 is characterized by a large disorder of oxygen atoms of the VO3.5 2-blocks which is responsible for the high ionic conductivity (σ ≈ 0.2 Ω -1 cm - 1 [1]). (Cu 2+ , Al 3+ ) [6,7], (Cu 2+ , Co 2+ ) [8]). In addition, several synthetic processes were investigated, including co-precipitation [9], sol-gel method [10], combustion method [11] and mecanochemical activation route [12]. The solid state reaction synthesis method is the most commonly used to prepare these type of compounds in powder form.

The present work deals with the synthesis and characterization of the solid solution BIPSIVOX obtained by simultaneously substituting vanadium with phosphorus (P 5+ ) and silicon (Si 4+ ) in the parent compound Bi4V2O11.

Experimental

The poly-crystalline samples of Bi4V2-x(P0.5Si0.5)xO11-x/4 (0.0 ≤ x ≤ 0.5) compounds have been prepared using classical solid state reaction routes. Stoichiometric amounts of Bi2O3 (99.5 %), V2O5 (99 %), SiO2 (99.9 %) and (NH4)2HPO4 (99 %) precursors have been grounded, and then heated under air at 400 °C during 12 h to release ammoniac NH3 and water H2O molecules.

The powder mixture is then heated to 800°C for 24 hours in air and then cooled to room temperature.

The powder samples were characterized by X-ray diffraction (XRD) using a diffractometer Rigaku, SmartLab SE with Kα(Cu) radiation (=1.5405 Å). The measurements were made over the range 5 ≤ 2θ ≤ 80° with a scan speed of 2 °/min, with a step of data collection of 0.02°. The network parameters were determined by the Rietveld refinement method with DICVOL06 as the starting model in the program "FullProf".

The study of the surface morphology of the sintered samples was carried out using a scanning electron microscope (VEGA3), equipped with an energy dispersive X-ray spectroscopy (EDS) analyzer. Grain size measurements were carried out using Image J processing software. The measurements were carried out on pellets sintered at 820 °C for 5 hours.

Raman scattering spectra were recorded using a Confotec MR520 spectrometer using confined samples in powder form. A laser with ionized argon emitting in the green at wavelength λ = 532 nm have been implemented.

Fourier transform infrared (FTIR) spectra were recorded using a Bruker VERTEX 70 spectrometer. The synthesized samples were dispersed with proportions of 2/100 in KBr and compacted into pellets. The data collections were made at room temperature in the 400-4000 cm -1 wavenumber region.

Differential Thermal Analyses (DTA) were performed on samples at increasing temperatures from 25 °C to 700 °C, using a Labsys Evo-gas analyzer, at a heating rate of 10 °C.min -1 .

Ion conductivity measurements were performed by Electrochemical Impedance Spectroscopy (EIS) in the frequency range from 0.01 to 1 MHz using a Modulab system equipped with a frequency response analyzer (Solartron Analytical). The amplitude of the ac signal applied to the sample was 50 mV. Measurements were carried out on pellets sintered at 820 °C for 5 hours. Platinum electrodes were deposited by painting on both flat surfaces of the pellets. For each sample, impedance measurements were performed in dry air from 150 to 700 °C, on a 30 min isothermal plate.

Results and discussions

X rays diffraction characterizations

Room temperature XRD patterns for the compounds Bi4V2-x(P0.5Si0.5)xO11-δ are reported on figure 1 in the angle range 10° ≤ 2θ ≤ 65°.

The typical Bragg peaks of the BIMEVOX phases are visible for all compositions. For x ≤ 0.3 compound, the XRD diagram also reveals the presence of doublets at 2θ = 32, 34, 48 and 55°, as well as over structure peaks (see stars *) at 2θ = 24.3° and 2θ = 33.6°, characteristics of the α-monoclinic form with the space group C2/m. Concerning x = 0.4 sample, the structure adopted is that of the orthorhombic β phase with the space group Amam. The X-ray pattern of this phase shows super-structure lines (see full circles •) at 2θ = 24.7° and 2θ = 33.2° and tight doublets located at 2θ = 32, 34, 48 and 55°. As x increases, the presence of Bi8V2O17 secondary phase peaks is observed.

The limiting composition of the BISIPVOX solid solution is estimated to be close to x ≈ 0.45 due to the presence of peaks at 2θ≈ 27° and 33° (see clovers ♣) corresponding to the phase indexed as Bi8V2O17. This secondary phase is usually observed during the synthesis of several BIMEVOX compounds [6] with the exception of the solid solution Bi4V2-xPxO11- (BIPVOX),

where the secondary phase is BiPO4 [5].

The double substitution of vanadium resulted in a solid solution over a wider compositional range (0.0 ≤ x ≤ 0.4) than that obtained by the single substitution with phosphorus Bi4V2-xPxO11- (0.0 ≤ x ≤ 0.2) [5].

In the entire solid solution domain, the quadratic γ-phase could not be stabilized. This can be explained by the small size of the ions and consequently the covalent nature of the Si-O and P-O bonds. As it has been shown for the compounds Bi4V2-xPxO11- [5], the strongly covalent nature of the bonds is not very favorable to the disorder that characterizes the phase γ.

The values of the cell parameters and the cell volume as a function of x are reported in Table 1. As generally observed for other BIMEVOX, the c-parameter varies with the size of the dopant ion. The partial substitution of vanadium by silicon and phosphorus, results in a decrease of the c-parameter for 0 ≤ x ≤0.3. This observation is consistent with the smaller effective ionic radius of the elements P 5+ (0.38 Å) and Si 4+ (0.26 Å in coordination 4 and 0.40 Å in coordination 6) compared to V 5+ (0.54 Å) [13]. However, for x=0.4, the increase in the parameter c can be correlated to the transition from the monoclinic to the orthorhombic phase .

A slight variation in the a and b cell parameters can be noticed. This small evolution in the dimensions of the cell in the basic (a, b) plane is a general characteristic of BIMEVOX which can be explained by the marked two-dimensional character of these phases whose structure framework is governed by the (Bi2O2) 2+ entity. Nevertheless, the a and b cell parameters generally show a dependence on the valence of the doping cation and consequently on the rate of anionic vacancies induced by the substitution. In the case of Bi4V2-xSix/2Px/2O11x/2□1+x/4 compound, this vacancy ratio is relatively low (x/4) and it induces only a small variation in the a and b parameters.

Raman spectroscopy measurements

The Raman spectra recorded on the BISIPVOX compounds in the composition range 0 ≤

x ≤ 0.4, are reported in Figure 2. The bands between 600 and 950 cm -1 are assigned to the symmetric and asymmetric stretching modes of the bonds between the V and O atoms in the tetrahedral VO4 groups [14,15]. For x = 0.0, 0.2 and 0.3 (α monoclinic phase), the waveforms are similar with slight variations in peak positions and intensities. The Raman bands at 300 and 383 cm -1 are attributed to the bending modes of the V-O bond.

As presented in Figure 2, in the frequency range 600 -1100 cm -1 , the Bi4V2O11 material crystallized in monoclinic phase shows five bands 640, 322, 728, 780, 854 and 930 cm -1 . A strong mode was observed at 854 cm -1 , which can be attributed to the symmetric stretching mode of the V-O bond in the VO4 [16]. It is interesting to note that the stretching mode V-O at 854 cm -1 moves towards 847 cm -1 when the silicon and phosphorus content increases from 0%

(x = 0) to 20 % (x =0.4).

Based on the relationship between the Raman stretching frequencies (ν in cm -1 ) and the equilibrium Vanadium-Oxygen bond length (R in Å), an empirical relationship (Equation 1) between these two quantities was established by Hardcastle et al. [17]:

ν = 21349 × exp(-1.9176 × R) Equation 1
This relation is obtained by adopting the diatomic approximation where the V-O bond vibrations are assumed to be independent of the crystal lattice. The calculation of the V-O bond length via this equation yielded the values given in Table 2. In the doped compounds with x ≤ 0.3, the V-O bond length differs slightly from that of the parent Bi4V2O11 phase. This result indicates a small local deformation induced by doping in all α-type phases. Nevertheless, a larger increase in bond length is observed for the composition x = 0.4. This increase can be explained by the α → β transition that takes place at this composition. This observation is in perfect agreement with the increase of the lattice parameters when x goes from 0.3 to 0.4 evidenced by DRX. Finally, it can be mentioned that no bands that could be attributed to dopantoxygen vibration were detected.

Infra-red spectroscopy measurements

Figure 3 shows the transmission FTIR spectra for all compositions of the BISIPVOX system in the range 400-4000 cm -1 . All the FTIR spectra show bands at 1636 cm -1 and 3430 cm -1 , assigned to the vibrational modes of the O-H bonds of H2O molecules adsorbed by the samples. All the spectra of the doped compounds, compared to that of Bi4V2O11, show a band around 1040 cm -1 . This band is characteristic of the asymmetric νas(P-O) elongation in the (PO4) 3-entity [18].

The band located around 520 cm -1 is mainly assigned to elongation modes vibrations of the Bi-O bond in distorted octahedral units BiO6, and to the distortion δas (O-V-O) of vanadate ions [19] A slight variation in the position of this band towards the high frequencies can be noticed. It moves from ⁓517 cm -1 for x=0,0 at ⁓524 cm -1 for x = 0.3, then close to ⁓528 cm -1 for x = 0.4. This demonstrates the sensitivity of the Bi2O2 layers to the substitutions in the VO4 layers. A similar effect was observed in the Bi4V2-xCux/2Alx/2O11-δ [6]. The bands observed around 715 cm -1 and 830 cm -1 are assigned to the symmetrical elongation vibrations νs(V-O)

and asymmetric νas (V-O), respectively due to valence bond vibrations V-O in the VO4 polyhedra [4,19]. A band observed at 1038 cm -1 for the solid solution BISIPVOX, is assigned to the vibration of vanadyl groups V=O isolated in the VO5 entity [20]. In addition, for the x ≤ 0.3 compounds, a fine structure can be observed that gradually disappears as the substitution rate increases. The disappearance of the fine structure and the broadening of the absorption bands for x = 0.4 correspond to the stabilization of the more disordered orthorhombic phase.

This result is in agreement with the XRD results.

The FTIR spectra reported on Figure 3 show that, depending on the composition, some bands shift to low or high frequencies, while other bands disappear completely from the spectrum. Indeed, for the undoped sample (x = 0), it can be seen that the bands at 768, 614, and 486 cm -1 completely disappear from the IR spectrum with low substitution ratio (x = 0.1). This can be attributed to the forbidding of specific vibrational modes due to a local symmetry change.

Indeed, the comparison of the FTIR spectra of the present samples with those of phosphorus monosubstituted compounds [5], reveals more modes in the case of the latter (BIPVOX). These additional modes were explained by the existence of distortions in the VO4 tetrahedra. It can be concluded that the presence of silicon has attenuated these distortions.

Microstructure characterization by SEM images

Figure 4 shows SEM micrographs of sintered pellets at 820 °C for 5 hours for the solid solution BISIPVOX 0 ≤ x ≤ 0.4. The studied ceramics show well-defined grains. The grain size is non-uniform and varies with the substitution rate as shown in Table 3. The presence of mainly intergranular pores can be observed for x ≤ 0.2 (see Figures 4a -4c). Above this composition, the porosity decreases drastically and increasingly dense ceramics are obtained (see Figures 4d -4e). Densification process can be explained by the decrease of the melting point when the phosphorus content increases, which facilitates the diffusion of ions (mass transport). This sintering process is accompanied by granular growth. In the case of compositions x ≥ 0.3, the excessive and non-isotropic growth of the grains induces strong stress effects between them and leads to the formation of micro cracks. Such behavior has already been observed in other BIMEVOX compounds [4,7]. Furthermore, since phosphorus substitution decreases the melting temperature of the material, the hypothesis of local liquid phase sintering cannot be excluded, at least for high substitution rates. The appearance of the grain boundaries of the ceramic of composition x = 0.4 is consistent with this hypothesis. In addition, the sintered pellets have shiny surfaces with relief crystallite formation as shown in Figure 4(f).

The results of the elemental analysis obtained by EDS are presented in Table 4. The atomic percentages as well as the V/Bi, P/V and Si/V ratios are in agreement with those given by the stoichiometric formula of the studied compounds. As an example, the calculated (V/Bi)theo ratios are compared with the experimental (V/Bi)exp ratios determined by EDS in Table 4. The presence of carbon impurity on all compounds is due to the sputtering step during the preparation of the samples for SEM imaging.

Differential Thermal Analysis

The DTA thermograms recorded for the BIMEVOX samples with x = 0.0 -0.4 are shown in Figure 5. The DTA curve for the parent compound Bi4V2O11, shows two endothermic peaks appearing during heating at 442 and 560 °C, representing the phase transitions α→β and β→γ.

In the case of compositions x ≤ 0.3, the peak corresponding to the α→β transition is observed at 442, 450 and 449°C for x= 0.1, 0.2 and 0.3 respectively. However, the thermal phenomenon attributed to the β→ γ phase transition, appears with low intensity and at lower temperature compared to that of the parent phase (⁓500°C for x = 0.2 and ⁓470° for x = 0.3). The low intensity of this transition can be explained by the low enthalpy associated with it or by the degree of disorder in the substituted phases. The latter hypothesis is in perfect agreement with the disappearance of the fine structure and the broadening of the absorption bands observed by infra-red spectroscopy. This second peak was not detected for the composition x=0.1 for the same reasons as for x = 0.2 and x = 0.3. The same behavior has been observed in the case of other BIMEVOX [6] where the only observed peak was attributed to the direct α→γ transition.

No thermal phenomenon was detected for the compound with x = 0.4 which is isotype to the βphase. In the case of this composition, the non-appearance of the β→γ transition can be explained on the basis of the degree of disorder in the lattice in agreement with the FTIR results.

Ionic conductivity

Ionic conductivity measurements were carried out on pellets sintered in air at T= 820 °C for 5 hours. Typical Nyquist diagrams for the Bi4V2-xSix/2Px/2O11-δ system with different compositions measured at the temperature of 300 °C are shown in Figure 6. In general, the O 2- oxide ion conductors show two semi-circular contributions: a high frequency contribution is assigned to the bulk (intra-granular) transport properties and the medium frequency semi-circle is attributed to the grain boundaries transport properties. In the present study, the impedance diagrams of the BISIPVOX solid solution are characterized by a single depressed arc at higher frequencies which reflects both grain and grain boundary effects. This single loop can be assigned to an overlap process of both contributions. Concerning the low frequency range, the classical electrode polarization phenomena is not observed in the Nyquist diagrams because the measurement frequencies are not low enough. Figure 7 shows the Arrhenius curves of ionic conductivity for the compositions Bi4V2-xSix/2Px/2O11-x/4 in the temperature range 300°C -700 °C under air.

At low temperature, an improvement in the ionic conductivity can be observed σ300 (see Table 5) by substitution for all compositions. The best conductivity is obtained for a substitution rate x = 0.1 which is ⁓15 times higher than that of the parent phase Bi4V2O11. A decrease in ionic transport properties when x increases can also be noticed. At high temperature, the conductivity is poorly dependent on the composition. However, a slight decrease in σ600 values can be noted with increasing vanadium substitution rates. This result is a general trend for BIMEVOX [6]. This conductivity decrease can be attributed to the ordering of the oxygen vacancies. It can also be explained, in the case of Si 4+ and P 5+ , by the increase in the covalence of the Metal-Oxygen bond. It can be seen that the optimum composition for the best conductivity is close to x = 0.1.

According to the conductivity measurements, a clear discontinuity in ionic mobility can be observed in three distinct regions, for the compound with x = 0.1. The two drops in the diagrams occur around 400 °C and 550 °C. However, for compositions x ≤ 0.3, a discontinuity in the conductivity values is detected between the two temperature ranges around 430 to 470 °C. This discontinuity is attributed to the α → γ phase transition. The discontinuity observed for the sample with x = 0.4 at 440°C is associated with the β → γ phase transition. All these results are in good agreement with those obtained by DTA and XRD.

The activation energy corresponding to each linear part of the logσ = f(T) graphs in Figure 7 was calculated using the Arrhenius equation (Equation 2):

 = A exp (- E a kT ) Equation 2
The evolution of the conductivity between 300 °C and 600 °C and the activation energy at low and high temperatures are reported on Figure 8. Overall, the conductivity and activation energy (Table 5) evolve as a function of composition in opposite directions. The doping of Bi4V2O11 up to x=0.1 leads to an increase in conductivity and a decrease in activation energy.

This behavior is in very good agreement with the changes in the activity of certain vibrational modes in the FTIR spectrum observed for this composition. Above the rate x = 0.1, these variations become less strong. At low temperatures, the activation energy tends to increase with

x, whereas at high temperatures, it decreases until x = 0.2 and then increases slightly until x = 0.4. This activation energy increase is constituent with both the XRD results which indicate a decrease in the volume of the crystal lattice and the increase in the covalence of the metaloxygen bond with the rate of substitution x. Typically, the activation energy Ea(HT) in the BIMEVOX phases is in the range 0.2 and 0.44 eV. Considering the present samples, Ea(HT)

shows higher values. This phenomenon can be explained on the one hand by the increase in covalence of the P 5+ -O and Si 4+ -O bonds, which make the neighboring V-O bonds more ionic and on the other hand by the rate of anionic vacancies which is very sensitive to the cooling rate of these materials. Similar Ea(HT) values have been observed in the case of the double substitution with copper and aluminum BICUALVOX [6].

Conclusion

A new solid solution of the BIMEVOX family has been prepared by the coupled substitution of vanadium with phosphorus and silicon. Due to the small size of the dopant ions, this substitution did not stabilize the γ-polymorph. The variations in the lattice parameters and the FTIR band profiles were analyzed on the basis of lattice disorder. A substantial Tables: x 
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 2 The V-O bond lengths estimated from Raman bands.

	Phase	β	Space
		(degree)	group

Table 3 .

 3 Mean grain size in the ceramics Bi4V2-xSix/2Px/2O11-δ

	x		Elementary analysis-EDS (at. %)		V/Bi
		Bi	V	P	Si	O	C	(V/Bi)theo (V/Bi)exp
	x=0 ; Bi4V2O11	22.86 13.26			43.01 20.87 0.500	0.580
	x=0.1 ;Bi4V1.9(Si,P)0.1O10.975 21.01 10.27	0.05	0.03 44.17 24.47 0.475	0.490
	x=0.2 ; Bi4V1.8(Si,P)0.2O10.95	20.55 10.53	0.62	0.51 43.25 24.54 0.450	0.512
	x=0.3 ;Bi4V1.7(Si,P)0.3O10.925 19.93	8.20	1.24	1.55 45.32 23.76 0.425	0.411
	x=0.4 ; Bi4V1.6(Si,P)0.4O10.90	19.60	8.05	1.05	2.45 46.33 22.53 0.400	0.410
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 4 Elemental analysis EDS of sintered pellets of BISIPVOX.

	x	Chemical formula	σ300°C (S.cm -1 )	σ600°C (S.cm -1 )	EaHT (eV) EaBT (eV)
	0.0	Bi4V2O11	9.3×10 -8	5×10 -3	0.56	1.56
	0.1	Bi4V1.9(Si,P)0.1O10.975	1.4×10 -6	2.6×10 -3	0.74	1.05
	0.2	Bi4V1.8(Si,P)0.2O10.95	9.0×10 -7	2.6×10 -3	0.48	1.26
	0.3	Bi4V1.7(Si,P)0.3O10.925	7.8×10 -7	1.9×10 -3	0.55	1.27
	0.4	Bi4V1.6(Si,P)0.4O10.90	2.6×10 -7	10 -3	0.56	1.41
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improvement in the ionic conductivity was observed in the low temperature region compared to Bi4V2O11, which could be correlated with the optimization of the oxygen vacancy rate. At high temperatures, any improvement in ionic conductivity by the double substitution have been noticed. This behavior was assigned to the covalence of the metal-oxygen bond. The highest conductivity level have been observed for Bi4(Si,P)0.1V1.9O11-δ with 2.610 -3 S/cm at 600 °C.
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