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The double-substituted solid solutions Bi4V2-xCux/2Alx/2O11-5x/4, with identical quantitative compositions of Cu 2+ and Al 3+ ions, can occur for a substitution rate 0.1 ≤ x ≤ 0.6. The compound with x = 0.1 is found to be a monoclinic α-form of Bi4V2O11, whereas compounds with 0.2 ≤ x ≤ 0.6 are found to be tetragonal γ and γ' polymorphs. We used electrochemical impedance spectroscopy to measure the electrical conductivity of doped samples in the temperature range of 250-700 °C. The slope changes observed in the Arrhenius plots might be related to the microstructural transitions occurring in these compounds. The sample with x = 0.2 shows the highest ionic conductivity values.

Introduction

The structure of Bi4V2O11 with intrinsic oxygen vacancies can be described as an intergrowth of the fluorite-type (Bi2O2) 2+ layers and oxygen-deficient perovskite-like (VO3.5□0.5) 2-sheets [1]. This compound exists in three thermodynamically stable crystallographic polymorphs depending on disorder in oxygen vacancies. The low-temperature orthorhombic form α-Bi4V2O11 changes into the orthorhombic β-Bi4V2O11 at 450°C, then into the tetragonal γ-Bi4V2O11 over 580°C, which exhibits a high oxide ion conduction [1,2]. The substitution of vanadium in the parent compound Bi4V2O11 stabilizes the best conductive γ-Bi4V2O11 form at room temperature. Generally, compounds with tetragonal symmetry, and which stabilized at low temperature, can have a γ' form as a result of the partial ordering of oxygen vacancies in the γ form. There is no considerable structural difference between γ and γ' forms. However, the γ' form is less conductive than the former. Solid solutions derived from Bi4V2O11 by partial substitution of vanadium with a large variety of metal ions of different sizes and valence states, possess a good oxide anion conductivity [3][4][5][6][7][8][9][10][11][12][13][14]. These materials are known as BIMEVOX where ME is the dopant metal [3]. Generally, the best conductivity is obtained by substituting 10% of V 5+ ions in Bi4V2O11 [START_REF]Fast Ion Transport in Solids[END_REF]. These compounds are solid electrolytes used in many promising applications including oxygen sensors, oxygen pumps, and fuel cells. The presence of vacancies, the stereoactivity of bismuth lone pair, and disorder in the anionic sublattice, are at the origin of the high conductivity of these compounds [3]. Double-substituted Bi4V1.8M0.2-xM'xO11±x solid solutions have been previously reported [START_REF] Morozova | [END_REF][17][18][19]. They were prepared in order to induce some additional disorder in the metal's site and then improve the conductivity. In a previous study, we have reported some data about double substitution of V 5+ by (Cu 2+ , Nb 5+ ) [20] and by (Cu 2+ , Co 2+ ) [21]. More recently, we have investigated the structural and ionic conductivity changes, when vanadium is doubly substituted by (Cu 2+ , Al 3+ ) in Bi4V1.8Cu0.2-yAlyO10.7+y/2 compounds [22]. We have shown an improvement in conductivity in spite of the decrease of the vacancies number in the anionic sublattice when y increases. This reflects the significant effect of the double substitution in these materials (σ600 C=4.16 × 10 -2 S.cm -1 for Bi4V1.8Cu0.2O10.7 compound [18] and σ600 C=7.24 × 10 -2 S.cm -1 for Bi4V1.8Cu0.15Al0.05O10.725 compound [22]). In this context, it would be interesting to explore a larger domain of stability of the tetragonal phase for amounts of substitution of vanadium x≥0.20. Thus, we have been interested in the compounds with the formula Bi4V2-xCux/2Alx/2O11-5x/4. Otherwise, continuing to increase the amount of doping was attempted with other dopants all over the range of occurrence of Bi4V2-xMx/2M'x/2O11-δ solid solutions [16, [23][24][25].

The purpose of the present work is to investigate the effect of the double-substitution of vanadium by (Cu 2+ , Al 3+ ) on structural properties and ionic conductivity of Bi4V2-xCux/2Alx/2O11-5x/4 compounds with identical quantitative compositions of Cu 2+ and Al 3+ for 0.1 ≤ x ≤ 0.6. The chemical formulas used (Bi4V2-xCux/2Alx/2O11-5x/4) indicates the theoretical compositions where vanadium is exclusively in the +5 oxidation state.

Experimental procedure

Samples of Bi4V2-xCux/2Alx/2O11-5x/4 powders were prepared based on the conventional solid-state reaction. Accurately weighted stoichiometric quantities of oxide reagents powders (Bi2O3, V2O5 and CuO) were homogenized, and then ground in an agate mortar. The obtained blends were heated in a platinum crucible at 840 °C in the open air for 24h. They were then slowly cooled to room temperature. Pellets (diameter of 13 mm, and ~ 2 mm thick) were prepared using ground powders sieved at 50-μm and pressed using an uniaxial hand pressing (0.5 ton/cm 2 ). The obtained pellets were sintered in the open air at temperature Ts and then quenched at room temperature. The apparent densities were determined by measuring the mass and size of the sintered pellets. The relative densities were estimated by dividing the apparent densities by theoretical ones, which were calculated using unit cell parameters.

The powder samples were characterized by X-Ray Diffraction using an XPERT MPD Philips diffractometer with Cu Kα radiation. The patterns were recorded between 5° and 70° (2θ), with a step of 0.02° (2θ) and counting time of 4 s per step.

The variation of the unit-cell parameters and the cell volume were obtained using the indexing program Dicvol 04 [26].

Differential thermal and thermogravimetric analyses (DTA-DTG) were carried out on samples at increasing temperature from 25°C to 700°C, using an AT 1500 Analyzer at a heating rate of 10 °C.min -1 .

The infrared study was performed on KBr pellets. Each sample was mixed with dried potassium bromide (KBr) at a sample to KBr amount ratio of 2: 200 mg. The mixture was then compressed under vacuum. The pellets were analyzed over a frequency range of 4000 to 400 cm -1 using a Bruker Vertex 70 FTIR spectrometer equipped with a DTGS detector and OPUS 6.5 software; 128 sweeps with a resolution of 2 cm -1 were performed. Ionic-conductivity measurements were performed by Electrochemical Impedance Spectroscopy (EIS) at frequencies ranging from 0.01 to 1 MHz using a Solartron SI 1260 Impedance Gain Phase Analyzer. The amplitude of the AC signal applied across the sample was 50 mV. Measurements were performed on sintered pellets (relative density ≈ 85%) under steady state conditions. Pt electrodes were deposited on both flat surfaces of the pellets. Pellets were first heated to 830 °C with a 15 h-dwell time. For each sample, the impedance measurements were made under dry air from 120 to 700 °C, on isothermal plateau of 30 mn. The experimental impedance diagrams were simulated by equivalent circuits composed of resistances and Constant Phase Elements (CPE). The values of circuit parameters were determined by non-linear leastsquare fitting using the Z.View software (Scribner Associates).

Results and discussion

Solid solutions' characterization

The XRD analysis, at room temperature of powders shows that the Bi4V2-xCux/2Alx/2O11-5x/4 solid solution is obtained as a single phase in the range of composition 0.1 ≤ x ≤ 0.6 (where x is the substitution ratio). The X-ray diffraction patterns (Fig. 1) show no secondary phase formation.

The solid solution disappear for x > 0.6 since a secondary phase indexed as Bi8V2O17 is detected beside the γ-Bi4V2O11 phase (Fig. 1). Bi8V2O17 is in fact commonly observed as a secondary phase in the synthesis of BIMEVOX compounds [27-29].

The XRD analysis at room temperature, of the solid solution with x=0.1, shows a superstructure peak at ⁓ 24°C, which is related to the monoclinic α-form of Bi4V2O11 with C2/m space group. With increasing x, the coalescence of the doublet diffraction peak at about 32° into (110) singlet [8, 22, 30], reveals that the tetragonal γ or γ' form of Bi4V2O11 is stabilized over the whole composition range 0.2 ≤ x ≤ 0.6.

The variation of the unit-cell parameters and the cell volume as a function of x is shown in Fig. 2. The Bi4V2O11 polymorphs can be described in a mean orthorhombic unit cell with am=5.5 Å, bm=5.6 Å and cm=15. 3 Å [31]. Thus, values of the unit cell parameters are multiplied by 2 for compounds with tetragonal symmetry. For compounds with monoclinic symmetry, lattice parameters are related to the orthorhombic unit cell through the relations: a=cm/3, b=am and c=bm.

In the γ-form's composition range, the c parameters and the volume increase when x increases, while the a parameter shows no variation. The increase of the c parameter (∆c/c ≈ 0.58%) can be explained by the effective ionic radius difference especially of the Cu 2+ and V 5+ ri(Cu 2+ ) = 0,73Å, ri(V 5+ ) = 0,54Å and ri(Al 3+ ) = 0.53Å) [32]. The stability of the a parameter and the more pronounced increase of the c parameter, at least for x < 0.4, can be due to the distribution of oxygen vacancies in the equatorial positions rather than those at the summit positions. However, the less pronounced increase of the c parameter for x ≥ 0.4 may be attributed to the oxygen vacancies, which begin to be located at apical positions. The sample with x = 0.1, compared with the parent compound, exhibits a decrease of the volume cell due to cell shrinkage in (a, b) plan.

For x = 0.1, the XRD analysis result is confirmed by the endothermic peak detected around 470°C on the DTA thermogram for this material (Fig. 3.a). The presence of this peak can be assigned to the α to γ transition. In accordance with XRD results, the DTA curve of the compound with x = 0.5 (Fig. 3.b) shows an endothermic and a peak around 540°C, which can be attributed to a transition from ordered γ' to disordered γ form. On the other hand, the DTA diagram of the x = 0.3 sample (Fig. 3.c) does not exhibit any peaks, which indicates the stabilization of the γ form at room temperature.

The FT-IR spectra of Bi4V2-xAlx/2Cux/2O11-δ in the range of 4000 to 400 cm -1 of the samples with different compositions (0.1 ≤ x 0.6) are illustrated in the figure 4. All the spectra show a water band at 1638 cm -1 and 3245 cm -1 along with a broad band around 3450 cm -1 [33] due to adsorbed water in the powdered samples required for making pellets.

FT-IR spectra of all samples show three well-known bands observed in the band ranges: 510-520; 700-830 and 1000-1040 cm -1 . The band around 515-520 cm -1 is assigned mainly to the stretching vibrations of Bi-O bond in the BiO6 octahedral units [34,35]. The band observed in this area at 520 cm -1 was also assigned to the stretching vibrations of Bi-O bonds in distorted BiO6 octahedral units over which longitudinal stretching mode of V-OA is superimposed [36, 37] (OA : is oxygen in apical position in perovskite-like sheets (VO3.5□0.5) 2-). The bands around 738 and 818 cm -1 are due to the stretching vibration of V-OA [38,39]. A strong band at 1032 cm -1 is attributed to the vibration of isolated V=O vanadyl groups in the VO5 trigonal bipyramidal unit [40,41]. The FTIR spectra show, depending on the composition, that some bands move to low or high frequencies, while other bands disappear completely from the spectrum.

In the high-frequency region, the band attributed to the antisymmetric vibration shifts progressively from 810 to 818 cm -1 as x increases, while the wave numbers attributed to the symmetrical vibration, which appears at 738 cm -1 , does not change. The opposite effect was observed during the substitution of vanadium by Hf where a decrease of the asymmetric mode wavenumbers is observed [42]. Accordingly, the cation size has an effect on the band shifts direction in the infrared spectrum. In contrast, the band of the parent product spectrum, situated at about 500 cm -1 , shifts towards the high frequencies up to x = 0.3, then slides towards the low frequencies for x > 0.3. The same band shift was observed when Bi was substituted by Pb in the BiO6 units. This shift was explained by the perturbation of the Bi-O units by Pb [13], which also affects V-OA units. In this case, this band is attributed to the stretching vibration of the Bi-O groups located in distorted octahedral units [13, 43-44]. Our results confirm that the V-OA bond is also influenced by the Al/V substitution in the VO6 units. As a result, the vibrations in the VO6 units do not occur independently of the other units (BiO). The analysis of FTIR spectra cannot be done according to the approximation of "isolated" units as in the case of perovskite structures [45,[START_REF] Lavat | of alloys[END_REF]. Moreover, compared to the spectrum of the starting sample (x = 0), we find that the bands at 768 615 , and 425 cm -1 disappear completely from the IR spectrum at the beginning of the substitution (x=0.1) Fig. 5. This can be attributed to the interdiction of vibration modes following a change in the local symmetry. This hypothesis is justified by the measurements of the cell parameters (Fig. 2). In fact, for x = 0.1, we observe that the parameter b decreases while the parameter a increases. Such modifications of a and b parameters lead to a decrease in the cell volume although the parameter c increases. This decrease in volume can be explained by significant contractions occurring in the (a, b) plan and which are not compensated by the increase of the parameter c. For x = 0.2 and x = 0.3, we note the appearance of two bands towards 450 and 425 cm -1 , which disappear for x > 0.4. These spectroscopic modifications reveal that the degree of substitution causes changes in spectroscopic activities by degeneration or by interdiction of the activity of some vibration modes.

Electrical conductivity

Measurements were performed on sintered pellets in the open air at Ts = 830°C for 15 h. The samples analyzed show relative high densities around 85% and a shrinkage, which fluctuates around 10%.

Typical Nyquist diagrams for the Bi4V1.70Cu0.15Al0.15O10.625 (x=0.3) system at different temperatures are shown in Fig. 6. Generally, the oxide-ion conductors exhibit two semicircular contributions. However, the impedance diagrams for Bi4V1.70Cu0.15Al0.15O10.625 are characterized by a single arc at higher frequencies that reflects both grain-interior and grain-boundary effects. The straight lines observed at low frequencies correspond to the electrode polarization behavior. Fig. 7 illustrates the Arrhenius plots of the Bi4V2-xCux/2Alx/2O11-5x/4 ionic conductivity over the temperature range of 250°C to 700°C. For a sample with x = 0.1, we notice a straight line with low activation energy at high temperatures. With a decrease in temperature, two drops in conductivity diagrams occur at around 500°C and 370°C. These discontinuities can be assigned to the α ↔ β↔ γ structural transitions. DTA analysis shows only one transition, which can be explained by a direct passage from α to the γ form. For the tetragonal phases with 0.2 ≤ x ≤ 0.6, a flexion in the conductivity curve is detected for all samples in the temperature range of 350°C-450°C due to a change in the slope. This behavior is characteristic of γ'↔ γ phase transition, and can be related to the fast kinetic of this transition, which implies a slight vacancy ordering. However, this transition is not observed in the DTA curve for x=0.3 sample (Fig. 3-c). In the Arrhenius plots (Fig. 7), the γ'↔ γ phase transition can be depicted by a change in the activation energy. The same result was observed in the Bi4BaxV2-xO11δ solid solution [47]. In addition, we can note that the sample with x = 0.3 composition, exhibits the smallest variation of activation energy between the high and low-temperature ranges (Table 1).

In Fig. 8, we report the trend of the electrical conductivity as a function of the composition for the tetragonal phases. Both high-temperature σ600 C and low-temperature σ300 C conductivities decrease with the composition which, is the typical tendency of the BIMEVOX compounds [47][48][49]. This decrease in conductivity can be imputed to the ordering of oxygen vacancies [50-52]. For x > 0.3, electrical conductivity becomes less sensitive to the composition. Fig. 9 shows the variation of the activation energy as a function of the amount of substitution. The sample with x = 0.1 has higher activation energies than the parent compound Bi4V2O11 (Table 1). This may be related to changes in local symmetry as claimed from both XRD results that indicate a decrease in cell volume and the activity changes in the FT-IR spectrum after substitution. At high temperature, samples with x ≤ 0.3 show activation energies in the range of 0.26-0.42 eV, as generally obtained for γ-type phases [3, [19][20][21][22]. However, the activation energy values obtained for x > 0.3 are unusually higher. Fig. 9 shows also a different behavior for the x = 0.4 and x = 0.5 samples compared to the x = 0.2 and x = 0.3 samples. The high activation energies in the case of these compounds can be explained by the creation of oxygen vacancies in the apical positions leading to a long-term ion exchange in the vanadate layers. This change in the vacancy positions can be at the origin of those modifications. This is confirmed by the variation of the full width at half maximum of the band ( ) situated around 520 cm -1 vs. the composition. Surprisingly, for 0.2 ≤ x ≤ 0.4, the shape of the curve (Fig 10) is the same as those observed in the variation of activation energies (Fig. 8) and those of the conductivity (Fig. 9). If we assume that this band is attributed to the Bi-OA / V-OA vibration, the position disorder of the oxygen, which is certainly variable, must contribute to the enlargement of the bands. The change of the full width at half maximum of the band situated around 520 cm -1 in the FTIR spectra confirms that the oxygen (OA) environment is altered during the substitution. So, the width at the half height of the band occurred around 520 cm -1 informs about disorder surrounding Bi-OA / V-OA bands.

Conclusion

The solid solution of BIMEVOX family (Me: Cu, Al) was prepared as a single phase. The compositions Bi4V2-xCux/2Alx/2O11-5x/4 (0.2 ≤ x ≤ 0.6) were found to keep a tetragonal γ structure at room temperature. Impedance spectroscopy study revealed that the prepared solid solution has enough high values of electrical conductivity. Changes in conductivity and activation energy values are strongly related to those in the local symmetry. The variations in cell parameters, band profiles and FTIR activity of vibration during substitutions may be attributed to the distribution of oxygen vacancies. This undoubtedly causes disruption of the local symmetry at the vanadate layers. 
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