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Abstract

:

Herein, we have synthesized different BWO samples at different temperatures and evaluated their electrochemical oxidation of Rhodamine B dye in an aqueous medium. The prepared samples were characterized using X-ray diffraction combined with Rietveld refinements, scanning electron microscope coupled with energy dispersive elemental mapping, and thermogravimetric and differential thermal analyses. All the samples crystallize in the orthorhombic Pca21 structure. The crystallite size increased with temperature. The calculated surface areas from the XRD data ranged from 38 to 7 m2 g−1 for BWO-600 to BWO-900, respectively. The optimal BWO loadings on the GCE electrode were 5 × 10−8 mol cm−2 recording the best electrocatalytic efficiency for RhB electrodegradation in 15 min (100%) in 0.1 M of NaCl. The BWO-600 recorded the best activity compared to other BWO samples. The electrocatalytic activity was explained by the high surface area and small crystallite size compared to the other samples. The BWO-600 showed extended electrode reutilization for up to four cycles of reuse under the reported conditions.
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1. Introduction


Bismuth tungstate Bi2WO6 is a material of great interest because of its great utility in the manufacture of electronic components and the diversity of its applications: optical sensors, capacitors, thermistors, humidity detectors [1], and a visible-light photocatalyst that is widely studied for wastewater treatment and dye photodegradation [2]. Bismuth tungstate Bi2WO6 was first studied in 1992 by Knight [3] and it has attracted much attention due to its excellent physical and chemical properties such as piezoelectricity, ferroelectricity, catalysis, and nonlinear dielectric susceptibility [3,4,5]. Among the commonly encountered semiconductor oxides, titanium dioxide TiO2 has been widely used for environmental remediation because of its oxidizing power, chemical stability, and low economic cost [6,7]. However, this material has limitations due to its high gap (3.2 eV), which limits the absorption of UV irradiation up to 387 nm, which only represents 4% of the solar spectral band [6,7,8,9,10]. Contrarily, Bi2WO6 has a 2.7 eV band gap, which allows it to shift absorption towards longer visible-light wavelengths (and thus towards solar-related applications). Structurally, the BWO is constituted of alternating bismuth chemical entities Bi2O22+ and Tungsten WO42− chemical entities [11].



Pollutants based on colorant textile dyes contain bulky molecular species and complexes that can threaten human health and the surrounding ecosystems, as well as the major concern of their resistant biodegradability. These dyes are highly toxic and can lead to the contamination of fresh waters if not treated [11,12,13,14,15,16,17,18]. Consequently, several advanced oxidation processes have been developed to overcome these emerging threats, such as adsorption, photodegradation, electrocatalytic degradation, and Fenton-like processes.



Electrocatalytic oxidation is characterized by its simple use, favorable oxidation performance for a wide spectrum of pollutants, safety, energy efficiency, easy maneuverability, and environmental applicability compared to other advanced oxidation processes [19,20,21,22]. In this regard, complete mineralization to CO2 by mediated oxidation with reactive oxygen species (hydroxyl radical (•OH, E = 2.80 V/SHE)) is more easily achieved with the use of an electrocatalytic process, which is far more efficient than only photocatalysis [23,24]. Because it is not feasible to make high surface area working electrodes in simple electrochemical cells to enhance the efficiency of the electrocatalyst, one strategy is to prepare electroactive materials that have a relatively high overpotential for oxygen evolution reaction. Putting an organic pollutant (P) in an electrolytic cell by applying a potential, the mechanistic of the electrocatalytic pollutant removal approach can be summarized as follows:


P + AOx+1 → PO + AOx










AOx + H2O → AOx(•OH) + H+ + e−










(1/2)P + AOx(•OH) → (1/2)POO + H+ + e− + AOx











A direct electron transfer to the anode (A) produces (AOx) oxide, which produces adsorbed hydroxyl radicals (AOx(•OH)) as an intermediate species in the evolution of oxygen from aqueous solution.



In this paper, we have prepared BWO powders at different temperatures ranging from 600 to 900 °C. The structural and thermal analyses were carried out using X-ray diffraction and thermogravimetric analyses. The structure of the synthesized highly crystalline powder noted as BWO-900 has been resolved and analyzed using the Rietveld refinements. The reliability factors showed an excellent match between the observed and calculated profiles. The electrocatalytic activity for the oxidation of Rhodamine B in aqueous solution has been performed and discussed.




2. Results and Discussion


2.1. X-ray Diffraction Analyses


The XRD diffraction profiles are shown in Figure 1. By analyzing the spectra obtained using WinPLOTR software, we can see the presence of several well-defined peaks, which proves that the samples are relatively well-crystallized, corresponding to the orthorhombic BWO phase referenced in the JCPDS files (JCPDS card no. 73–1126). Starting at 600 °C, we managed to synthesize a well-crystallized Bi2WO6. The variation in the half-value width β of the diffraction lines between the three samples can be seen. This variation is generally explained by the effect of crystallite size. The half width β decreases with increasing calcination temperature, and since the half width is inversely proportional to the crystallite size, the latter increases with calcination temperature. This might lead to a significant decrease in catalytic activity, given the decrease in the specific surface area of the samples.



The crystallite size is calculated by the Scherrer formula. By comparing these data for the samples synthesized at different calcination temperatures, we can assess the evolution of the catalytic activity, which mainly depends on crystallite size and surface area. With a simple comparison of the diffraction between the prepared samples and the referenced bismuth tungstate in the JCPDS files, we have observed a broadening of the peaks because of the size effects. Accordingly, we have calculated the crystallite size D using the Scherrer method as follows:


D = kλ/βcos(θ)



(1)




where D, λ, β, and θ are crystallite size, radiation wavelength, angular broadening of the peak, and Bragg position, respectively. K is a constant which is equal to 0.9 assuming that the profiles are gaussian-like. The broadening β is calculated with a gaussian approximation of peak profiles using the following formula:


β2 = (FWHM)2 − ω2



(2)




FWHM and ω are the full width at half maximum of the Bragg peak of the prepared sample and the corresponding FWHM of the standard sample, respectively. The crystallite sizes of the BWO-600, BWO-700, BWO-800, and BWO-900 are 17.1, 39.2, 48.5, and 83.7 nm, respectively.



The theoretical surface area S was calculated using the formula as follows:


S = 6/(ρD)



(3)




where D is crystallite size using Scherrer method determined from XRD data, ρ is the density of the Bi2WO6. The density of the BWO calculated from Rietveld analyses is 9.2 g cm−3, which corresponds to 96.8 % of the theoretical value. The calculated surface areas of the prepared electrocatalysts BWO-600, BWO-700, BWO-800, and BWO-900 are 38.13, 16.63, 13.44, and 7.79 m2 g−1, respectively. The Rietveld refinement (Figure 2) of the well crystallized sample at 900 °C for 8 h was performed by the FullProf PCR software, which allows the refinement of several parameters until the optimal factors are obtained. Table 1 summarizes the atomic positions, the obtained cell parameters, and the reliability factors. During refinement, we refined the positions of the heavy atoms Bi and W by fixing the positions of the oxygen atoms. These light atom positions cannot be refined because of the small contributions of oxygen to the structure factors. This is the reason why these coordinates were fixed during the refinements.




2.2. Scanning Electron Microscope Analyses


SEM micrographs (Figure 3) showed that the shape and morphology of the BWO at 600, 700, and 800 °C are identical; it consists of regular rounded-shaped grains. The sample treated at 900 °C had a different heterogeneous irregular shape of rounded particles and polyhedral shapes. This morphology can be explained by the role of elevated temperatures in welding together smaller particles to form larger ones. The approximate calculated average grain sizes for the prepared samples are 25, 47, 72, and 135 nm for BWO-600, BWO-700, BWO-800, and BWO-900, respectively. This is in agreement with the crystallite sizes extracted from the XRD patterns.



The energy dispersive spectroscopy mapping confirmed the composition of the BWO-600, which is composed of Bi, W, and O atoms (Figure 4), with a ratio of 2:1:6. The calculated composition from EDS was in agreement with the nominal composition of the BWO sample.




2.3. Thermogravimetric Analyses


The thermal study of the white paste precipitate was carried out in order to optimize the processing conditions and to identify the mass losses related to the thermal treatment. Figure 5 shows the obtained curves. It shows a mass loss of 80% in two stages: 35% from the ambient temperature to 200 °C and 45% from 200 to 300 °C. The first mass loss is associated with dehydration (water from the surface), since the precipitate is in the form of a white paste. It can be said that the first large endothermic peak of the DTA encompasses the phenomena of dehydration and also the phase transitions of NH4NO3 that have been observed in the XRD profiles at 70 °C. The same results were reported elsewhere [7,25]. The second DTA endothermic wave is associated with ammonium nitrate boiling and decomposition of both Bi and W precursors. The exothermic peak at 330 ℃ corresponds to the formation (crystallization) of BWO oxide.




2.4. Electrocatalytic Activity


The BWO sample calcined at a low temperature presented the best electrocatalytic activity towards the degradation of the RhB dye. The remaining materials exhibited a temperature-dependent degradation efficiency (Figure 6a). This might be due to crystallite size, surface area, and eventually the morphology of electrocatalysts. Figure 6b illustrates the evolution of the degradation efficiency as a function of the geometrically calculated area of the particles. We observe that the electroactivity of the electrode catalysts has the same trend as the evolution of the geometrically calculated surface area. The trend argues in favor of a synergistic effect between the surface area and the morphology of the samples. This leads us to conclude that the enhanced efficiency of the BWO-600 samples is principally due to their high surface area, morphology, and good adherence to the GC electrode surface. It is worth noting that the bare GCE electrode has only 25% degradation for 30 min of electrolysis.



We have further investigated the best working electrode, BWO-600, by changing pollutant concentration, supporting electrolyte, and current density. Figure 6a shows the effect of the current density on the electrodegradation of 10 ppm of RhB dye. It is well known that increasing current density is a key factor to generate the hydroxyl groups, chlorine and hypochlorite species thus promoting electrodegradation (can be applied also in electrophotocatalysis) [26,27]. This explains the increase in the RhB degradation from 5 to 10 mA/cm−2 in which optimal chlorine species and hydroxyl radicals were produced. However, in some cases where the electrode’s oxygen evolution potential (OEP) is not higher than the oxygen evolution reaction (OER), the degradation will be inhibited by the overwhelming oxygen/chlorine bubbles evolving from the electrode’s surface, making it harder for the organic molecules to reach the surface of the active electrode [28,29]. This leads to a mass transport limiting step and low bulk degradation of the RhB molecule. We have performed a series of BWO/GCE loadings ranging from 10−9 to 9 10−8 mol cm−2 to evaluate the effect of the BWO on the electrocatalytic activity (Figure 7b). We observed that at lower loadings, the Rhb can be degraded with an efficiency of 83%. The dye’s degradation was increased by increasing the BWO loading, reaching a maximum of 5 × 10−8 mol cm−2. This shows an optimal loading quantity for efficient RhB electro-oxidation. A further increase of the loading to 9 × 10−8 mol cm−2 deteriorated the efficiency due to the observed peeling-off of the BWO from the GCE surface in reaction conditions.



Figure 7c illustrates the electrodegradation rates of RhB dye with different concentrations ranging from 5 to 20 ppm. After 9 min, the average degradation efficiencies are almost 97%, 90%, and 25% for the solutions containing 5, 10, and 20 mg L−1 of RhB dye. For both 5 and 10 ppm, the degradation efficiencies reached almost 100% after 15 min of electrolysis. At lower RhB concentrations, the dye was degraded at the solid-liquid interface [30], and the electrochemical oxidation was faster than the diffusion of the dye. Whereas, at higher RhB concentrations, the total organic carbon (TOC) is increased, which blocks the generated hydroxyl radicals •OH, thus lowering the electrocatalytic efficiency. The hydroxyl radicals are the rate-limiting step [30,31].



Figure 8a shows the effect of electrolyte solution on the catalytic degradation of RhB dye. As one can see, the electrocatalytic efficiency is more pronounced at 0.1 M of NaCl, while it decreases as we increase the electrolyte concentration. One possible explanation is that increasing the ionic strength leads to a remarkable solution resistance that inhibits the degradation rates. Another explanation is that the formation of chlorine at the anode (Reaction 1) leads to the formation of hypochlorous acid through hydrolysis (Reaction 2): A series of back-diffusion to the electrode might occur, leading to further oxidizing to chlorates. Chlorine might also lead to the formation of organochloride molecules which inhibit degradation at higher Cl2 content [32,33].


2Cl−→ Cl2 + 2e−     Reaction 1










Cl2 + H2O → HClO + Cl− + H+    Reaction 2













3. Materials Synthesis


This process consists of dissolving a quantity of bismuth nitrate (Aldrich, 99.9%) in distilled water and nitric acid (10% v/v). After stirring for 30 min, a transparent, colorless solution is obtained. A progressive addition of 5 mL/min of hydrated ammonium tungstate ((NH4)6W7O24.6H2O) to this solution is carried out dropwise, and by maintaining the agitation, a white solution is formed progressively by the addition of the tungstate solution. Then, the pH of the solution is adjusted by the addition of NH4OH (d = 0.91) until about 5, and the solution is put in evaporation at 70 °C until obtaining the white paste, which was analyzed by ATD/ATG (also analyzed after drying at 70 °C), then calcined at 600, 700, 800, and 900 °C.




4. Characterization Methods


For X-ray diffraction analysis, the apparatus used is a PANALYTICAL EMPYREAN, equipped with a copper anticathode bombarded by accelerated electrons at a voltage of 45 kV, the current being 35 mA.



Scanning electron microscopy (SEM) analyses were performed using an Hitachi S-4700 SEM. Energy dispersive spectroscopy and elemental mapping were carried out to compare the experimental composition to nominal synthesis concentrations.



Thermogravimetry analysis (TGA) coupled with differential thermal analysis (DTA) was performed on the decomposition of the precursor, which was followed under air between 25 and 1150 °C with a rate of 10 °C/min (using Shimadzu Instruments DTG-60 equipment).



Electrochemical analysis was performed using a VoltaLab PGZ 301 equipped with Volta Master 4 software. A conventional three-electrode thermostatically controlled glass cell filled with 100 cm3 of solution was used. A BWO thin film working electrode and ECS as a reference electrode were used while the counter electrode is platinum wire. The electrodes were the prepared BWO powders deposited on a glassy carbon electrode (GCE) substrate, while the cathode was a platinum electrode. The films were prepared by dissolving a given amount of BWO powder in methanol and drop-coated on a glassy carbon substrate. The BWO/GCE working electrodes were dried before use. The ICP was used to check the loading of electrocatalysts. An amount of 5 10−8 mol cm−2 was calculated. A saturated calomel electrode (SCE) was used as a reference electrode, and all the reported potentials are against SCE. The duration of electrocatalysis was 30 min. The UV-visible spectra were recorded using a UV-Vis spectrometer. The samples were taken every 3 min during electrodegradation.



A comparative study of the prepared BWO samples was carried out using the BWO active electrodes to perform electrode degradation of 10 mg/L−1 solution of Rhodamine B containing 0.1 mol/ L−1 NaCl. This latter was added as a supporting electrolyte. The current density during the degradation was kept constant at 10 mA/cm−2.




5. Conclusions


As a summary, we have successfully synthesized Bi2WO6 at different temperatures using a simple co-precipitation method. The powerful Rietveld method was adopted to refine the crystallographic parameters. It was found that the prepared BWO materials crystallize in orthorhombic single-phase structures with the Pca21 space group. The BWO-600 presented the highest electrocatalytic activity for RhB degradation in near neutral conditions (pH = 7.1). The effects of current density, RhB concentration, and supporting electrolyte were studied. The electrodegradation rates of RhB dye with different concentrations range from 5 to 20 ppm. After 9 min, the average degradation efficiencies are almost 97%, 90%, and 25% for the solutions containing 5, 10, and 20 mg L−1 of RhB dye. The best working environments are 0.1 M NaCl, 10 mA cm−2 and 5–10 mg L−1 of the dye. The BWO-600 showed its reusability up to 4 cycles of reuse under the reported conditions and illustrated an electrocatalytic degradation of more than 90%. This indicates the prominent application of BWO-600 as a versatile and universal electrode for faster water decontamination.
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Figure 1. Diffraction profiles of the prepared materials. 
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Figure 2. Rietveld refinement profiles and the corresponding Bragg positions. 
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Figure 3. SEM micrographs of the prepared BWO at different temperatures. 
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Figure 4. The corresponding EDS and the mapping of the O, W, and Bi elements (BWO-600), respectively. 
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Figure 5. TGA−DTA of the white gel obtained after the coprecipitation method. 
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Figure 6. (a) Electrocatalytic activity of the prepared BWO samples at different temperatures and (b) evolution of degradation efficiency as a function of calculated surface area. 
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Figure 7. (a) The effect of current density on RhB dye degradation efficiency; (b) the effect of BWO loading on RhB electrodegradation; and (c) the effect of electrolyte concentration on RhB oxidation. 
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Figure 8. (a) Supporting electrolyte effect on electrocatalytic activity and (b) reusability cycles of the BWO-600 electrode. 
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Table 1. Final Rietveld parameters and atomic positions for the BWO at 900 °C.






Table 1. Final Rietveld parameters and atomic positions for the BWO at 900 °C.





	
Lattice Parameters:

a, b, c

	
Space Group

	
JCPDS Reference

79–2381




	
Volume (10−30 m3)




	
Sd between ()






	
a = 5.431 (3)

	
Orthorhombic Pca21

	
a = 5.437




	
b = 16.426 (2)

	
b = 16.430




	
b = 5.450 (3)

	
c = 5.458




	
V = 487.022 (3)

	
V = 487.634




	
Reliability factors

	
Percentage




	
Rp = 100. {∑|yiobs − yicalc|/∑|yiobs|}

	
6.61%




	
Rwp = 100. {|∑wi|yiobs − yicalc|2/∑wi|yiobs|21/2}

	
8.05%




	
Rexp = 100. {[(N-P+C)/∑wi|yiobs|2]1/2}

	
5.69%




	
RB = 100. {∑|Ikobs − Ikicalc|/∑|Ikobs|}

	
5.64%




	
RF = 100. {∑|Fkobs − Fkicalc|/∑|Fkobs|}

	
5.23%




	
With N, P, and C denoting the number of observations, parameters, and constraints, respectively.




	
Atomic positions




	
Atoms (Wyckoff)

	
x

	
Y

	
z

	
Biso(Å2) (*)




	
Bi (1)

	
0.517 (3)

	
0.426 (2)

	
0.983 (3)

	
0.38 (3)




	
Bi (2)

	
0.473 (2)

	
0.078 (2)

	
0.969 (3)

	
0.60 (2)




	
W

	
0.005 (4)

	
0.244 (2)

	
0.000 (–)

	
0.18 (2)




	
O (1)

	
0.057 (–)

	
0.140 (–)

	
0.076 (–)

	
0.85 (–)




	
O (2)

	
0.259 (–)

	
0.999 (–)

	
0.263 (–)

	
0.69 (–)




	
O (3)

	
0.240 (–)

	
0.500 (–)

	
0.255 (–)

	
0.40 (–)




	
O (4)

	
0.705 (–)

	
0.232 (–)

	
0.250 (–)

	
0.79 (–)




	
O (5)

	
0.213 (–)

	
0.263 (–)

	
0.330 (–)

	
0.96 (–)




	
O (6)

	
0.561 (–)

	
0.359 (–)

	
0.561 (–)

	
0.69 (–)








* Biso is isotropic Debye–Waller thermal factor: B = 8π2/3(R2) with R associated with vibration amplitudes of atoms.
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