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Abstract

:

Massive industrial and agricultural developments have led to adverse effects of environmental pollution resisting conventional treatment processes. The issue can be addressed via heterogeneous photocatalysis as witnessed recently. Herein, we have developed novel metal/semi-conductor/polymer nanocomposite for the catalyzed degradation and mineralization of a model organic dye pollutant in darkness. RuO2-TiO2 mixed oxide nanoparticles (NPs) were modified with diphenyl amino (DPA) groups from the 4-diphenylamine diazonium salt precursor. The latter was reduced with ascorbic acid to provide radicals that modified the NPs and further served for in situ synthesis of polyaniline (PANI) that resulted in RuO2/TiO2-DPA-PANI nanocomposite catalyst. Excellent adhesion of PANI to RuO2/TiO2-DPA was noted but not in the case of the bare mixed oxide. This stresses the central role of diazonium compounds to tether PANI to the underlying mixed oxide. RuO2-TiO2/DPA/PANI nanocomposite revealed superior catalytic properties in the degradation of Methyl Orange (MO) compared to RuO2-TiO2/PANI and RuO2-TiO2. Interestingly, it is active even in the darkness due to high PANI mass loading. In addition, PANI constitutes a protective layer of RuO2-TiO2 NPs that permitted us to reuse the RuO2-TiO2/DPA/PANI nanocomposite nine times, whereas RuO2-TiO2/PANI and RuO2-TiO2 were reused seven and five times only, respectively. The electronic displacements at the interface of the heterojunction metal/semi-conductor under visible light and the synergistic effects between PANI and RuO2 result in the separation of electron-hole pairs and a reduction of its recombination rate as well as a significant catalytic activity of RuO2-TiO2/DPA/PANI under simulated sunlight and in the dark, respectively.
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1. Introduction


The development of photocatalytic materials that are active both under visible light and in the dark constitute the subject of numerous studies targeted for environmental applications [1]. Since the last decade, titanium dioxide (TiO2) has attracted much attention due to its great potential applications and its physico-chemical and catalytic properties [2,3,4,5]. It is a multifunctional semiconductor and one of the most promising materials for heterogeneous photocatalysis under UV irradiation. However, the use of TiO2 is limited due to the high recombination rate of photoinduced electron-hole pairs produced during photocatalytic processes, few surface-active sites, light harvesting ability and the negligible absorbance of visible light [6,7,8,9]. In this challenging context, efforts have been focused on the development of new materials with a lower electron-hole pair recombination rate and a strong absorption of sunlight. This involves combining the TiO2 with another material that has a narrow band gap [10]. As a result, several TiO2-based heterostructures have been designed in different forms such as: semiconductor n/semiconductor n: TiO2-SnO2 [11], TiO2-WO3 [12], TiO2-ZnO [13], SiO2-TiO2 [14] semiconductor n/semiconductor p: TiO2-Fe2O3 [15], TiO2-Cu2O [16], TiO2-NiO [17] and noble metal/semiconductor n: Au-TiO2 [18], Ag-TiO2 [19], Pt-TiO2 [20] Particularly, the metal/semiconductor n combination is widely investigated in various applications; the noble metals impart to the heterostructure a good electrocatalytic performance and super capacitive properties [21,22]. Among the numerous materials that could be combined with TiO2 and serve to improve its catalytic performances, RuO2 has raised much interest owing to its chemical and high thermal stability, low resistivity, high resistance to chemical corrosion, and its excellent diffusion properties make it an interesting material in numerous applications [23,24]. RuO2 and TiO2 have the same tetravalent cations; the different electron configurations between Ti and Ru create different physico-chemical properties in the oxides. TiO2 is n-type semiconductor while RuO2 has an electrical conductive metallic character [25] due to its partially filled metal (d)-oxygen (p) π* band [26]. The combination between RuO2 and TiO2 or metal/semiconductor generally leads to the formation of the Schottky barrier which results in the improvement of the catalytic performances of the heterostructure, due to the difference in Fermi levels of the two materials [27]. Actually, the conductivity of TiO2 increases owing to the presence of RuO2 which favors the electronic exchange at the interface and thus increases the kinetics of the reactions in which it is involved [7]. It is noteworthy that a small percentage of RuO2 relative to that of TiO2 in the RuO2-TiO2 heterostructure (e.g., 10%) is sufficient to impart high conductivity, chemical and thermal stability and more importantly greater catalytic activity. This is an important economical aspect given the cost of ruthenium-based compounds. Due to these salient features, the conducting RuO2-TiO2 heterostructure is explored in the development of supercapacitors [23], electrode for chlorine electrogeneration [28] as well as pigments, fillers, electro-resistor films for electrodes, or dielectric device catalyst supports [29,30].



So far, and despite the above-mentioned interest of RuO2-TiO2 mixed oxide NPs, very few studies have been undertaken to evaluate their photocatalytic properties [7,23,24,31]. The catalytic activity of this heterostructure is related to the size of the particles, their morphology, and the specific surface area, which are dependent on the mode and the conditions of synthesis.



Several methods have been reported on the synthesis of RuO2-TiO2 in different forms. For example, Houšková et al. [32] prepared TiO2 particles doped with RuO2 by a hydrolysis process for the gas phase photodecomposition of acetone. Amama et al. [33] prepared this mixed oxide by impregnation for the photo-oxidation of trichloroethylene in aqueous medium. The majority of the research works are based on the synthesis of RuO2-TiO2 powders or films on plates of Ti or on other substrates by the sol gel route [23,27,34]. According to Panic et al. [35,36], anodes prepared by sol gel route have a considerably longer life service than those prepared by thermal decomposition. In addition, it is the most efficient approach for preparing nanoscale materials with a large specific surface area and important catalytic activity.



To enhance the electrical conductivity, the stability of (photo)catalysts and their photocatalytic efficiency, multiple cases of research were directed towards the design of TiO2-based polymer nanocomposites. However, there are no reports on RuO2-TiO2/polymer nanocomposite catalysts, although TiO2/polypyrrole [37] and TiO2/polyaniline [38,39] were demonstrated to be efficient composite catalysts owing to the high absorption coefficient and a high mobility of charge carriers of TiO2. These characteristics make it possible to improve the charge separation and therefore the catalytic performance of TiO2-based catalytic materials [40]. Thus, there is room for investigating the design and catalytic properties of RuO2-TiO2/polymer nanocomposites. Indeed, recently we have revisited the design of TiO2/polyaniline composite photocatalysts [41] by considering the mass loading of polyaniline (PANI) and its effect on the photocatalyst efficiency. To address this point, we have modified the underlying TiO2 NPs with aryl diazonium salts and found not only a much larger loading of PANI, but also made a remarkable recovery of the composite photocatalyst. Actually, diazonium salts emerged as versatile and efficient coupling or surface modifier agents of practically all types of materials (metals, semi-conductors, polymers, ceramics…) [42]. Their use for surface functionalization is particularly interesting and easily applicable to nanomaterials [43] such as electrocatalysts [44] and photocatalysts [41]. In addition, and of relevance to this work, diazonium compounds act as unique coupling agents for polymers to surfaces [45,46]. Despite the remarkable performances achieved by grafting PANI to diphenylamine (DPA)-modified TiO2, the final composite TiO2-DPA-PANI was active under UV light only for the photocatalyzed degradation of Methyl Orange.



Returning to RuO2-TiO2 mixed oxide and its photocatalytic activity in the visible light, we reasoned that DPA modification would result in excellent adhesion of PANI and superior photoactivity under visible light conditions. In routine photocatalysis testing, all photocatalysts are actually incubated in the dark with the test solution of the model molecule to be degraded prior to exposure to UV or visible light. Surprisingly, RuO2-TiO2 mixed oxide NPs coated with PANI through a DPA aryl layer (hereafter, RuO2-TiO2/DPA/PANI), were found to completely degrade MO. This unpredicted result and thus good example of serendipity led us to conduct a thorough study on the catalytic properties of RuO2-TiO2/DPA/PANI under dark and to compare the catalytic properties to those of bare RuO2-TiO2 mixed oxide and RuO2-TiO2/PANI.



In this work, RuO2-TiO2 mixed oxide NPs were prepared and modified with aryl diazonium compounds from the diphenylamine precursor and subsequently grafted with in situ prepared polyaniline. The final nanocomposite, denoted RuO2-TiO2/DPA/PANI, was evaluated as a nanocatalyst of the degradation of Methyl Orange taken as a model organic pollutant. To highlight the role of both the diazonium modification step and the importance of polyaniline in the performances of the nanocomposite catalyst, the following reference compounds were also prepared and tested: pristine RuO2-TiO2 and RuO2-TiO2/PANI nanoparticles. The RuO2-TiO2/DPA/PANI nanocomposite and related materials were thoroughly characterized by infrared and Raman spectroscopy, SEM/EDS, UV-Vis, XRD, TGA and XPS. The photocatalytic performances were investigated under dark and under simulated sunlight. The extent of residual Methyl Orange after catalyzed reaction was determined by UV-vis spectroscopy.



Whilst much has been said about TiO2 and TiO2-based mixed oxide photocatalysts, to the very best of our knowledge:



(i) no work has been undertaken on the combination of RuO2-TiO2 mixed oxide with conductive polymers,



(ii) no strategy has been reported so far to take advantage of the synergetic effects of surface functionalization of RuO2-TiO2 using diazonium salts and post grafting with conductive polymers in view of making a new generation of (photo)catalysts.



By combining the best of two worlds: ca visible light active RuO2-TiO2 photocatalysts and diazonium coupling agents for the attachment of conductive polymers able of charge transfer, we offer unique heterostructure with catalytic activity under darkness. This is what has motivated this in-depth study.




2. Results and Discussion


2.1. General Strategy of Designing RuO2-TiO2/PANI Nanocomposites


RuO2-TiO2/PANI nanocomposites were prepared in four steps: (i) sol-gel synthesis of TiO2 followed by (ii) RuO2 doping (via sol-gel method), then the mixed oxide was (iii) grafted with DPA aryl nano-layer from diazonium precursor; (iv) the RuO2-TiO2/DPA served as substrates for the in situ synthesis of PANI. It is to note that the sol-gel route for the mixed oxide was selected due to its simplicity and the preparation of the catalyst in high yield.



Figure 1 schematically displays the general pathway of making RuO2-TiO2/PANI nanocomposites (Figure 1A, upper panel) and digital photographs of the different materials prepared (Figure 1B, lower panel). First, the nanoparticles of RuO2-TiO2 mixed oxide were functionalized with isolated 4-diphenylamine diazonium tetrafluoroborate at 0 °C in the presence of the diazonium reducing agent vitamin C. The DPA layer formed on the surface of RuO2-TiO2 NPS acts as surface-attached initiator for the in situ oxidative polymerization of aniline. It was necessary to prepare the RuO2-TiO2/PANI nanocomposite by polymerizing the aniline monomer under the same conditions on the surface of the pristine mixed oxide NPs in order to account for the role of DPA as a coupling agent.



Figure 1B shows digital photographs of the main samples, pristine (Ba) and modified (Bb, Bc, Bd). The functionalization of RuO2-TiO2 mixed oxide nanopowders with diazonium salt is manifested by a change in color from dark gray to pale green (Figure 1Bb). A slight, even negligible change in color has been observed for RuO2-TiO2/PANI nanocomposite, despite the striking color of PANI (Figure 1Bc). The gray color of the RuO2-TiO2 nanoparticles is no longer visible by observing the nanopowders of RuO2-TiO2/DPA/PANI, the dark green color of the PANI covers all the RuO2-TiO2 powder previously modified with DPA (Figure 1Bd). This reflects the spectacular role of DPA salt in the process of polymerization of the polymer on the surface of RuO2-TiO2 heterojunction, as well as its effect on the optical properties of the nanocomposite formed.




2.2. RuO2-TiO2 Characterization


2.2.1. Point of Zero Charge (PZC) of RuO2-TiO2 by Zeta Potential Measurement


The Point of zero charge (PZC) is the pH at which the surface of a particle is electrically neutral [47]. Figure 2 depicts the evolution of the zeta potential in the pH ranging from 1.5 to 13 for RuO2-TiO2 heterojunction NPs. The plot shows that the PZC of the RuO2-TiO2 heterostructure is 5.8. The value of PZC of RuO2-TiO2 NPs decreased compared to those of TiO2 anatase reported in the literature. Li et al. [48] have marked the PZC for pure TiO2 anatase at pH = 7, this result is similar to that found by Song et al. [49]. Uchikoshi [50] reported another value which is about 6.7. These values remain dependent on the working conditions namely the measuring device, the electrolyte support and the nature of the material.




2.2.2. Dielectric Characterization


Electrical impedance spectroscopy has been widely used to study the charge transport behavior of nanocrystalline materials, providing information on the electrical and structural properties of materials. For a detailed study of charge transport properties of RuO2-TiO2 mixed oxide nanoparticles as a function of temperature, the impedance measurements were carried out in the frequency region from 100 Hz to 1 MHz. The electrical properties of the RuO2-TiO2 heterojunction have not yet been studied. The combination of ruthenium oxide with a metallic character and titanium dioxide semiconductor (n) generates original electrical characteristics different from those of simple and spinel oxides.



Figure 3a,b display the variation of the real part (Z′) and imagines part (Z”) of impedance versus frequency (103 to 106 Hz) at different temperatures. The plots show a sigmoidal variation as a function of frequency in the low frequency region followed by saturation in the high frequency region. These results represent the mixed nature of polarization behavior in the material. The converge of all Z′ and Z′’ curves at high frequency indicates a possibility of the release space charge in the RuO2-TiO2 material, as a result of lowering in the barrier properties of the material. The curves indicate that the electrical conduction increases with rise in temperature, this variation depends on the release of the space charge. In the low frequency region, a very strong dependence of the impedance of the material as a function of frequency and temperature has been recorded, this may be related to a change in the charge order model under the effect of temperature; this effect shows also a noticeable change in its behavior in the low frequency region. A decreasing trend of Z′ temperature rise suggests the presence of negative temperature coefficient of resistance (NTCR) in the material in the low frequency region, but tends to merge in the high frequency region at almost all temperatures. These results indicate a possibility of increase in alternating current (ac) conductivity with increasing temperature in the high frequency region, possibly due to the release of space charge.



Figure 3c shows the frequency dependence of the relative dielectric permittivity of RuO2-TiO2 sample at different temperature and frequency. The dependent dielectric permittivity of the RuO2-TiO2 material decreases with increasing of temperature and frequency. This phenomenon can be attributed to the different dipole orientations by charge carriers bounded at different localized states [51,52]. The electron can hop between a pair of these centers under the action of an alternating current field, leading to the reorientation of an electric dipole. This process conducted to a change in the dielectric permittivity. Therefore, the increase in the dielectric permittivity with decreasing frequency can be attributed presence of the space charges in the material [53].



Figure 3d displays the frequency dependence of the imaginary part of the relative dielectric permittivity of RuO2-TiO2 at various temperatures and frequencies. The curves show that the imaginary part of the relative dielectric permittivity increased with increasing temperature. However, the imaginary part of the relative dielectric permittivity decreased as the frequency increased. As high frequency, the imaginary part of the relative dielectric permittivity measured at different temperature ranges converge to similar values. This is probably due to the small value of the conductance compared with the rapidly increased angular frequency ranges. Usually metal oxide materials can be expressed n-type semiconductor due to their oxygen vacancies, therefore free electrons from the metal sites can be easily released by high temperature; so, the imaginary part of relative dielectric permittivity has closed relationship with the conductance. As a result, the imaginary part of relative dielectric permittivity of RuO2-TiO2 composition at the high temperature near the low frequency has high values.





2.3. Characterization of RuO2-TiO2/PANI Nanocomposites


2.3.1. Resistivity by Four Point Probe Measurements


During the catalytic processes, the electrons which are on the surface interact during the whole time of the catalyzed reaction inducing the formation of an electric current. It is therefore possible to correlate the catalytic efficiency of solid catalysts by measuring the electronic conductivity within the materials.



The resistivity of material can be determined using Four Point Probe method and calculated by applying the following relation:


R=VI=K·ρe








where: R is the resistance (Ω), ρ the resistivity (Ω. m), e the thickness of the pellet (cm) and K the dimensionless coefficient characteristic of 2D geometry (shape of contours, position of contacts).


K=Ln 2π  1K = 4.532 ρ=V × e × πI × Ln2











The conductivity is given by:


σ=1ρ











Table 1 summarizes the results obtained for the various catalysts at similar pellet thickness.



The resistivity of the RuO2-TiO2 heterostructure and related materials was studied on compressed materials pellets by setting a current of 0.1 mA at room temperature. The results highlight the effect of RuO2 on the conductivity of RuO2-TiO2 NPs by comparing the results obtained with those of pure TiO2, as well as the effect of PANI on the conductivity of nanocomposites by comparing pure RuO2-TiO2 NPs.



Ruthenium dioxide is widely known for its low resistivity and high conductivity which has allowed it to be ranked among the best conductive oxides at room temperature [54,55,56]. As a result, the resistivity of RuO2-TiO2 heterojunction is three times lower than that of pure TiO2, the results showed also that the conductivity of the mixed oxide RuO2-TiO2 is much higher than that recorded for TiO2; this reveals that the combination between RuO2 and TiO2 leads to the formation of a new material with interesting electric properties.



The presence of PANI on the surface of RuO2-TiO2 has a significant effect on the electrical conductivity of the final nanocomposites. Cao et al. [57] were the first to obtain PANI films with a high electrical conductivity greater than 102 S/cm. The PANI present on the surface of RuO2-TiO2 is doped with SO42− at 50% and the measured conductivity is 94 S/cm. The results reveal that the conductivity of the nanocomposites obtained increases with the increase of the amount of PANI; it’s worth 343 and 384 S/cm for RuO2-TiO2/PANI and RuO2-TiO2/DPA/PANI respectively.



The conductivity and the resistivity of materials are controlled by the number of free electrons and/or their mobility. As a matter of fact, the mobility of electrons increases with the increase of grain size [58], which is the case in this study.




2.3.2. X-Ray Diffraction


XRD was used to identify the different crystalline phases containing the samples of the heterostructure RuO2-TiO2 NPs, RuO2-TiO2/DPA, RuO2-TiO2/PANI and RuO2-TiO2/DPA/PANI nanocomposite. The pattern of RuO2-TiO2 NPs (Figure 4a) obtained in the range 65° ≥ 2θ ≥ 20° confirms the formation of the mixed oxide and the total conversion of RuCl3 into RuO2. It exhibits the different peaks expected for TiO2 in its anatase form: 2θ = 25.4°, 37.1°, 37.79°, 53.8°, 55.2°, 62.9° and 70.06° related to TiO2 reflections in planes (101), (103), (004), (105), (200), (204) and (220) respectively, and those of RuO2 rutile: 2θ = 28.1°, 35°, 40.1°, 40.8°, 45.3, 59.6° and 69.6° corresponding to RuO2 reflections in planes (110), (101), (200), (111), (210), (002) and (301), respectively. The intensity of peaks corresponding to RuO2 is low compared to that recorded for peaks of TiO2, which means that titanium oxide is predominant. The crystallite size estimated using Scherer’s formula for each oxide, calculated from the broadening of their most intense dispersion bands (TiO2: (101), RuO2: (110)) is 6.5 nm for TiO2 and 8.7 nm for RuO2.



The diffraction spectra of RuO2-TiO2 after modification with diazonium salt and PANI reveal the expected peaks of pristine RuO2-TiO2. No new phase was detected, however, the peaks located at 28.12°, 37.79°, 45.31° and 59.6° characteristics of RuO2-TiO2 NPs do not appear on the spectra (b), (c) and (d) corresponding to RuO2-TiO2/DPA, RuO2-TiO2/PANI and RuO2-TiO2/DPA/PANI. No other peaks corresponding to the diazonium salt appeared on the spectra, it is noted that the X-ray diffraction does not detect non-crystalline organic matter.




2.3.3. UV-vis


Figure 5 displays UV-vis spectra of the samples recorded in the wave range 200–800 nm. The spectrum of RuO2-TiO2 NPs is marked by the presence of lower intensity TiO2 absorption bands centered at 200 and 350 nm. Furthermore, there are broad bands between 400 and 600 nm corresponding to RuO2; these bands are characterized by a high intensity which is due to the strong absorption of RuO2. The width of these bands is probably due to the charge transfer between oxygen and ruthenium [59]. The absorption of visible light by the mixed oxide RuO2-TiO2 can be attributed to the external effect of resonance that is related to the excitation of electron collective oscillations in the RuO2 nanoparticles by the electric field of the electromagnetic wave [60].



The band gap energy (Eg) of the RuO2-TiO2 heterostructure was calculated from the UV-vis spectrum applying the following equation:


α(hυ) = A(hυ − Eg)n








where α: absorption coefficient, υ: light frequency, Eg: band gap energy and A: constant. (n) is determined by the type of optical transition of semiconductor (n = 1/2 or n = 2 for direct or indirect transition). Therefore, the band gap energy calculated for RuO2-TiO2 heterojunction from the (αhυ)n = f(hυ) plot was 2.7 eV for indirect transition and 3.19 eV for direct transition.



PANI has high absorption in the UV as well as in the visible light [61]. Compared to RuO2-TiO2 NPs, the TiO2 absorbance in the RuO2-TiO2/PANI nanocomposite increased significantly in the visible range while that of the RuO2 decreased in the UV. This indicates that the presence of PANI even in small amounts has extended the absorption of TiO2 to the range of visible light [61]. The RuO2-TiO2/DPA/PANI nanocomposite has the same optical properties as the PANI; the corresponding spectrum is almost similar to that of the polyaniline represented in the literature [61,62]. The spectrum reveals the increase of the absorbance with the appearance of a small wave between 469 and 510 nm, corresponding to the π-π* transition in the polymeric chain [63]. The increase in the absorption of the two nanocomposites is due to the delocalization of the carrier’s n-π* [64].




2.3.4. Infrared Spectroscopy


Figure 6 displays superimposed spectra of RuO2-TiO2/DPA/PANI and related compounds. The spectrum of pristine RuO2-TiO2 NPs (Figure 6a) presents two characteristic bands of titanium dioxide located at 432 and 815 cm−1 attributed to Ti=O and Ti-O-Ti stretching vibrations, respectively. The band centered at 690 cm−1 accounts for the vibration of Ru-O and deformation of Ru-O–H [65]. Uddin et al. [7] did not obtain any band corresponding to RuO2 in their IR study of RuO2-TiO2 mixed oxide and the spectrum they have displayed was similar to that of pure TiO2. The spectrum of DPA diazonium (Figure 6b) is marked by bands centered at 1580 cm−1 and 1610 cm−1 which correspond to the aromatic C=C stretching, a signal has been recorded around 1180 cm−1 which is assigned to C–H benzene ring stretching band [66]. The spectrum shows the characteristic bands of diazonium salt at 3340 and 2232 cm−1 corresponding to the N–H and N≡N stretching mode of diazonium salt, respectively. Particularly, the characteristic N≡N band does not appear in the spectrum of RuO2-TiO2/DPA (Figure 6c) which confirms the attachment of aryl layer by diazonization of the parent diazonium salt [67]. The spectrum of the RuO2-TiO2/PANI nanocomposite (Figure 6e), is almost similar to that of the pristine mixed oxide except three bands belonging to the PANI vibrational result, a band at 1232 cm−1 is ascribed to C–N stretching vibration. That located at 1400 cm−1 is relative to C=C aromatic ring stretching of the benzenoid vibration. An intense peak appeared around 1126 cm−1 attributed to C–H in-plane deformation [68]. The analysis of the RuO2-TiO2/DPA/PANI sample (Figure 6f) showed the same features as pure PANI (Figure 6d), all bonds detected belong to the polymer. In addition to the bands present on the RuO2-TiO2/PANI nanocomposite spectrum, a band at about 1565 cm−1 is lumped with C=C stretching of quinoid vibration [69]. This result means that the RuO2-TiO2/DPA surface is totally covered by PANI.




2.3.5. Raman


Ruthenium dioxide in rutile phase has a tetragonal structure with two molecules of RuO2 per unit cell; it has 15 modes of optical phonons, three of which are Raman-active in the 400–800 cm−1 range with the symmetries Eg corresponding to a doublet as well as A1g and B2g which are singlets [70]. Several studies have already shown that the TiO2 anatase is usually manifested with Raman-active modes that are Eg (144 cm−1), Eg (197 cm−1), B1g (399 cm−1), A1g (514 cm−1), B1g (514 cm−1) and Eg (639 cm−1) [71]. The RuO2-TiO2 heterostructure is a combination of Rutile RuO2 and TiO2 anatase which could be distinguished by their Raman-active modes on the same spectrum. Figure 7 displays superimposed Raman spectra of RuO2-TiO2 NPs, pure PANI and their reference materials. The spectrum of pristine RuO2-TiO2 NPs (Figure 7a) shows three distinct peaks located at 528, 646 and 716 cm−1 assigned to Eg, A1g and B2g phonons vibrations respectively corresponding to ruthenium oxide in the rutile phase, these bands are in agreement with those reported in the literature [72]. The spectrum shows also another band at 197 cm−1 attributed to the vibration mode Eg specific to TiO2 anatase.



The spectrum of DPA-modified RuO2-TiO2 NPS shows a very remarkable red shift of RuO2-TiO2 characteristic bands, which confirms the grafting of DPA on the surface of the heterostructure (Figure 7b). It is noted that the Raman shift is a difference in atomic weight between pure RuO2-TiO2 and RuO2-TiO2/DPA.



The polymerization of PANI on RuO2-TiO2 NPs surface did not lead to the displacement of the Raman bonds of the nanoparticles, but to a slight broadening of the latter and a vibrational response recorded between 1200 and 1800 cm−1 which corresponds to the polymer (Figure 7c). The spectrum of RuO2-TiO2/DPA/PANI nanocomposite shows an increase in the baseline comparing with RuO2-TiO2 and RuO2-TiO2/DPA curves. An increase in the intensity and a considerable broadening of the bands have been registered, in addition to the shift of the characteristic bands of PANI toward lower; this can be explained by the insertion of a large amount of organic matter, ca. PANI in the actual case (Figure 7d).




2.3.6. Thermogravimetric Analysis (TGA)


The mass loading of organics attached on the surface of RuO2-TiO2 heterostructure NPs was determined using TGA carried under air flow. Pristine RuO2-TiO2 mixed oxide and DPA-modified RuO2-TiO2 exhibit a thermal stability up to 800 °C (Figure 8a,c). The weight loss is negligible; it is 1% for RuO2-TiO2 bare and 1.5% for RuO2-TiO2/PANI which could be caused by the evaporation of H2O molecules adsorbed on the surface (Figure 8a,b). The quantity of organic matter loaded on the surface of RuO2-TiO2 heterostructure was determined according to the weight loss, it was 1.52% of PANI, and 9.8% of DPA. In the case of RuO2-TiO2/DPA/PANI, the weight loss is as high as 27.8% for the aryl and PANI layers. These results confirm the role of DPA as a coupling agent for the polymer on the RuO2-TiO2 NPs surface. The thermal degradation of RuO2-TiO2/PANI and RuO2-TiO2/DPA/PANI nanocomposite occurs in two steps: the reduction of the initial mass of the samples in the temperature range between 50 and 230 °C which can be attributed to the removal of H2O molecules adsorbed on the surface of the particles. The second step between 230 and 800 °C, assigned to the thermal decomposition of the inserted polyaniline chains (Figure 8b,d). The total thermal decomposition of the polymer on the unmodified RuO2-TiO2 surface occurred at temperatures above 600 °C while for the RuO2-TiO2/DPA/PANI nanocomposite, the total decomposition of PANI occurred at temperatures raised above 800 °C; this is probably due to the diazonium salt, which seems to have a retarding effect on the decomposition of the polymeric chains. The addition of DPA has strengthened the bonds between RuO2-TiO2 nanoparticles and PANI and the increase of the interaction between these two elements led to the formation of a highly temperature-resistant composite material.




2.3.7. SEM-EDX


Figure 9 depicts SEM images and X-ray emission spectra of the different materials. The images of RuO2-TiO2 mixed oxide reveal the presence of spherical and cubic shaped particles. A contrast has been observed on the image which is directly related to the atomic number Z of the elements containing the analyzed sample; a particle with a high Z appears with a clear contrast; so the bright light spots are attributed to the ruthenium oxide because it is the heaviest element in the heterostructure RuO2-TiO2 NPs (Figure 9a,b). EDS spectrum shows peaks corresponding to Ti and Ru metals as well as a signal attributed to the oxygen molecule, confirming the composition of the simple analyzed and the formation RuO2 and TiO2 oxides (Figure 9c). The SEM images of RuO2-TiO2/PANI show that the particles are aggregated and the morphology is similar to that of pristine RuO2-TiO2 (Figure 9d,e). The corresponding EDS spectrum shows no signal associated to the PANI, which is due to the negligible amount of PANI on the surface of RuO2-TiO2 (Figure 9f). In the presence of DPA, the nanoparticles are much more scattered. The decrease in the agglomeration is very clear (Figure 9g,e). The presence of DPA is testified by the increase in the percentage of carbon on the EDS spectrum. It is noted that is difficult to see the peak of nitrogen when we have a considerable amount of Ti, the latter causes a total masking of the nitrogen signal (Figure 9i). The nanocomposite RuO2-TiO2/DPA/PANI reveals a porous texture and spherical and highly agglomerated particles, which is due to the presence of PANI on the surface of diazonium-modified RuO2-TiO2 (Figure 9j,k); this was confirmed by the EDS spectrum which shows an increase of carbon ratio in the nanocomposite and the appearance of nitrogen and sulfur signals with the decrease of the intensity of Ti and the absence of Ru, which confirms the good coverage of RuO2-TiO2/DPA by PANI (Figure 9l).




2.3.8. XPS


The samples were examined by XPS to check the stepwise coating of the underlying photocatalyst by RuO2-TiO2 by the DPA aryl layer followed by the PANI top layer.



Figure 10A displays the survey regions of RuO2-TiO2 (Figure 10Aa), RuO2-TiO2/DPA (Figure 10Ab) and RuO2-TiO2/DPA/PANI (Figure 10Ac) which display C1s, N1s, O1s and S2p from PANI as well as the characteristic Ru3d and Ti2p from the photocatalyst (Figure 10Aa-b). The C1s (285 eV) and N1s (400 eV) peaks in Figure 10Ab exhibit higher relative intensity compared to Ti2p3/2 (457 eV). No distinct specific peaks from the RuO2-TiO2 photocatalysts are noticed in Figure 10Ac which testifies for the efficient screening by PANI due to the DPA adhesive layer. Indeed, sharp C1s, N1s and O1s peaks are noted in Figure 10Ac; they account for PANI. As far as the dopants are concerned, S2p is centered at 169 ev which accounts for sulfates. It is worth noting that for RuO2-TiO2/DPA/PANI, S/N atomic ratio = 0.23 which means that the doping level is 46% if we consider the double negative charge of the sulfates. This doping level accounts for the conductivity of PANI. The O/S ratio is ~4.3 indicating that oxygen is essentially due to the SO42− dopant.



Figure 10B displays the high resolution C1s-Ru3d regions; Ru3d5/2 is centered at 280.5 eV and Ru3d3/2 is lumped with the main C1s component at ~285 eV. The Ru3d5/2 is significantly attenuated by the DPA aryl layer meaning that the aryl layer is homogeneous. After in situ polymerization of aniline, the C1s-Ru3d region reduces to the C1s spectrum of pure PANI [73].





2.4. Adhesion of Polyaniline to RuO2-TiO2 Nanoparticles


The diazonium salt acts as a coupling agent, binding the PANI to the surface of RuO2-TiO2 nanoparticles. PANI is soluble in some organic solvents such as N-methyl-2-pyrrolidone (NMP), dimethyl sulfoxide (DMSO), tetrahydrofuran (THF) and hexafluoropropan-2-ol (HFIP) [74,75]. It is thus interesting to investigate the effect of diphenyl amine diazonium (DPA) in the stability of the nanocomposite formed by testing the adhesion of polyaniline to the surface of modified and unmodified nanoparticles in organic polar (DMF, NMP, THF, HFIP and DMSO), and non-polar solvents (chloroform, 1,2-dichloroethane, xylene, toluene). The mixtures of the materials (PANI, RuO2-TiO2/PANI and RuO2-TiO2/DPA/PANI) in organic solvents are shown in Figure 11. The experiment confirmed the solubility of polyaniline in DMSO, NMP, THF and HFIP, while in DMF and toluene the solubility is medium and very low in 1,2-dichloroethane and Xylene (Figure 11A).



PANI is not adherent on the surface of unmodified RuO2-TiO2 nanoparticles, the solutions turn to a deep green color because of the leaching of PANI from the surface (Figure 11B). The presence of DPA has improved the stability of the nanocomposite by preventing the solubility of PANI in organic solvents. Indeed, the polymer is insoluble thanks to the role of DPA in strengthening the links between PANI and RuO2-TiO2 NPs. It is important to note that when DPA is used, the solutions are all transparent with the exception of a slight staining of DMSO and NMP solutions, due to the dissolution of polymer chains non-related to RuO2-TiO2 surface (Figure 11C). These results are in agreement with those obtained in the case of TiO2 NPs [41] which again confirm the interest of the incorporation of the aryl layer in the nanocomposite.




2.5. Catalytic Performances of RuO2-TiO2-DPA-PANI


Methyl Orange (MO) dye was taken as a model of organic pollutant in order to evaluate the catalytic and photocatalytic abilities of the materials under test. The experiments were carried out with suspensions of 10 mg of catalysts in 50 mL of aqueous methyl orange solution, at a pH of 5.5.



It has been shown that the catalytic activity of materials decreases with increasing pH [76,77]. In acidic medium (pH < 2), MO degradation leads to the formation of quinone as a final product, the latter being much more toxic than the starting molecule [78]. Ammeri et al. [77] demonstrated that the photo-degradation of Methyl Orange is favored at pH < pHPZC of the catalyst, because of the strong adsorption of the Methyl Orange on the catalyst surface positively charged, this is due to the electrostatic attraction of the positive charge of the catalyst surface and the negative charge of the dye.



Before illumination was turned on, the suspensions were stirred magnetically in the dark for 55 minutes (t1) to reach the adsorption equilibrium. However, it was found that the discoloration of MO started during this time under the catalytic effect of the materials, the solutions containing RuO2-TiO2/PANI nanocomposite turned yellow and very light yellow in the presence of RuO2-TiO2/PANI and RuO2-TiO2/DPA/PANI respectively (Figure 12Ac,d), while unmodified RuO2-TiO2 and the solution without any catalyst remained unchanged (Figure 12Aa,b). The suspensions were kept in the dark for more time. The solution of MO containing RuO2-TiO2/DPA/PANI nanocomposite became completely colorless after 75 min (t2 = adsorption time + 20 min) (Figure 12Bd), while that containing the RuO2-TiO2/PANI nanocomposite took about 95 min (t3 = adsorption time + 40 min) (Figure 12Cc); this indicates the role of the catalysts in the activation of the MO degradation process in darkness. The solution containing RuO2-TiO2 nanoparticles and the one containing no catalyst (Figure 12, t2 and t3: a, b) did not undergo any color change. This means that no degradation has taken place and that the catalyst has no catalytic effect at least in the dark.



2 mL of H2O2 were added to non-degraded solutions which were stored in the dark period. The solutions were left again in the dark for 20 min until the organic molecule is absorbed on the surface of RuO2-TiO2 NPs. In order to follow the process of MO photo-degradation in the presence and the absence of the catalyst, samples were taken every 5 min for 15 min and followed by UV-vis analysis. The first sample was taken just before exposing the solution to visible light in order to determine the initial concentration (C0) of the dye. The absorbance of dye solutions before and after irradiation was measured at different degradation time. After 15 min of irradiation, no change in color was recorded in the absence of the catalyst (Figure 13a). However, the presence of RuO2-TiO2 nanoparticles caused total discoloration of the MO (Figure 13b); this highlighted the spectacular role of mixed oxide nanoparticles during the MO degradation process under visible light.



2.5.1. Kinetic Analysis in Darkness


In order to follow the kinetic of MO decomposition in the dark under the catalytic effect of RuO2-TiO2/PANI and RuO2-TiO2/DPA/PANI nanocomposites, samples were carried out progressively at t0 = before adsorption, t1 = adsorption equilibrium (55 min), t2 = 75 min and t3 = 95 min, and analyzed with UV-Vis, using a quartz cell and the absorbance measurements were recorded in the range of 200–800 nm.



The UV-vis absorption spectra obtained for the two colorless solutions show the disappearance of the two characteristic bands of methyl orange located between 250–300 nm and 400–500 nm attributed to the phenyl and azo group respectively. This confirms the total decomposition as well as the mineralization of the methyl orange dye solution under the effect of the nanocatalysts (Figure 14c–d). It is noted that the catalytic effect of RuO2-TiO2/DPA/PANI is much greater than that of RuO2-TiO2/PANI; this is probably due to the amount of PANI loaded in the nanocomposite.



The kinetics of MO degradation in the dark in the presence of the RuO2-TiO2/PANI and RuO2-TiO2/DPA/PANI nanocomposites as a function of the initial concentration of the dye has been reported in Figure 15. The C/C0 vs. t (min) curves show a negligible degradation rate in the presence of RuO2-TiO2 nanoparticles and thus in the absence of catalyst. The dye is completely decomposed under the catalytic effect of the RuO2-TiO2/PANI and RuO2-TiO2/DPA/PANI nanocomposites, the time required for the removal of the MO varies according to the amount of PANI inserted on the surface of RuO2-TiO2 nanoparticles; the degradation rate in the presence of RuO2-TiO2/DPA/PANI is much greater than that in the presence of RuO2-TiO2/PANI.



Many studies have shown that Methyl Orange degradation follow a first-order kinetic [79,80]:


Ln CC0 = −kt








where, C0 is the initial concentration, k (min−1) is the apparent rate constant and C is the concentration of MO. The Ln C/C0 vs. t(min) plots are linear with correlation coefficients (R) of 0.8573 for RuO2-TiO2/PANI and 0.9599 for RuO2-TiO2/DAP/PANI nanocatalyst, this shows that the degradation of the MO follows effectively the pseudo-first-order kinetics (Figure 16). The apparent rate constant (min−1) (kapp) determined from these plots are 0.0137 and 0.105 min−1 in the presence of RuO2-TiO2/PANI and RuO2-TiO2/DPA/PANI, respectively. These results account for the conductivity measurements made by Four Point Probe (see Section 2.3.1).



Catalysis in the dark is an alternative method to photocatalysis, which generally requires a high amount of energy and cannot take place in the absence of light. The oxidative decomposition of organic molecules, in the so-called Fenton reaction, has attracted a lot of attention in recent years, because it is exempt from the need for light and only requires the presence of a source of the active radicals (OH·, O· and O2−·) during the degradation reaction [81]. In this context, several studies have already been undertaken on the catalytic degradation process of organic molecules in the dark, at ambient conditions, without any irradiation and in the presence of metal catalysts [82,83,84]. Perovskite metal oxides are the most used materials as catalysts in this type of reaction. Liew et al. [85] have studied the catalytic power of perovskite SrFeO3−δ metal oxide during the decomposition reaction of Bisphenol A and Acid Orange 8. The degradation occurred after 30 h and 60 min respectively in the presence of any reactants generating the formation of radicals. The authors attributed this catalytic effect to the strong adsorption of the organic molecules used on the surface of the catalyst. The same perovskite containing Ba instead of Sr, was used by Sun et al. [86] in the degradation of Acid Orange 8 and the degradation time was five days. This reveals that the cation used in the perovskite compound plays a major role in the catalytic decomposition of pollutants. Using the same material, the degradation of Methyl Orange (20 mg. L−1) in the dark took 50 h [87]. Very recently, Chen and co-workers demonstrated that CuO based metal oxides were very efficient in the degradation of Orange II dye under dark conditions as CaSrCuO3 [81]. Wei et al. [87] prepared the nanocomposite Fe3O4@SiO2@TiO2@MIP in the presence of Methyl Orange and used as the catalyst for the degradation of Congo Red in the darkness at room temperature and atmospheric pressure. The authors found a high catalytic activity of this composite which is due to the polymer which brings to the composite a higher binding capacity toward MO in the binding test compared with the ones that do not contain polymer.



Despite the important catalytic activity that these materials represent in the processes of degradation of organic pollutants, the complete decomposition time remains important compared to our results.



On the one hand, according to Sun et al. [86], the presence of oxygen vacancy in the catalyst structure favors the degradation of MO in the dark. The dye decomposes by oxidation at the oxygen vacancy location of the surface of catalyst. On the other hand, Nguyen et al. [1] associated the catalytic efficiency of the Pt-WO3/Ti-Au nanocomposite to the interfacial contact between WO3 and TiO2 and the Au-induced surface plasmon resonance and the presence of oxygen vacancy in WO3.



TiO2 is a photocatalyst that activates only under UV light; it does not contribute to the degradation process of MO in the dark.



PANI is known as an electron donor; in the dark, the electrons that are stored on the LUMO are released and recovered by RuO2 leaving holes on the HOMO. The electrons and holes are very important in any catalytic process; they promote the formation of OH• radicals and O2•− anion radicals [1] which are responsible for the decomposition reaction of organic pollutants. To further evidence that holes and superoxide radicals are responsible for degradation in the darkness, it would be interesting to conduct the catalyzed degradation test in darkness using radical scavengers [88,89].



Scheme 1 illustrates the possible mechanism proposed to explain the catalytic activity of RuO2-TiO2/PANI and RuO2-TiO2/DPA/PANI nanocomposites with respect to the degradation reaction of MO dye in the dark.




2.5.2. Kinetic Analysis under Visible Light


UV-vis spectra show a decrease in the intensity of the absorption bands of the MO with the degradation time, after 15 min, the bands disappear completely which is due to the degradation and the mineralization of MO under the catalytic effect of RuO2-TiO2 nanoparticles (Figure 17b); this is testified by the C/C0 plots as a function of the degradation time (Figure 18). The apparent rate constant (kapp) found from the curve Ln C0/C vs. t(min) is 0.106 min−1 (Figure 19).



The photocatalytic activity of RuO2-TiO2 mixed oxide under sunlight has already been confirmed by other researchers [23,31,90], the RuO2-TiO2 heterostructure exhibits better catalytic performances than that of pure TiO2 and RuO2 [7,23,90]. This is due to the improved separation of the electron-hole pairs and the acceleration of the charge transport at the interface RuO2//TiO2 [7,23].



RuO2 and TiO2 have the same Fermi level; this leads to the formation of electron depletion region at Schottky barrier. Under visible light, the electrons of the TiO2 valence band (VB) are excited and move towards the conduction band (CB), leaving holes in VB. The electron depletion region formed at the Schottky barrier leads to an internal electric field at the TiO2//RuO2 interface. This field is responsible for the separation of the photogenerated electron-hole pairs. The holes and the electrons photogenerated are the most important species in the photocatalytic systems. The electrons on the CB of TiO2 participate in the formation of the O2•− anion radicals and the holes are responsible for the formation of the OH• radicals from water and hydrogen peroxide. In addition, the photogenerated holes which are transferred to RuO2 leads to the oxidation of H2O molecules physisorbed on the surface of the nanoparticles, forming oxidizing hydroxyl species which are strongly active in the photocatalytic degradation processes. The mechanism of electron-hole pair separation and the formation of the active species under visible light are described by Scheme 2 and the Equations (1)–(6).


RuO2-TiO2+hυ→h+(RuO2)+e−(TiO2)



(1)






H2O2+h+→2O•H



(2)






H2O+h+→O•H+H+



(3)






O2→O2*



(4)






O2*+1e−→O2•−



(5)






OΘ—O•→H–O–O•



(6)








2.5.3. Degradation Extent (%) of Methyl Orange


The percentage of the degradation of the dye was calculated for various degradation times from the following equation [80]:


%=C0−CC0∗100



(7)




where C0 is the initial concentration of dye and C is the concentration of MO at time t.



The results are summarized in Table 2.



The photocatalytic effect of RuO2-TiO2 under visible light is known, the degradation extent of Methyl Orange increases with the time of the photocatalytic reaction until total decomposition of the dye. The presence of the polyaniline brings benefits not only to the degradation rate and extent of Methyl Orange, but also allows a gain of energy, the addition of PANI to the nanoparticles of RuO2-TiO2 mixed oxide makes it a first-class catalyst operating without any irradiation. The degradation percentage of Methyl Orange is higher with RuO2-TiO2/DPA/PANI compared to that obtained with RuO2-TiO2/PANI nanoparticles in darkness; this depends on the electron exchange between TiO2 and RuO2 on the one hand and between RuO2-TiO2 and PANI which is known as an electron donor, on the other hand. This again highlights the spectacular role of the diazonium salt as a coupling agent for attaching the PANI to RuO2-TiO2 nanoparticles surface.




2.5.4. Degradation Products: Mineralization


MO solution before and after the degradation process was analyzed by infrared spectroscopy in order to identify and to determine the nature of the final products formed with and without irradiation, under the catalytic effect of the various catalysts (RuO2-TiO2 under light visible), RuO2-TiO2/PANI and RuO2-TiO2/DPA/PANI in the dark). Figure 20 illustrates the spectra obtained between 4000 and 400 cm−1.



The spectrum of the initial MO solution (Figure 20a) exhibits a peak around 3429 cm−1, attributed to the N–H stretching vibration. The bands at 2905 and 2854 cm−1 are assigned to the C–H stretching vibration of –CH3. The peaks at 1610 and 1540 cm−1 are due to the single bond C–C vibration in the aromatic core. At 1426 cm−1 is located the N=N vibration band [91,92]. The band centered at 1380 cm−1 is corresponding to the vibration –S=O. Two peaks are located at 1225 and 1170 cm−1 and are attributed to C–N vibration. The C-H stretching vibrations of the benzene ring are observed at 1030, 847, 816 and 697 cm−1 [92]. The bands 624 and 570 cm−1 are due to the –C–S stretching vibration [93].



The IR spectra of the degradation products of MO in the presence of RuO2-TiO2 under visible light (Figure 20b), RuO2-TiO2/PANI (Figure 20c) and RuO2-TiO2/DPA/PANI (Figure 20d) in the darkness shows the disappearance of most of the characteristic MO vibration bands, with the appearance of a large and intense peak around 3300 cm−1, corresponding to the vibration of H2O molecules [94]. We also recorded another band at 1637 cm−1, which is due to HCO3− from CO2 dissolved in water [95]. These results confirm the decomposition as well as the total mineralization of Methyl Orange and highlight the outstanding catalytic effect of the catalysts used.




2.5.5. Stability of the Catalysts


The long-term use of a catalyst rests on its stability [77]. This property is very important for the evaluation of catalysts and their application [96]. The catalysts already used in the degradation of the MO under and without irradiation were separated, washed several times with the di-ionized water and ethanol and dried at room temperature overnight before reusing them again in the degradation of a new solution of MO. The experiment was carried out under the same conditions as described above (concentration of the solutions, pH, mass of the catalysts, degradation time, hυ, dark).



It was found that all the catalysts present a high stability even after several successive catalytic runs. The results show no decrease in MO degradation rate until the 6th, 8th and 10th test in the presence of RuO2-TiO2, RuO2-TiO2/PANI and RuO2-TiO2/DPA/PANI, respectively, making these catalysts promising for several applications, especially in industry (Figure 21).






3. Experimental


3.1. Chemicals


The following chemicals were used as received: RuCl3.xH2O (Sigma-Aldrich 98%), TiO2 anatase nanoparticles (prepared by sol-gel [41]), H2O2 (14%), ethanol (99.9%), N-phenyl-p-phenylenediamine (Alfa Aesar, 98% purity), HBF4 (48%), ascorbic acid, sodium nitrite (Alfa Aesar, Kandel, Germany, purity 99%), ammonium persulfate (APS, Aldrich, Steinheim, Germany, 98% purity), nitric acid (Carlo Erba, 60% purity), aniline (Aldrich, 99.5% pure), Methyl Orange (Sigma-Aldrich, Steinheim, Germany) and the solvents that are Aldrich products: dimethylformamide (DMF), N-methyl-2-pyrrolidone (NMP), tetrahydrofuran (THF), hexafluoropropan-2-ol (HFIP), dimethyl sulfoxide (DMSO), chloroform, 1,2-dichloroethane, xylene and toluene. All aqueous solutions were prepared using deionized water.




3.2. Methods


3.2.1. Preparation of RuO2-TiO2 Powders


RuO2-TiO2 nanoparticles were prepared by sol gel route and reflux process (Scheme 3). 5g (62.6 mmol) of TiO2 nanoparticles prepared in the first stage [41], were dissolved in a mixture of 0.3g (1.34 mmol) of RuCl3·xH2O, 20 mL of hydrogen peroxide (14%) and 10 mL of ethanol. A black colloidal suspension is obtained; this solution is heated under ultrasound operating at a frequency of 50 kHz for two hours at 60 °C in order to disaggregate the particles. After this period of time, 40 mL of distilled water are added drop wise to the solution. The suspension was stirred magnetically and refluxed for 20 h at 60 °C. The resulting gel was dried at 100 °C for 24 h and calcined at 500 °C for 90 min in order to complete the conversion of RuCl3 to RuO2.




3.2.2. Synthesis of 4-diphenylamine Diazonium Tetrafluoroborate


The synthesis of 4-diphenylamine diazonium tetrafluoroborate carried out according to our previous work [41]. Typically, 0.45 g (2.44 mmol) of N-phenylendiamine was introduced into 5 mL of HBF4 (aqueous solution 48%), stirred at 0 °C for 15 min. Then 0.45g (6.52 mmol of sodium nitrite) was appended to the solution under continuous stirring for 60 min; after that, 60 mL of CH2Cl2 was added to the mixture in order to separate the phases by crystallization. The filtered precipitate is rinsed with ice-cold ether and then dried and kept at a low temperature.




3.2.3. Preparation of RuO2-TiO2/PANI, RuO2-TiO2/DPA/PANI Nanocomposites


The functionalization of RuO2-TiO2 mixed oxide nanoparticles as well as the polymerization of PANI on the surface of RuO2-TiO2 NPs and RuO2-TiO2/DPA were carried out according to the conditions reported in ref. [41].



We reported three chemical methods of grafting of 4-diphenylamine diazonium tetrafluoroborate on the surface of TiO2 nanoparticles. These methods are based on the functionalization of the nanoparticles by in situ generation of aryl diazonium salt, grafting of isolated aryl diazonium and the grafting of isolated diazonium salt in basic medium (diazoate). However, grafting with isolated diazonium salts appears to be the most effective method for modifying TiO2 nanoparticles. Therefore, it was chosen to modify the nanoparticles of RuO2-TiO2 mixed oxide according to the same protocol adopted for the modification of TiO2 nanoparticles.



The strategy used for the preparation of the RuO2-TiO2/DPA/PANI nanocomposite is based on two different protocols. The first pathway consists in grafting of the isolated aryl diazonium molecule previously obtained on the RuO2-TiO2 mixed oxide surface: 30 mg of RuO2-TiO2 NPs (0.14 mmol) was dispersed in 2 mL of water and sonicated for 20 minutes, then an aqueous solution of diazonium salt (0.28g, 1.04 mmol in 5 mL of H2O) was poured drop wise with stirring at 0 °C for 15 min, after which, the reducing agent (ascorbic acid 0.4g, 2.27 mmol in 3 mL of H2O) was added drop wise. The reaction mixture was further stirred for 90 min. The modified nanoparticles were centrifugally separated and washed several times with ethanol then with water, and then dried at room temperature overnight. The second is based on the chemical polymerization of the aniline monomer on the surface of RuO2-TiO2 nanoparticles already functionalized with 4-diphenylamine tetrafluoroborate diazonium salt. 0.3 g, (3.23 mmol) of aniline monomer was mixed with nitric acid (0.1g, 1.51 mmol) and stirred for 60 min to form the anilinium cation; to this solution, there was added a suspension of RuO2-TiO2/DPA (30 mg, 0.062 mmol) dispersed in 20 mL of acetonitrile ultrasontricated for 10 min, cooled and stirred in ice bath for 120 min. After this time, the initiator (0.4g, 1.75 mmol APS in 5 mL of H2O) was added drop wise to the above mixture. The reaction was followed by vigorous stirring for 3 h. The resulting precipitate was collected with centrifugation and washed several times with methanol and deionized water to remove any un-reacted species then dried at room temperature for 24 h. The in situ oxidative polymerization of aniline on the surface of RuO2-TiO2 was performed following the same approach using the non-functionalized RuO2-TiO2 mixed oxide nanoparticles.




3.2.4. Catalytic and Photocatalytic Activity


The catalytic and photocatalytic activity of the various elaborated nanocatalysts were examined by the decomposition of Methyl Orange (MO) in the dark and under visible light. In a typical experiment, to prepared aqueous solutions of Methyl Orange (50 mg/L) catalysts (RuO2-TiO2 or RuO2-TiO2/PANI or RuO2-TiO2/DPA/PANI) were added (10 mg in 50 mL of MO solution, pH = 5.5). The degradation of Methyl Orange was also carried out without catalyst under irradiation in order to observe the effect of visible light on the degradation of the MO. A first sample was taken at the end of the absorption period, without light and just before the light was turned on, and then analyzed by UV-Vis to determine the non-adsorbed dye concentration in solution. Visible light was provided by UVA CUBE 400 (Honle UV technology) and the tests were carried out at room temperature. The mercury lamp emits broad spectrum light covering UV and visible range, the mean radiation is at 365 nm. The mercury lamp power is 500 W.





3.3. Characterization and Instrumentation


The different phases constituting the RuO2-TiO2 NPs, RuO2-TiO2/DPA and RuO2-TiO2/PANI nanocomposites prepared have been identified using a diffractometer (BRUKER AXS D8 ADVANCE, CuKα radiation λ = 1.5418 A°). Surface morphology, distribution of particles and the composition of the samples were checked with a Merlin Carl Zeiss apparatus fitted with energy dispersive X-ray (EDS) analyzer. UV-vis absorbance spectra of the catalysts and MO solution after degradation were measured at room temperature in the wavelength range of 200–800 nm using EVOLUTION 220 UV-Visible spectrometer.



Raman was recorded with Horiba Lab RAM HR Evolution operating at 638 nm at room temperature. Infrared transmittance spectra were assigned using a BRUKER spectrometer operating in ATR mode ranging from 4000 to 400 cm−1.



Thermogravimetric analysis (TGA) was performed on a Setaram instrument Setsys Evolution 16 thermobalance by heating the samples at a rate of 10 °C·min−1 from 10 to 800 °C under a flow of air at 20 mL·min−1. X-ray photoelectron spectroscopy analysis (XPS) was performed using K Alpha system (Thermo Fisher Scientific, monochromated Al X-ray source hυ = 1486.6 eV; spot size = 400 μm). A flood was used for charge compensation and the composition was determined using manufacturer’s sensitivity factors.



Other analyzes were performed for RuO2-TiO2 mixed oxide only:



The zeta potential measurement was performed to predict the emulsion stability using a zetasizer nano (Malvern Man0485-1.1) that measures the electrophoretic migrations. The measurement was carried out with a suspension consisting of RuO2-TiO2 (1 g/l) introduced in 10−2 NaCl solution and conducted at different pH of solution adjusted with NaOH and HCl for alkaline and acidic medium respectively. Each measurement is made three times and the size distribution is the average of the three measurements for the consecrated sample.



In order to determine the resistivity of the heterostructure RuO2-TiO2 at room temperature, Four Point Resistivity measurement was carried out using KEITHLEY 2601 B source mater by imposing a current of 0.1 mA. The dielectric properties of RuO2-TiO2 mixed oxide are also studied by electrical impedance spectroscopy using an impedancemeter HP 4284A. A pellet of RuO2-TiO2 is metalized by a very thin layer of silver paste on both sides to ensure contact with the electrodes of the measuring apparatus. The impedance measurements were carried out in the frequency ranging from 100 Hz to 1 MHz and several temperatures under low excitation (1V).





4. Conclusions


A novel catalytic support based on RuO2-TiO2 mixed oxide NPs coated PANI was prepared by in situ oxidative polymerization of aniline on diazonium-modified RuO2-TiO2 heterostructure. We have demonstrated through this study that this new association combining different materials of type metal-semiconductor n heterostructure and conductive polymer offers spectacular properties to the final materials. The nanocomposites show enhanced catalytic activity in the decomposition of MO in darkness; this activity depends on the presence of PANI on the one hand, and its amount in the final nanocomposite on the other hand, namely. Indeed, the RuO2-TiO2 mixed oxide is an excellent photocatalyst under visible light, while the nanocomposite RuO2-TiO2/DPA/PANI exhibits significantly improved catalytic performance in the dark compared to RuO2-TiO2/PANI nanocomposite. This stresses the role of the diazonium salt as a coupling agent for PANI; it gives the nanocomposite a better thermal and chemical stability, and harnesses adhesion of PANI on the surface of RuO2-TiO2 NPs. The enhancement in catalytic activity of designed materials is associated with a synergistic effect between PANI and RuO2 metal and RuO2-TiO2 interfacial contacts which result in the separation of electron-hole pairs and the reduction of its recombination rate. Therefore, RuO2-TiO2/DPA/PANI catalyst is highly stable and reusable up to nine times without any loss in catalytic activity, which shows promising potential for practical applications.



In a serendipitous way, while our primary goal was to test the ability of polyaniline to improve the visible light photoactivity of RuO2-TiO2 mixed oxide NPs, we have designed in a unique way, unprecedented and highly efficient catalysts for the degradation of pollutants in the darkness. The new catalyst design process is scalable which opens new windows for the general degradation of organic pollutants.
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Figure 1. Synthesis of RuO2-TiO2/PANI nanocomposite (Upper panel: Figure 1A) and digital photographs of pristine RuO2-TiO2 (a), RuO2-TiO2-DPA (b), RuO2-TiO2-PANI (c), and RuO2-TiO2-DPA-PANI (d) (Lower panel: Figure 1B). 
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Figure 2. Variation of the zeta potential of RuO2-TiO2 NPs dispersed in NaCl as a function of the pH. 
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Figure 3. Frequency dependence of (a) Z′, (b) Z”, (c) relative dielectric permittivity and (d) imaginary part of the relative dielectric permittivity. 
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Figure 4. XRD patterns of RuO2-TiO2 NPs (a), RuO2-TiO2/DPA (b), RuO2-TiO2/PANI (c), RuO2-TiO2/DPA/PANI (d) and PANI (e). 
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Figure 5. UV-vis spectra of RuO2-TiO2 NPs, RuO2-TiO2/PANI and RuO2-TiO2/DPA/PANI nanocomposite. 
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Figure 6. FTIR absorption spectra of (a): RuO2-TiO2, (b): DPA, (c): RuO2-TiO2/DPA, (d): PANI, (e): RuO2-TiO2/PANI and (f): RuO2-TiO2/DPA/PANI. 
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Figure 7. Raman spectra of pristine RuO2-TiO2 NPs (a), RuO2-TiO2/DPA (b), RuO2-TiO2/PANI (c), RuO2-TiO2/DPA/PANI (d) and PANI (e). 
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Figure 8. Thermogravimetric analysis (TGA) curves of pristine RuO2-TiO2 NPs (a), RuO2-TiO2/PANI (b), RuO2-TiO2/DPA (c), RuO2-TiO2/DPA/PANI (d). 
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Figure 9. SEM images (a,b,d,e,g,h,j,k) and elementary spectra (c,f,i,l) of RuO2-TiO2 NPs (a–c), RuO2-TiO2/PANI (d–f), RuO2-TiO2/DPA (g–i), RuO2-TiO2/DPA/PANI (j–l). 
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Figure 10. XPS survey scans (A) and high resolution C1s spectra (B) of RuO2-TiO2 (a), RuO2-TiO2/DPA (b), and RuO2-TiO2/DPA/PANI (c). 
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Figure 11. Digital photographs of (A): PANI, (B): RuO2-TiO2-PANI, (C): RuO2-TiO2-DPA-PANI in: (a) Chloroform, (b)1,2-dichloroethane, (c) Xylene, (d)Toluene, (e) DMF, (f) THF, (g) HFIP, (h) NMP, (i) DMSO. 
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Figure 12. Digital photographs of methyl orange solutions after storage in the dark for (A) after t1 = 55 min, (B) after t2 = 75 min and (C) after t3 = 95 min. (a) Without catalyst, (b) RuO2-TiO2 NPs, (c) RuO2-TiO2/PANI, (d) RuO2-TiO2/DPA/PANI. 
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Figure 13. Digital photographs of methyl orange solutions after irradiation for 15 min. (a) Without catalyst, (b) RuO2-TiO2 NPs. 
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Figure 14. UV-vis absorption spectra of MO solutions before and after storage in darkness. (a) Without catalyst, (b) RuO2-TiO2 NPs, (c) RuO2-TiO2/PANI, (d) RuO2-TiO2/DPA/PANI. 
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Figure 15. Kinetics of degradation of Methyl Orange solution (C = 50mg.L−1) in the dark. 
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Figure 16. First order linear transforms of the degradation of methyl orange in the dark in the presence of RuO2-TiO2/PANI and RuO2-TiO2/DPA/PANI nanocomposites. 
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Scheme 1. Charge transfer in RuO2-TiO2/DPA/PANI nanocomposite in darkness. 
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Figure 17. UV-vis absorption spectra of MO solutions before and after irradiation for various periods. (a) without catalyst, (b) RuO2-TiO2 NPs. 
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Figure 18. Kinetics of photodegradation of Methyl Orange solution without and in the presence of RuO2-TiO2 catalyst under visible light. 
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Figure 19. First order linear transforms of the degradation of methyl orange under visible light in the presence of RuO2-TiO2 NPs (R = 0.9955). 
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Scheme 2. Charge transfer in RuO2-TiO2 nanoparticles under visible light. 
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Figure 20. FTIR spectra of Methyl Orange solutions before (a), and after degradation using RuO2-TiO2 NPS under visible light (b), RuO2-TiO2/PANI (c) and RuO2-TiO2/DPA/PANI (d) in the dark. 






Figure 20. FTIR spectra of Methyl Orange solutions before (a), and after degradation using RuO2-TiO2 NPS under visible light (b), RuO2-TiO2/PANI (c) and RuO2-TiO2/DPA/PANI (d) in the dark.



[image: Catalysts 09 00578 g020]







[image: Catalysts 09 00578 g021 550]





Figure 21. Plot of kinetic constants vs. photocatalyzed test number in the presence of RuO2-TiO2, RuO2-TiO2/PANI and RuO2-TiO2/DPA/PANI. 
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Scheme 3. Synthetic route for the preparation of RuO2-TiO2 nanoparticles. 
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Table 1. Conductivity and resistivity of pure TiO2 and RuO2-TiO2-based nanocatalysts.
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	Materials
	e (cm)
	R (Ω)
	ρ (Ω. cm)
	σ (S/cm)





	TiO2
	0.20
	0.0119
	0.0109
	91.7



	RuO2-TiO2
	0.23
	0.0030
	0.0032
	317



	PANI
	0.21
	0.0111
	0.0106
	94



	RuO2-TiO2/PANI
	0.23
	0.0028
	0.003
	343



	RuO2-TiO2/DPA/PANI
	0.24
	0.0024
	0.0026
	384
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Table 2. Degradation extent (%) of Methyl Orange without and with different catalysts under visible light and darkness.
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Time (min)




	

	
Darkness

	
Visible light






	
Catalysts

	
0

	
55

	
75

	
95

	
5

	
10

	
15




	
without

	
0

	
0

	
0

	
0

	
0

	
0

	
0




	
RuO2-TiO2

	
0

	
0

	
0

	
0.1

	
36

	
62

	
98




	
RuO2-TiO2/PANI

	
0

	
57

	
74

	
98.7

	
_

	
_

	
_




	
RuO2-TiO2/DPA/PANI

	
0

	
67

	
99.4

	
_

	
_

	
_

	
_
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