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Abstract

:

This research reports on Vis- and solar-active photocatalytic bi-layered films of TiO2 (layer 1) and a composite with TiO2 matrix and graphene oxide or reduced graphene oxide filler (layer 2) obtained by coupling two methods: spray pyrolysis deposition followed by spraying a diluted sol. The thin films crystallinity degree, surface morphology and elemental composition were recorded and the composites were tested in photo-degradation processes, using the standard 10 ppm methylene blue solution, under simulated UV + VIS irradiation conditions using an irradiance measured to be close to the natural one, in continuous flow process, at demonstrator scale; these results were compared with those recorded when using low irradiance values in static regime. The effect of the increase in the graphene oxide content was investigated in the concentration range 1.4%w...10%w and was found to increase the process efficiency. However, the photocatalytic efficiencies increased only by 15% at high irradiance values compared with the values recorded at low irradiance as result of the electron-hole recombination in the composite-thin film. Similar experiments were run using composites having reduced graphene oxide as filler. The interfaces developed between the matrix and the filler were discussed outlining the influence of the filler’s polarity. The thin films stability in aqueous medium was good, confirmed by the results that outlined no significant differences in the surface aspect after three successive photocatalytic cycles.
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1. Introduction


The world population growth along with the climate change issues related to the required water amounts mainly for residential and industrial applications were outlined as a challenge in Europe and not only. The European Commission estimates that a significant part of the EU countries already faces problems related to the water supply and by 2025, at world level, over 3.5 billion people will face the “water stress”, (UE Directive, 2000/60/EC) [1]. In this context, the wastewater treatment plants represent a viable alternative to deliver water for reuse in various applications. However, as the parameters formulated for water reuse are commonly not fulfilled by the conventional wastewater treatment processes, new advanced technologies and materials are required to overcome this limit that is mainly related to the low but still above the reuse concentration level of pollutants in the treated wastewater.



The photocatalytic processes are intensively investigated for the advanced wastewater treatment to remove organic emergent pollutants at low concentrations, e.g., phenolic compounds, pharmaceuticals, pesticides or dyes. Nonselective oxidation species are involved in the pollutants removal reactions, mainly the hydroxyl radical (HO.) but also the superoxide radical anion (   O 2  −    ). These species are the result of the oxidation and reduction reactions of the charge carriers (electrons and holes) produced at the surface of a semiconductor photocatalytic material when irradiated with suitable radiation [2]. Most of the aqueously stable and efficient photocatalysts are wide band gap semiconductors activated by UV radiation, leading to high process costs. It is therefore required to expand their photocatalytic response towards VIS (or towards most of the solar spectral range), to reduce these costs and support up-scaling.



Titanium dioxide (TiO2) is a wide band gap semiconductor (Eg = 3.0…3.2 eV) activated by UV irradiation [3]. Despite the activation energy, TiO2 is the most widely reported photocatalyst because of its stability in a wide range of pH that makes it suitable for the advanced wastewater treatment aimed at reuse. Moreover, titanium dioxide is non-toxic and has an acceptable production cost.



For the advanced wastewater treatment, many research groups are working to overcome the limitation imposed by the UV activation that involves huge costs associated with material activation, thus leading to economically disadvantageous processes. Recent papers focus on novel composite materials with TiO2 matrices to be activated under Vis or solar irradiation. A highly investigated VIS-activation route consists of developing hetero-structures by coupling a wide band gap n-type semiconductor with a narrow band gap p-type semiconductor [4] with suitably aligned energy bands [5]. Literature mainly mentions heterostructures with n-p hetero-junctions of the diode type or following a Z-scheme [6]. The difference between these is mainly related to the photocatalyst activation (using UV or Vis or solar radiation), depending on the semiconductors in the hetero-structure.



Recently, p-type semiconductors such as the graphene derivatives (graphene oxide, GO, or reduced graphene oxide, rGO) were outlined as a viable option for coupling with TiO2 mainly because of their remarkable aqueous stability [7]. The association of TiO2 with graphene derivative fillers leads to the formation of Vis-active composites, materials that can be easily activated by the cost-free solar radiation. These composites allow the formation of hetero-structures following the suitable energy bands alignment as presented in Figure 1.



In a Z-scheme hetero-structure consisting of TiO2 and GO, as presented in Figure 1a, the activation may mainly occur under UV radiation as the holes, the main charge carrier responsible for the pollutant’s degradation, can only be produced under UV irradiation. Moreover, only half of the generated charge carriers will be involved in the photocatalytic mechanism, the other half being the subject of recombination [8]. To produce an efficient solar- or Vis-active Z-scheme hetero-structure, an electron mediator should be thus inserted in the system [9,10].



If the hetero-structure proves to be efficient under solar- or Vis radiation, the most likely mechanism will correspond to an n-p diode type hetero-junction, Figure 1b. This type of structure well supports the efficient charge carrier’s transfer at the semiconductors level, limiting the electron-hole recombination, thus increasing the process efficiency under Vis (thus, also solar) activation [11,12].



The chemical Ti-O-C bonds developed among TiO2 and the graphene derivative functional groups (hydroxyl, epoxy, carbonyl, carboxyl) lead to the development of continuous interfaces that confirm the components compatibility in the composite [13]. The differences between the GO and the rGO fillers are mainly related to their polarity, which is the direct consequence of the percentage of groups containing oxygen in the 2D carbon structure. The GO polarity is the result of the functional groups and of the network defects that support the random diffusion of the charge carriers. While graphene has a semi-metallic behavior, graphene oxide is considered a semiconductor or even an insulator depending on the oxidation degree, following the sp2 to sp3 change in hybridization of the carbon atoms leading to a permanent band gap [14]. The lower percentage of the oxygen-containing functional groups in rGO as compared to GO will increase its semi-metallic behavior, similar to that of graphene. However, graphene oxide with reduced functional groups (rGO) has network defects and is considered a semiconductor with a variable band gap energy depending on the residual oxygen containing groups that are still in the structure after reduction [15]. The GO and the rGO fillers support the photocatalytic process by developing composites with strong, Vis-active interfaces; these composites also have good wetting properties and a large specific surface area available for the pollutant(s) adsorption.



For the up-scaled use of these materials, the production and the process costs have also to be considered. Photocatalytic powders were mostly investigated because of their higher photocatalytic efficiencies but the additional cost related to the advanced filtration needed after the process make their use unprofitable. The use of thin films represents a viable option to avoid this additional cost and preserve the photocatalytic material for reuse, thus avoiding losses. These films have a lower specific surface area compared to the powders, therefore the photocatalytic films should have high average surface roughness and optimum surface charge able to support the adsorption of a significant amount of pollutant molecules as a pre-requisite for a good photo-degradation efficiency.



Only few studies report on up-scaled photocatalytic processes at the demonstrator level using powder photocatalysts [16,17]. Thin films were, to the best of our knowledge, not so far reported for up-scaled implementation. The process parameters that have to be considered and optimized are in this case similar with those considered when using powders, as:




	(1)

	
The spectral range and the irradiance value required to activate the photocatalyst to produce the electron-hole pairs (it is expected that the higher the radiation intensity, the higher the amount of produced charge carriers);




	(2)

	
The photocatalyst specific and overall surface correlated with the volume of the pollutant solution that is subject of treatment;




	(3)

	
The pH of the wastewater, correlated with the point of zero charge (PZC) of the photocatalyst, selected to support the pollutant-photocatalyst attraction, thus increasing the overall efficiency of the processes;




	(4)

	
The hydrophilicity of the photocatalytic surface that is important in the pollutant removal in the advanced wastewater treatment.









This paper reports on bi-layered composite thin films with the structure TiO2/TiO2-GO or TiO2/TiO2-rGO, obtained by coupling two low-cost and up-scalable techniques: spray pyrolysis deposition (SPD) and sol–gel synthesis followed by spraying. These photocatalytic structures were selected to support the ordered growth of the second composite thin layer over the first crystalline layer without the need of a very high temperature treatment of the composite structure, as required by the filler (GO or rGO) thermal stability, up to 170…180 °C [18]. These types of two-layered composite thin films were previously developed in our research group as novel photocatalysts [19], to investigate the possibility to use them as Vis-active photocatalysts. Moreover, this paper reports on composite photocatalysts developed to be used as stable films in an optimized continuous flow demonstrator installation, in photocatalytic processes using as wastewater the standard methylene blue (MB) dye solution [20], under simulated solar (UV + Vis) irradiation using irradiance close to the natural ones (Gtotal = 810 W/m2). Thus, the paper proposes competitive novel photocatalytic thin film composites deposited on large substrate surfaces to be used in up-scaled applications in process conditions similar to those found in small wastewater treatment plants, considering and optimizing the process parameters. The results were compared with those recorded at low irradiance values (Gtotal = 55 W/m2) at laboratory scale, in static regime using optimized process conditions (optimized pH of the pollutant solution). The filler type and content influence was analyzed along with the film’s stability at the high irradiance values used during testing.




2. Materials and Methods


For deposition glass plate substrates covered with FTO (F-doped SnO2) (Pilkington TEC15) were used. Before use, each substrate was cleaned under sonication (Dekang, DK-600H ultrasound bath) using a mix of deionized water and detergent. Further on, the substrates were rinsed in ethanol and were then dried in air. For the photocatalytic tests, a 20 × 30 cm2 photocatalytic thin film surface was inserted in the photocatalytic demonstrator reactor, Figure 2 [21]. The overall surface contains five 10 × 10 cm2 plates, one plate of 8 × 10 cm2 and five 2 × 2 cm2 small plates that were used for characterization before and after the process to assess the films stability. For the experiments run at laboratory scale, in static regime, 1.5 × 1.5 cm2 FTO glass plates were used as substrates.



The photocatalytic composites were deposited on the FTO substrates following two steps:




	(1)

	
A first layer consisting only of TiO2 was deposited by SPD using an ABB/IRB2400L robot (air carrier gas and 1.2 bar pressure). The precursor system was a solution of titanium tetra-isopropoxide as precursor (TTIP), acetylacetone complexing agent (AcAc) and ethanol solvent (EtOH) mixed in a volume ratio of 1:1:15, as previously described [19]. This precursor system was sprayed at 400 °C using eight sequences and a break of 60 s between two deposition sequences. After deposition, an annealing treatment for 3 h at 450 °C was applied to this first layer in an oven (Nabertherm, LE14/11/B150), to reach an admissible crystallinity degree.




	(2.a)

	
A second layer was deposited using a sol of the composite with TiO2 matrix and GO filler (TiO2-GO composite) sprayed on the top of the TiO2 first layer. The sol system consisted of a mix of TTIP, EtOH, AcAc and acetic acid in a 1:0.8:0.04:0.009(V) ratio, as previously described [19]. An aqueous GO dispersion (c = 30 mg/mL) was prepared by the originally modified Hummers and Offeman method [22,23]. This GO dispersion was added slowly and under continuous stirring to the sol system, to get the composite dispersion. Four GO contents were investigated, with the weight ratios of 1.4%w, 3%w, 5%w and 10%w in the precursor system.




	(2.b)

	
Another second layer consisting of the TiO2-rGO composite was also deposited by spraying a sol on the TiO2 first layer. The rGO ethanolic dispersion (26.3 mg/mL) was obtained by reducing the GO aqueous dispersion. Firstly, N-Methyl-2-pyrrolidone (NMP) was added and then the GO dispersion was reduced to rGO using a hydrazine hydrate 25% solution at 80 °C under continuous stirring for 1 h. The mixture was then repeatedly centrifuged six times to remove the water and the NMP and replace these with absolute ethanol. The ethanolic dispersion was placed for one hour in an ultrasound bath to support the rGO sheets exfoliation [21]. The composite sol was prepared using titanium tetra-isopropoxide (TTIP), the rGO ethanolic dispersion, ethanol (EtOH), acetylacetone (AcAc), acetic acid (HAc) and deionized water in a TTIP:rGO:EtOH:AcAc:HAc:H2O = 1: 0.52: 0.28: 0.04: 0.009: 0.12(V) volume ratio. Following this ratio, the rGO content in the precursor system was calculated to be 5%w.









After synthesis, the composite sols of TiO2 with the GO or with the rGO filler were sonicated (using the ultrasound bath, Dekang, DK-600H) for 1.5 h and further diluted using ethanol in a volume ratio sol: EtOH = 1:5, as previously optimized [19]. The same ABB/IRB2400L robot (air carrier gas and 1.2 bar pressure) was used to deposit the diluted sol using twelve spraying pulses with 60 s break between two pulses. The sols were sprayed at 100 °C to support the elimination of the continuous medium (EtOH), followed by the thermal treatment for one hour at 150 °C to remove the potential by-products from the sol dispersion in the thin films, but avoiding the oxidation of the GO or rGO fillers [18].



Five composite structures were deposited as thin films: FTO/TiO2/TiO2-GO 1.4%w; FTO/TiO2/TiO2-GO 3%w; FTO/TiO2/TiO2-GO 5%w; FTO/TiO2/TiO2-GO 10%w and FTO/TiO2/TiO2-rGO 5%w. A reference layer was also deposited with the same double-layered structure but without filler in the second layer (FTO/TiO2/TiO2 no filler). Moreover, a sample with the first SPD layer (code FTO/TiO2) was also investigated.



The characterization of the samples was done using X-ray diffraction (XRD, Bruker D8 Discover, step size 0.024, scan speed 1.5 s/step, 20 range from 5 to 70°) and the Diffrac. EVA 5.0 software to evaluate the crystallinity degree. The surface elemental composition was investigated using Energy Dispersive X-ray spectrometry (EDX, Thermo).



The surface morphology and the thickness of the deposited samples were analyzed using scanning electron microscopy (SEM, Hitachi model S-3400 N type II) and the average surface roughness (RMS) was estimated using atomic force microscopy (AFM, NT-MDT model BL222RNTE).



The PZC of the films was estimated by potentiometric titration (SI Analytic Titroline 6000 Titrator). Each thin film was immersed in a NaOH 0.1 N solution and titrated with HCl 0.1 N solution.



The wettability of the composites was estimated by water contact angle (WCA) measurements using a DataPhysics GmbH OCA 20 Instruments device with the volume of the water droplet of 10 µL.



The photodegradation experiments were run in static and in dynamic regime to estimate the photocatalytic efficiency of the 1.5 × 1.5 cm2 and of the 20 × 30 cm2 films using a 10 ppm (3.125 × 10−5 M) methylene blue (MB, Scharlau, C.I.52015) aqueous solution, as recommended by the standard [20]. During the photocatalytic experiments, the pollutant solution pH was selected targeting the increase in the pollutant adsorption, considering the PZC value of the photocatalyst. In the continuous flow (dynamic) regime, the photodegradation tests used 5L of MB pollutant solution. The flow of the pollutant in the demonstrator reactor was 1L/min and the thickness of the aqueous layer over the photocatalyst was of 20 mm, as previously reported [21]. In the beginning, the process ran for one hour in the dark and, as earlier observed, one hour represents a contact time long enough to reach the adsorption/desorption equilibrium [19]. Then, the photocatalytic reactor with a quartz upper plate was continuously irradiated for 5 h using a homemade solar simulator (Figure 2) and the pollutant residual concentration was evaluated hourly. The average irradiance value, measured using a Delta-T, type BF3 pyranometer on the photo-reactor’s upper plate, was G = 810 W/m2, out of which 23 W/m2 corresponded to the UV radiation and the rest to VIS. The photodegradation tests were run in three successive cycles using in each cycle freshly prepared MB 10 ppm solution to estimate the films stability. Before the first photocatalytic cycle, each thin photocatalytic film was conditioned by one hour exposure to UV radiation (G = 23 W/m2) to support the photocatalytic surface to reach super-hydrophilicity. After each photocatalytic cycle, the plates with the photocatalytic films were cleaned in the demonstrator using a deionized water flow, for 30 min, to remove possible traces of the remaining pollutant or of the degradation by-products. Afterwards, before the second and the third cycle, the plates were firstly wetted with deionized water and were irradiated for 2 h using UV + VIS radiation (Gtotal = 810 W/m2 with 23 W/m2 corresponding to UV) to regenerate/self-clean the surface along with the film conditioning. The absorbance spectra of the films after photocatalysis and after regeneration were recorded using a UV–VIS-NIR spectrophotometer (Perkin Elmer Lambda 950) to estimate the self-cleaning efficiency [24].



The kinetics of the dye photo-degradation process was investigated during the first testing cycle run in dynamic regime. The process data were linearized according to the pseudo-first order kinetic [25,26], following Equation (1):


ln Ct = ln C0−kt



(1)




where: C0: the initial MB concentration, Ct: the concentration of MB at moment t, k: the reaction rate constant.



Parallel experiments were run in static regime (without any flow of the pollutant solution) using a laboratory scale reactor equipped with “2 UV (Philips, TL-D BLB 18W/108) and 5 VIS light tubes (Philips, TL-D Super 80 18W/865)”. The average total irradiance value was Gtotal = 55 W/m2, with 3 W/m2 corresponding to the UV. This UV + VIS configuration simulates the radiation delivered by the solar simulator but at a much lower irradiance value (and a slightly higher UV share) and allows investigating the effect of the photons flux on the process. The film was immersed in 20 mL of MB solution in a quartz beaker of 50 mL and was kept for one hour without irradiation (in the dark) followed by 5 h of irradiation.



The photocatalytic efficiency of each type of (multi)layered material, ηt, was calculated using Equation (2), where A0 represents the initial MB solution absorbance and At represents the absorbance after t hours of the process, measured at the absorbance wavelength of the pollutant (λMB max = 665 nm), using an UV–VIS-NIR spectrophotometer (Perkin Elmer Lambda 950):


   η t  =    A 0  −  A t     A 0    · 100  



(2)







The stability of the films was estimated after each photocatalytic cycle based on the changes in the morphology, composition and average roughness variation of the composite thin films. The change of the crystallinity degree after the third photocatalytic cycle was analyzed to further estimate the photocatalyst stability.




3. Results and Discussions


In Figure 3I are presented the XRD results for the fillers (GO and rGO) deposited on the FTO substrate and for the mono- and bi-layered thin films before use. The pattern of GO shows the characteristic peak at 2θ = 12.1° [27]. The reduction of GO to rGO provide the shift of the GO peak from 12.1 ° to the characteristic rGO large peak at 2θ = 24.1° [28]. However, the rGO peak is not clearly distinct following the lack of highly ordered rGO structures in the material.



All the thin films in the a–g graphs in Figure 3I outline the peaks associated with the anatase TiO2 polymorph at 2θ = 25.2° and 2θ = 48.0° but also the characteristic peaks corresponding to the SnO2 cassiterite polymorph from FTO. These substrate peaks confirm the deposition of the mono- and double-layers as very thin films. The absence of the peak(s) corresponding to the fillers in the composite films, in Figure 3Ic–g, may be the result of the chemical bonds partially developed between TiO2 and (r)GO.



The (slightly) higher crystallinity degree of the two-layered reference film, without (r)GO filler in Figure 3 (I) graph (b), compared with the first layer confirms that the double layered structure leads to an increase in the overall crystallinity degree even if a low thermal treatment temperature was used (150 °C) for the thin second layer deposition. The increase in the crystallinity degree confirms the ordered growth of the composite thin film over the first crystalline layer.



The highest crystallinity degree corresponds to the composites with 5%w and 10%w GO, with an almost identical value; considering this result, these films are potentially the most efficient in photocatalysis as an ordered structure well supports the reduced recombination of the photogenerated charge carriers. The crystallinity degree of the FTO/TiO2/TiO2-rGO 5%w composite also confirms the assumption of ordered growth over the first TiO2 film. The slight differences in the crystallinity degrees between the composites with GO vs. rGO filler may be the result of the stronger interfaces developed not only in the second thin film layer but also with the first layer when using the GO filler.



The thin films stability was estimated after each cycle in dynamic regime based on the SEM images, the EDX results and the roughness values. The XRD results were recorded after the third photocatalytic cycle to evaluate the stability of the crystalline structure (Figure 3II). The results outline almost similar patterns and values before and after the third cycle; however, a slight crystallinity decrease especially for the thin films with 1.4%w and 3%w GO may be noticed suggesting that the photocatalyst with a low filler content may have a less good stability in the working condition.



Morphology, surface composition and average surface roughness characterization was developed for the first TiO2 layer and the results are included in Table 1.



The morphology analysis of the first layer outlines a rather uniform deposition. The surface aggregates may act as growth centers for the second layer and, as the surface composition confirms the formation of the TiO2 film, these can support the development of good interfaces between the two layers. The surface composition shows no carbon traces left from the organic precursor system but a rather high percentage of Sn from the FTO substrate that suggests the development of a very thin first layer (Table 1 SEM cross-section, right image). Moreover, the FTO layer is very thin as the silicon (Si) element from the glass substrate could be sensed. The low roughness (RMS) value confirms the morphology with very small surface aggregates.



The SEM images of the composite with GO filler in Figure 4b–e outlines the characteristic dendritic shape of the GO plates (according to the GO filler image in Figure 4g left) loaded with TiO2. The layers are uniform and compact with less randomly distributed surface aggregates for the composites with 5%w and 10%w GO, as result of a higher likelihood of forming C-O-Ti bonds because of the higher filler content; this confirms that good interfaces are well developed in the composite(s) with a higher filler content as the TiO2 aggregates no longer tend to form large agglomerates as in the case of the composites with 1.4%w and 3%w GO. The SEM images also outline similarities among the sample without filler and the composite with 1.4%w GO. It is thus expected that the composite with a higher GO content will better perform in the photocatalytic processes and will be more stable in the aqueous medium, in continuous flow operation.



The cross-section image of the composite thin film with 5%w GO shows a good compatibility between the two layers as not any discontinuities (gaps) could be noticed.



The images of the composite with rGO filler in Figure 4f show the deposition of many TiO2 agglomerates on the rGO sheets (according to the rGO surface in Figure 4g right). The rGO sheets are fully covered with the large aggregates of TiO2 suggesting that good interfaces are developed between the matrix and the filler sheets.



As outlined by the SEM images in Figure 4b–e, the composites with GO filler have a good stability as the results are quite similar comparing the images of the films before and after the photocatalytic cycles. The composite with 1.4%w GO seems to be mostly affected as the images in Figure 4b outline the development of cracks (yellow arrows) during the cycles. The TiO2-rGO composite also outlines, in Figure 4f, fine cracks after the second and the third photocatalytic cycles, suggesting the lower stability of this thin film during the process.



The surface composition results (Table 2) show a low content of Carbon (C) in the bi-layered thin film without GO or rGO filler due to the traces from the sol precursors system that were not completely decomposed/removed at the thermal treatment temperature (150 °C). The content of Carbon could be mainly noticed near the surface aggregates where a larger amount of precursor system could collect and could be further only partially decomposed. Supporting this idea, the rather high carbon content in the composite with 1.4%w GO may be the result of the surface agglomerates on the thin film. The content of C in the absence of the surface aggregates on the composites with 5%w and 10%w GO content confirms the development of the composites with the filler loaded with TiO2 and of some carbon traces left from the sol. The higher Ti content in the composites with 1.4%w and 3%w GO compared with the 5%w and 10%w ones confirms that the aggregates are only containing TiO2. The Ti content in the TiO2-rGO composite is higher than in the composite containing 5%w GO, confirming the compact deposition of the matrix on the rGO sheets. This is also outlined when comparing the carbon content in the composite with 5%w GO vs. 5%w rGO when the rGO chemical structure should provide a higher C content but the EDX results show a lower carbon percentage value as result of the denser structure in the composite matrix.



The surface composition initially recorded on the films did not outline any Sulphur (S) content. After photocatalysis, the results in Table 2 show a very low S percentage that can be the result of the adsorbed by-products left at the surface after methylene blue decomposition and/or of the unreacted pollutant adsorbed at the thin film’s surface; moreover, this very low content outlines that the pollutant was well decomposed under irradiation, towards mineralization.



In Table 2 are also recorded the average roughness values (RMS) of the thin films. The results outline a rather rough surface of the photocatalysts that can support the adsorption of the pollutants very well. These RMS values outline major differences between the thin films with various filler content, mainly because of the larger agglomerations shown in the SEM images for the composite with 1.4%w GO (Figure 4b). However, while it can be expected that using this rougher composite film, the photocatalysis efficiency will be higher supporting the adsorption in the first step of the process, the stability of this film may be lower.



The EDX results recorded after the photocatalytic cycles outline a decrease in the Ti content, mainly for the composites with 1.4%w and 3%w GO, suggesting that some of the TiO2 agglomerations may be detached from the graphene derivative’s surface, to most likely end up in the solution of the pollutant, thus the stability of these materials can be subject to improvement.



The slight decrease in the C content of the thin films after the photocatalytic cycles (Table 2) may be the result of the diffusion of the organic slightly soluble compounds from the sol precursors into the MB solution; this assumption is confirmed also by the similar trend observed on the sample without (r)GO filler.



The titanium content in the TiO2-rGO composite follows a constant slight decrease after each photocatalytic cycle suggesting that fine titania particles are leaving the rGO surface into the MB solution as also outlined by the RMS decrease (Table 2), supporting the conclusion of a lower stability of this composite film.



The increase in the roughness (RMS) values after the first two photocatalytic cycles for the TiO2-GO composites supports the idea of a partial dislocation of the aggregates mainly from the FTO/TiO2/TiO2-GO 1.4%w and from the FTO/TiO2/TiO2-GO 3%w composites surface. The lowest roughness variation among the photocatalytic cycles was recorded for the FTO/TiO2/TiO2-GO 5%w composite, confirming its good stability.



The photoactivity of the films was checked following their efficiency when using the standard methylene blue pollutant solution (MB, 10 ppm) at an optimized pH value of the pollutant solution. The composite thin films had PZC values ranging between 7.25…8.33 (Table 2). At pH values higher than these, the composites surface is “negatively charged” and the MB molecules are “positively charged” thus supporting the electrostatic interactions. Hence, the optimum pH of the pollutant solution was selected to be 8.50.



The water contact angle (WCA) variation results (Table 3) outline that, before photocatalysis, the highest value was recorded for the thin films with rGO filler because of the lower polarity of this filler. This composite seems to follow the Cassie-Baxter mechanism [29], as, despite the higher RMS value, it acts as a less hydrophilic surface compared to the composites with 3%w, 5%w and 10%w GO content.



The experiments with the conditioned thin films show that super-hydrophilicity is induced after one hour of UV irradiation (GUV = 23 W/m2) before the first photocatalytic cycle. Before the second and the third cycle the conditioning treatment was done using UV + VIS radiation for 2 h (GUV + VIS = 810 W/m2) to induce a strong hydrophilicity along with the elimination of possible residual products left on the surface of the photocatalyst. The results show that super-hydrophilicity (WCA < 10°) was reached each time, although after the second cycle the sample with 1.4%w GO content shows a significant increase in the WCA value as a consequence of the adsorbed by-products at the surface.



When using high or low filler amounts, the composites perform better than the pure TiO2 outlined by the difference in the photocatalytic efficiency when using TiO2 compared with the composite thin films (two times higher efficiencies for the composite with 10%w GO under simulated solar radiation conditions compared with the pure TiO2).



The results in Figure 5, Cycle 1 outline that the photocatalytic efficiency increases with the GO content in the composite. The sample with 10%w GO supports the highest adsorption efficiency. A higher filler content may have as consequence a higher likelihood to develop more Ti-O-C bonds and thus to increase the number of spots where the electrostatic attraction between the negatively charged photocatalytic surface and the positively charged MB pollutant may occur. However, the adsorption results show the highest efficiency in the second and third cycle for the FTO/TiO2/TiO2-GO 1.4%w composite, although the overall efficiency after 5 h of irradiation proves that adsorption is not the governing factor influencing the photocatalytic efficiency.



The photocatalysis results also confirm the crystallinity degree role in the efficiency of the process. As the results recorded in Figure 3I outline, the thin films with 5%w and 10%w GO had the higher percentage of crystallinity thus these composites may well support the mobility of the electron-hole pairs and better limit their recombination. This effect led to the obtaining of the highest process efficiencies when using these two composites.



By comparing the results recorded during the second photocatalytic cycle with those observed during the first cycle, it can be noted that, for the catalyst with a lower GO content in Figure 5–Cycle 2, graphs (b) and (c), the thin film activation took longer possibly because part of the adsorption sites were clogged with residual products that had to be firstly degraded, suggesting that in these cases, the irradiated substrate requires a longer regeneration duration for reaching the optimal removal conditions. The FTO/TiO2/TiO2-GO 1.4%w thin film did not support good results as the efficiency significantly decreased, being close to that of the sample without filler. A small efficiency decrease during the second cycle was also noticed when using the composites with 3%w…10%w GO, and also the composite with 5%w rGO. The samples with 5%w and 10%w GO turned out to be the best options for the photocatalytic process in dynamic regime, as in the third cycle they behave almost identically, supporting the best MB removal efficiencies. The results observed when using a different filler with the same filler content (5%w GO vs. 5%w rGO) outline lower efficiencies for the rGO filler, as the results in graph (f) Figure 5 show, which can be correlated with the lower rGO polarity but also with a slightly lower crystallinity degree.



The reaction rate constants (k) for the MB removal using different photocatalysts and the correlation coefficient (R2) values are included in Table 4. The R2 values close to 1 demonstrate that the dye degradation follows the pseudo first order kinetic. Considering the values of the reaction rate constants along with the 95% confidence interval, it may be concluded that the best reaction conditions were met when using the samples with 10%w and 5%w GO in the composite layer.



The absorbance spectra in Figure 6 for the FTO/TiO2/TiO2-GO10%w thin film after photocatalysis and after regeneration using UV + VIS radiation were recorded after the first and after the second photocatalytic cycles. After photocatalysis, the surface shows light blue traces of unreacted MB while the results after UV + VIS irradiation indicate a regeneration/self-cleaning efficiency higher than 90%, suggesting that regeneration is required after each photocatalytic cycle, for 2 h under UV + VIS irradiation, when using high irradiance values.



The results recorded in the static regime (Table 5) indicate the Vis-activation of the GO composites through the development of the diode-type junction(s), as higher efficiencies in MB removal were recorded under UV + VIS radiation (at low irradiance value) compared to UV. The possible dye sensitization was previously investigated by comparing the results with those recorded when using a colorless pollutant (imidacloprid). The results outlined that a dye sensitization may occur as these systems proved to be Vis-active [19]. Vis-activation was weaker for the rGO containing composite, suggesting the lower compatibility of the TiO2 matrix with the less polar rGO filler. As the data in Table 5 show, almost similar values were recorded when using the sample without filler both under UV and under UV + VIS irradiation, outlining that the factor majorly responsible for the TiO2 activation is the UV irradiation.



The photocatalytic results in dynamic (Figure 5) and in static regime (Table 5) outline an efficiency increase of about ~15% recorded for the samples with 10%w GO and with 5%w GO. Considering the similar value of the ratio between the volume of the pollutant and the area of the film for the two cases (static and dynamic regime), the much higher irradiance value in the dynamic process is expected to lead to much higher process efficiencies. However, the rather small efficiency increase may be the result of the fast recombination of the charge carriers that can recombine before taking part in the chemical reactions through which the oxidation species are formed but also because of the continuous flow condition.




4. Conclusions


Two-layered TiO2/TiO2-GO and TiO2/TiO2-rGO composites were obtained using SPD and coupled with sol spraying synthesis. All the composites were VIS-active in static regime through the development of a diode-type structure. The results proved that the VIS-activation is sensitive to the filler polarity as the composites with GO filler led to higher photocatalytic efficiencies compared to those using the rGO filler, under UV + VIS irradiation.



The photocatalytic efficiencies recorded in continuous flow operation (dynamic regime) showed significantly higher MB removal efficiencies when increasing the GO content in the composite layer(s). The samples with 5%w and 10%w GO proved the highest removal efficiency during the first photocatalytic cycle following the increased crystallinity that may support the flow of the electron-hole pairs, reducing their recombination, along with the higher polarity of this filler that supports the increased compatibility between the matrix and the filler, and thus, the composite stability. For the composite with rGO filler, the efficiencies in MB removal are almost similar under UV + Vis and under UV irradiation in static and in dynamic regimes suggesting the lower compatibility between the ionic TiO2 matrix and the rather non-polar rGO filler.



The efficiencies in the dynamic regime compared to those recorded in the static regime outline an increase of only ~15% although the irradiance value was about 15 times higher during the dynamic regime experiments, possibly due to a significant recombination of the charge carriers and also due to the continuous flow conditions.



During the second and the third photocatalytic cycles the FTO/TiO2/TiO2-GO 5%w and the FTO/TiO2/TiO2-GO 10%w composite layers proved similar efficiencies, allowing us to recommend the composite with 5%w GO content to be used in the advanced wastewater treatment because of its efficiency, good stability and lower cost.



The good stability of the composite in the aqueous environment was confirmed by the SEM images recorded before and after each of the three photocatalytic cycles. The surface composition shows a slight decrease in the titanium and carbon content due to a possible partial wash out of the titania surface aggregates and of the organic compounds remaining from the sol precursor. This phenomenon mainly occurs on the composite films with low GO content and the one with rGO filler, supporting the recommendation of the FTO/TiO2/TiO2-GO 5%w composite for up scaled applications.
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Figure 1. Energy bands alignment in the TiO2 (A) anatase–GO hetero-structure: (a) Z-scheme hetero-structure and (b) n-p hetero-junction (diode). 






Figure 1. Energy bands alignment in the TiO2 (A) anatase–GO hetero-structure: (a) Z-scheme hetero-structure and (b) n-p hetero-junction (diode).



[image: Energies 15 09416 g001]







[image: Energies 15 09416 g002 550] 





Figure 2. The photocatalytic demonstrator reactor used in the experiments run in continuous flow (dynamic regime) (a) front view and (b) back view of the demonstrator. 
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Figure 3. XRD patterns and crystallinity degree of the thin films: (I) before photocatalysis and (II) after the third photocatalytic cycle. 
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Figure 4. SEM images of the thin films before and after the three photocatalytic cycles (a–f), detailed images of the fillers (g) and a cross section of the FTO/TiO2/TiO2-GO 5%w thin film (h). 
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Figure 5. Efficiencies of the MB removal for three successive photocatalytic cycles in dynamic regime on: (a) FTO/TiO2/TiO2 no filler; (b) FTO/TiO2/TiO2-GO 1.4%w; (c) FTO/TiO2/TiO2-GO 3%w; (d) FTO/TiO2/TiO2-GO 5%w; (e) FTO/TiO2/TiO2-GO 10%w; (f) FTO/TiO2/TiO2-rGO 5%w. 
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Figure 6. Absorbance spectra recorded on the FTO/TiO2/TiO2-GO 10%w composite for Cycle 1 and Cycle 2 (a) before photocatalysis; (b) after photocatalysis and (c) after photocatalysis + regeneration. 
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Table 1. Characterization results for the first TiO2 layer: SEM images, surface elemental composition and average roughness.
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	Thin Film
	SEM Images
	Elemental Average Composition [at%]
	RMS [nm]





	FTO/

TiO2
	 [image: Energies 15 09416 i001]

Surface morphology



 [image: Energies 15 09416 i002]   [image: Energies 15 09416 i003]

Cross-sections for the FTO substrate (left) and for the first TiO2 layer on the FTO substrate (right)
	C: 0.00

Ti: 24.43

O: 66.66

F: 0.00

Sn: 8.71

Si: 0.21
	15.0
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Table 2. Elemental surface composition, roughness and PZC of the films before and after each photocatalytic cycle.
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Thin Film

	
Process Parameter

	
Elemental Average Surface Composition [at%]

	
RMS

[nm]

	
PZC




	
C

	
Ti

	
O

	
F, Sn, Si

	
S






	
FTO/TiO2/

TiO2 no filler

	
Before photocatalysis

	
3.14

	
31.12

	
61.79

	
3.95

	
-

	
192.1

	
6.63




	
After Cycle 1

	
1.61

	
30.23

	
62.09

	
5.96

	
0.12

	
215.8




	
After Cycle 2

	
1.53

	
30.07

	
63.03

	
4.96

	
0.41

	
227.5




	
After Cycle 3

	
1.03

	
28.79

	
63.00

	
7.19

	
0.00

	
205.1




	
FTO/TiO2/TiO2-GO 1.4%w

	
Before photocatalysis

	
8.44

	
30.86

	
57.38

	
3.33

	
-

	
230.3

	
7.25




	
After Cycle 1

	
5.07

	
31.75

	
60.51

	
2.67

	
0.00

	
364.4




	
After Cycle 2

	
5.12

	
26.87

	
63.71

	
4.28

	
0.02

	
304.1




	
After Cycle 3

	
5.08

	
27.57

	
62.51

	
4.83

	
0.01

	
297.1




	
FTO/TiO2/TiO2-GO 3%w

	
Before photocatalysis

	
3.63

	
34.09

	
56.72

	
5.56

	
-

	
128.4

	
7.58




	
After Cycle 1

	
4.65

	
28.44

	
60.74

	
6.09

	
0.09

	
197.8




	
After Cycle 2

	
3.14

	
27.16

	
63.23

	
6.33

	
0.14

	
204.4




	
After Cycle 3

	
2.35

	
26.68

	
62.18

	
8.60

	
0.20

	
169.7




	
FTO/TiO2/TiO2-GO 5%w

	
Before photocatalysis

	
7.58

	
26.81

	
59.69

	
5.92

	
-

	
125.5

	
8.01




	
After Cycle 1

	
5.00

	
28.04

	
63.28

	
3.57

	
0.12

	
163.8




	
After Cycle 2

	
4.01

	
27.35

	
63.31

	
5.20

	
0.13

	
153.5




	
After Cycle 3

	
4.13

	
28.82

	
63.06

	
3.82

	
0.16

	
148.9




	
FTO/TiO2/TiO2-GO 10%w

	
Before photocatalysis

	
8.79

	
27.39

	
59.96

	
3.87

	
-

	
139.8

	
8.33




	
After Cycle 1

	
6.11

	
27.70

	
61.27

	
4.74

	
0.17

	
190.2




	
After Cycle 2

	
4.56

	
27.96

	
62.73

	
4.70

	
0.05

	
184.9




	
After Cycle 3

	
4.82

	
27.91

	
62.64

	
4.52

	
0.11

	
156.1




	
FTO/TiO2/TiO2-rGO 5%w

	
Before photocatalysis

	
5.48

	
32.76

	
58.37

	
3.38

	
-

	
146.6

	
7.37




	
After Cycle 1

	
6.16

	
29.70

	
59.75

	
4.21

	
0.18

	
128.3




	
After Cycle 2

	
4.63

	
27.62

	
62.68

	
4.89

	
0.18

	
120.3




	
After Cycle 3

	
3.23

	
26.41

	
63.52

	
6.80

	
0.03

	
113.4
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Table 3. Water contact angle (WCA) of the thin films exposed to UV and UV + VIS radiation.
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Thin Film

	
WCA Θ [°]




	
Before Photo-Catalysis

	
After 1 h of UV Conditioning

	
After

Cycle 1

	
After Cycle 1 + 2 h of UV + VIS Conditioning and Regeneration

	
After Cycle 2

	
After Cycle 2 + 2 h of UV + VIS Conditioning and Regeneration






	
(a) FTO/TiO2/TiO2 no filler

	
14.4

	
2.8

	
10.4

	
3.5

	
10.2

	
3.5




	
(b) FTO/TiO2/TiO2-GO 1.4%w

	
12.2

	
<1

	
10.6

	
<1

	
32.1

	
<4




	
(c) FTO/TiO2/TiO2-GO 3%w

	
7.1

	
<1

	
8.3

	
<1

	
9.1

	
<1




	
(d) FTO/TiO2/TiO2-GO 5%w

	
8.1

	
<1

	
9.8

	
2.4

	
10.9

	
<1




	
(e) FTO/TiO2/TiO2-GO 10%w

	
6.9

	
<1

	
6.7

	
1

	
7.3

	
<1




	
(f) FTO/TiO2/TiO2-rGO 5%w

	
19.6

	
6.2

	
10.2

	
3.7

	
7.3

	
3.9
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Table 4. Reaction rate constant (k) (±95% confidence interval) and correlation coefficient (R2) for the MB degradation using the thin films.
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	Thin Film
	R2
	k∙10−4





	(a) FTO/TiO2/TiO2 no filler
	0.97802
	6.200  ±  0.007



	(b) FTO/TiO2/TiO2-GO 1.4%w
	0.98409
	9.430  ±  0.009



	(c) FTO/TiO2/TiO2-GO 3%w
	0.97460
	11.800  ±  0.007



	(d) FTO/TiO2/TiO2-GO 5%w
	0.96174
	13.000  ±  0.015



	(e) FTO/TiO2/TiO2-GO 10%w
	0.96064
	13.600  ±  0.020



	(f) FTO/TiO2/TiO2-rGO 5%w
	0.97697
	12.400  ±  0.015
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Table 5. Efficiencies of the MB removal in static regime.






Table 5. Efficiencies of the MB removal in static regime.





	
Thin Film

	
Photocatalytic Efficiency [%]




	
Type of Irradiation

	
1 h Dark

	
1 h Irradiation

	
2 h Irradiation

	
3 h Irradiation

	
4 h Irradiation

	
5 h Irradiation






	
(a) FTO/TiO2/TiO2 no filler LAB

	
UV + VIS

	
6,78

	
7,97

	
9,01

	
14,20

	
16,03

	
17,66




	
UV

	
6,71

	
7,24

	
9,79

	
15,98

	
16,72

	
16,89




	
(b) FTO/TiO2/TiO2-GO 1.4%w LAB

	
UV + VIS

	
8,98

	
11,50

	
16,50

	
20,18

	
22,77

	
24,83




	
UV

	
8,33

	
10,25

	
12,43

	
15,44

	
17,70

	
20,99




	
(c) FTO/TiO2/TiO2-GO 3%w LAB

	
UV + VIS

	
14,19

	
18,53

	
22,69

	
24,72

	
28,29

	
30,73




	
UV

	
14,74

	
15,17

	
17,95

	
19,81

	
20,20

	
21,67




	
(d) FTO/TiO2/TiO2-GO 5%w LAB

	
UV + VIS

	
13,08

	
17,30

	
22,11

	
25,65

	
30,54

	
31,76




	
UV

	
12,41

	
13,93

	
15,47

	
16,60

	
19,49

	
22,28




	
(e) FTO/TiO2/TiO2-GO 10%w LAB

	
UV + VIS

	
13,78

	
17,23

	
21,68

	
25,04

	
28,49

	
31,33




	
UV

	
13,79

	
15,81

	
18,36

	
19,35

	
21,48

	
24,19




	
(f) FTO/TiO2/TiO2-rGO 5%w LAB

	
UV + VIS

	
12,17

	
14,78

	
17,78

	
20,74

	
23,20

	
25,54




	
UV

	
12,12

	
15,71

	
17,84

	
20,26

	
22,10

	
23,39
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