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Abstract

:

Photocatalytic coatings of TiO2/ZnO/CuPc were developed on stainless steel substrates by subsequent sol gel dip coating for TiO2, spray pyrolysis for ZnO, and spin coating for copper (ii) phthalocyanine (CuPc) deposition. The latter compound was successfully prepared using a Schiff-based process. The materials and coatings developed were characterized by X-ray diffraction (XRD), Fourier transform infrared (FTIR) spectroscopy, scanning electron microscopy with attached energy dispersive spectroscopy (SEM-EDS), UV-Vis spectroscopy, room temperature photoluminescence (RTPL) spectroscopy, H1-nuclear magnetic resonance (1H-NMR) spectroscopy, C13-nuclear magnetic resonance (13C-NMR) spectroscopy, and matrix-assisted laser desorption/ionization-time of flight (MALDI-TOF) mass spectrometry (MS). The as-deposited TiO2/ZnO/CuPc on stainless steel retained in pristine state the structural and morphological/spectroscopic characteristics of its respective components. Estimated energy band gap values were 3.22 eV, 3.19 eV, 3.19 eV for TiO2, ZnO, TiO2/ZnO respectively and 1.60 eV, 2.44 eV, and 2.92 eV for CuPc. The photocatalytic efficiency of the fabricated TiO2/ZnO/CuPc coatings was tested toward ibuprofen (IBF). After 4 h irradiation under 365 nm UV, an increased degradation of about 80% was achieved over an initial 5 mg/L ibuprofen (IBF). This was much higher compared to about 42% and 18% IBF degradation by TiO2/ZnO and TiO2 thin film, respectively. In all cases, the stability of the best-performing photocatalyst was investigated showing a small decline to 77% of IBF degradation after the 5th cycle run. The effect of pH, reactive oxygen species (ROS) probe, shed light on a possible catalytic mechanism that was suggested.
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1. Introduction


Industrial revolution of the 19th century has tremendously improved the material progress of humankind and advanced the socio-economic livelihood [1]. Desire driven by more and better food and crop production, public health protection, and personal care practices facilitated commercial manufacturing of anthropogenic organic chemical compounds [1]. These compounds have been reported to breakdown slowly or to be persistent for a longer period and/or bioaccumulate [2,3]. A wide spectrum of these compounds is found with respect to their applications ranging from pesticides to pharmaceuticals and personal healthcare products (PPCPs), to organic solvents, to endocrine disrupting compounds (EDCs), to flame retardants, to artificial sweeteners, and other industrial chemical products [1,2,3,4]. Among these compounds, is a class of pollutants referred to as contaminants of emerging concerns (CECs), anthropogenically synthesized organic chemical pollutants detected in natural water bodies at very low concentration levels [2,3,4]. Based on their perceived harmful effects on human and the environment, several treatment technologies for their abatement with an integrated approach as they elude conventional wastewater treatment plants (WWTPs) due to their recalcitrant nature have been studied [2,3]. The application of advanced oxidation processes (AOPs) for the removal of such organic compounds including the heterogeneous TiO2-based photocatalysis approach for pollutant decontamination has gained huge interest and has been intensively studied [5].



Following pioneer works of Fujishima et al. in 1971–1972, intense research efforts has been focused on TiO2 [5,6]. Culminating this research effort is extensive studies covering areas like photocatalytic splitting of water on TiO2 electrodes, energy renewal and storage, and understanding of the fundamental processes involved in the photocatalytic efficiency of TiO2 [5,7,8].



Environmental cleanup applications of TiO2-based heterogenous photocatalysis have been the most actively reported for the abatement of organic pollutants in air and wastewaters [7,8]. The many trade-offs of efficient photoactivity, high stability, low cost, and environmental friendliness of TiO2 in comparison to many other semiconductor candidates for photocatalytic applications make it to stand out for industrial use [9].



In many cases of heterogeneous environmental catalysts, modifications are needed in order to improve their activity, stability, selectivity, working window, or the overall performance. This is achieved via compositional changes i.e., impregnation with an active or synergistic metal/oxide phase, doping or modifications in composition [10,11,12] or even structural changes via synthesis methods introducing a specific nanostructure [12,13,14]. In both strategies, the aim is to improve materials physicochemical properties crucial for a better catalytic performance. Such a concept is applied also for titania-based catalysts.



Despite the numerous advantages of TiO2, its inability to achieve absorption in visible or even near visible wavelengths, rather large band gap, low quantum yield etc., have been some of its major practical drawbacks [9]. In order to address such drawbacks, strategies like doping, self-doping, 2D materials, quantum dots, metal co-catalyst deposition, composite realization with plasmonic materials, other semiconductors, graphene, surface dye sensitization etc., have been adopted [5,15]. Under this concept we recently reported the synthesis and characterization of B/NaF and silicon phthalocyanine-modified TiO2. The as-prepared doped TiO2-based materials were evaluated for the photocatalytic removal of a contaminant of emerging concern i.e., Carbamazepine as the model CEC [3].



One of the major issues in heterogeneous catalysts is the immobilization of the active phase over a suitable support. This is of high priority in liquid solid environmental catalytic systems. The latter is the major problem for TiO2-based catalyst. A process using an immobilized catalyst is excluding the separation step in a liquid solid system. Thus, the catalyst is easily removed from the slurry in the end of the treatment [16]. Long working life and high efficiency of immobilized TiO2-based heterogeneous photocatalyst is still a requirement. However, such forms of shaped catalysts have the potential of industrial scale-up in the degradation of organic pollutants in aqueous systems [17].



Various research groups have conducted studies of TiO2-based photocatalysts on immobilization supports like glass, carbonaceous substances, zeolites, clay and ceramics, polymers, cellulose materials, and metallic agents as well immobilization techniques like spray pyrolysis, cold plasma discharge, dip coating, polymer assisted hydrothermal decomposition, radio frequency (RF) magnetron sputtering, photoetching, electrophoretic deposition, chemical vapor deposition (CVD), and solvent casting for the photodegradation of organic compound pollutants [18].



Among the extensively reported titania-based heterogeneous photocatalysis modification strategies, those aiming to advancements in enhancing the range of UV/visible-absorbing capabilities, reduced electron-hole charge recombination and eventually enhanced photocatalytic activity have been in the spotlight [19]. ZnO is another semiconducting material of attractive photocatalytic and optical properties. It has compatible physicochemical properties with titania, and therefore has been studied in the form of TiO2/ZnO or ZnO/TiO2 coupled photocatalysts [19].



On the other hand, recent achievements in the development of TiO2-based, ZnO-based, Cu2O-based etc., composite photocatalyst materials for solar driven water treatment applications have been reported [20,21]. TiO2 coupling with some other metal oxides (e.g., WO3, Fe2O3, Cu2O, Bi2O3, etc.,), metal sulfides (e.g., CdS, CuS, MoS2, SnS2, etc.,), silver-based semiconductors (e.g., Ag3PO4, Ag2O, etc.,), graphene and graphene-like material composites, etc., have also been reported for the abatement of wide array of organic pollutants including contaminants of emerging concerns (CECs) [21]. For instance, Zhou et al. by the hydrothermal method prepared ZnO-reduced graphene oxide hybrid photocatalyst with a consistent high performance after 2-cycle deployment for the photocatalytic degradation of methylene blue (MB) under 365 nm irradiation [22]. Au@Cu2O core shell nanocrystals fabricated by Kuo et al. were tested as a dual-functional sustainable environmental applicable catalyst for methyl orange (MO) dye degradation and Escherichia coli (E. coli) inactivation under visible light and peroxidase conditions. It was fairly stable under both conditions after four cycles [23]. Hsu, et al. decorated TiO2 nanowires with Au@Cu7S4 yolk @ shell nanocrystal as an all-day-active photocatalyst for environmental purification capable of degrading methyl orange (MO) under light illumination. It exhibited extended photocatalytic degradation activity even after the light switch off [24]. Apart from semiconductor oxides doping, dye sensitization approach has been an interesting concept for improved photoresponse in the degradation of organic pollutants by TiO2 or other semiconductor-based photocatalyst materials [2,3,25]. Albay et al. synthesized copper (ii) phthalocyanine/TiO2 nanocomposite investigating both its photocatalytic activity and disinfection properties over Cr (VI) reduction and Escherichia coli (E. coli) inactivation near visible UV-A 365 nm irradiation source respectively [26]. Copper phthalocyanine sensitized TiO2 tested under visible light irradiation for the degradation of methylene blue (MB) showed high activity of 100% MB removal and retained more than 80% of photocatalytic removal of the pollutant even after the 5th cycle of testing [27]. Vallejo et al. used TiO2 films sensitized with Cu and Zn tetracarboxy phthalocyanine to degrade methylene blue (MB) under visible irradiation [28]. A copper phthalocyanine/reduced graphene oxide nanocomposite for efficient photocatalytic reduction of hexavalent chromium under simulated sun light has been reported [29]. In situ grown copper (ii) phthalocyanine-sensitized electrospun CeO2/Bi2MoO6 nanofibers has been also reported to show remarkable photocatalytic activity under simulated sun light over tetracycline. The nanofibers maintained excellent recyclability and long-term stability [30].



Notwithstanding reasonable achievements over the past decades in TiO2/ZnO-based heterogeneous photocatalysis for water purification applications, laudable progress has also been made generally in the area of the advancement of photocatalysis technology with current research efforts focused on heterostructure photocatalysts for improved sustainable applications. For instance, Seong Jun Mun and Soo-Jin Park in a short review examined graphitic carbon nitride (g-C3N4)—an attractive material for photocatalytic hydrogen production, communicating various rational design of their base materials aimed at addressing among other issues charge recombination during their application while also highlighting their recent achievements as applied hydrogen production photocatalysts [31]. Metal sulfide composite nanomaterials for photocatalytic hydrogen production has equally been examined with focused attention ranging from their key experimental parameters, in situ characterization methods, performances etc., on ways of how their heterogeneous, immobilized, and magnetically separable forms can deal with the problem of their rapid charge recombination [32]. Semiconductor heterostructure materials with attention on design principle, interfacial charge dynamics, and other factors of influence over their overall performance toward photoconversion applications in water splitting, CO2 reduction, environmental purification, and photosynthesis have also been documented [33]. In order to understand more of the enhanced photocatalytic performance of composite materials with attributes not limited to synergistic effects only, Ge et al. took appraisal of current developments in the design and fabrication of various composite photocatalyst materials for wastewater treatment applications [34].



In the present work the modification strategy of semiconductor doping together with phthalocyanine sensitization, is occupied. The preparation of TiO2/ZnO/CuPc heterostructure immobilized on stainless steel is reported for the first time. Its photocatalytic ability for the degradation of ibuprofen (IBF), a contaminant of emerging concern (CEC), under UV light irradiation is also studied.




2. Materials and Methods


2.1. Chemicals and Reagents


Chemical reagents were of analytical grade, used as purchased from Sigma Aldrich (Darmstadt, Germany) without any further treatment. Chemicals used were titanium triethanolamine isopropoxide (TTIP), hydrochloric acid (HCl), ethanol, ZnCl2, dimethyl formamide (DMF), ethanol, ethyl acetate, acetone, 4-nitrophthalonitrile, potassium carbonate, urea, copper (ii) acetate monohydrate. Milli-Q water has been used for the entire photocatalytic experimental studies.




2.2. Instrumentation and Methods


1H/13C-NMR spectra were recorded on a Varian XL-400 NMR spectrometer (Brucker BioSpin MRI GmbH, Rheinstetten, Baden-Wurttemberg, Germany) in DMSO-d6 and chemical shifts (δ) were reported relative to Me4Si (tetramethyl silane) as internal standard. IR spectra were recorded on a Perkin-Elmer Spectrum One FT-IR spectrometer (Thermo Fisher Scientific, Leicestershire, UK). The mass spectra were measured with a Micromass Quattro LC/ULTIMA LC- MS/MS (Brucker Daltonik GmbH, Hamburg, Germany) spectrometer using chloroform–methanol as the solvent system for phthalonitrile (3) and with a MALDI-TOF MS (Brucker Microflex LT, Bremen, Germany) spectrometer in dihydroxybenzoic acid as MALDI matrix using nitrogen laser accumulating 50 laser shots for copper phthalocyanine (4). Melting points were measured by a Thermo Scientific 00590Q Fisher-Johns melting point apparatus, 220 VAC (Cole-Palmer, Brescia Cernusco Sul Naviglio, Milano, Italy). The ultraviolet-visible (UV–vis) absorption spectra were recorded on Perkin Elmer Lambda 25 UV–vis spectrophotometer at room temperature for the synthesized copper phthalocyanine (CuPc) and in transmittance mode for optical band gap measurement of the produced film structures. Room temperature photoluminescence (RTPL) measurements were performed through Dongwoo Optron PL device (Dongwoo Optron Inc., Gyeonggi-do, South Korea) with Xenon lamp as light source at an excitation wavelength of 280 nm in the wavelength interval of 330–850 nm. X-ray diffraction (XRD) was carried out using a Rigaku D/Max-IIIC diffractometer (RIGAKU, Corp; Tokyo, Japan) with CuKα radiation (λ = 0.1541 nm) over the range 2θ = 10° − 70° at room temperature, operated at 35 kV and 25 mA at the rate of 3°/min scan speed. Scanning electron microscopy (SEM-JEOL JSM-6610) (Carl Zeiss Microscopy, Hamburg, Germany) with attached energy dispersive x-ray spectroscopy (EDS) (Carl Zeiss SmartEDX, Hamburg, Germany) was employed for the determination of the morphology, microstructure, and composition of the produced film and layered heterostructures. For the copper (II) phthalocyanine (CuPc) synthesis, reactions have taken place under inert and oxygen-free nitrogen atmosphere.




2.3. Synthesis and Characterization of Copper (II) Phthalocyanine (CuPc)


The synthesis procedure is described below in steps after preparing 4-(4-benzo[d]thiazol-2-yl)-2-methoxyphenoxy) phthalonitrile and then the phthalocyanine compound.



	
4-(4-benzo[d]thiazol-2-yl)-2-methoxyphenoxy) phthalonitrile (3)






As presented in Scheme 1, the starting materials: 4-(benzo[d]thiazol-2-yl)-2-methoxyphenol (1) (0.41 g, 1.58 mmol) synthesized according to literature [35] and commercially purchased 4-nitrophthalonitrile (2) (0.27 g, 1.58 mmol) were mixed in dry DMF (20 mL) to derive 4-(4-benzo[d]thiazole-2-yl)-2-methoxyphenoxy) phthalonitrile (3). After half an hour, dry K2CO3 (0.54 g, 3.94 mmol) was added to this mixture in eight portions. The reaction was continued at 50 °C for 4 days, then the mixture was poured into 200 mL ice-water. Crystallization of the compound was performed using ethanol. Yield: 0.60 g (98.4%). M.p.: 143–145 °C.



FT-IR (ATR) υmax/cm−1: 3125-3078 (Ar-CH), 2922-2851 (Alip.-CH), 2229 (C≡N), 1589-1517 (C=N/C=C), 1315, 1007, 841 (Ph-O-C).



1H-NMR (DMSO-d6), (δ, ppm): 8.19-8.14 (d, 1H/Ar-H), 8.12-8.05 (t, 2H/Ar-H), 7.9-7.88 (bs, 1H/Ar-H), 7.8-7.77 (m, 1H/Ar-H), 7.76-7.71 (dd, 1H/Ar-H), 7.6-7.54 (t, 1H/Ar-H), 7.52-7.46 (t, 1H/Ar-H), 7.44-7.35 (m, 2H/Ar-H), 3.9-3.87 (s, 3H/-OCH3).



13C-NMR (DMSO-d6), (δ, ppm): 166.83 (C=N), 161.24, 153.93, 151.98, 144.04, 136.63, 135.13, 132.32, 127.27, 126.18, 123.66, 123.42, 122.88, 121.88, 121.43, 121.32, 117.05, 116.39 (C≡N), 115.86 (C≡N), 111.99, 108.52, 56.55 (-CH3). MS (ESI), (m/z): Calculated; 383.43, Found; 383.07 [M]+.



	
2,9,16,24-tetrakis [4-(1,3-benzothiazol-2-yl)-2-methoxyphenoxy]-29H,31H-(2-)-κ2N29, N31CuPc (4)






To synthesize the phthalocyanine compound (4) (Scheme 1), the phthalonitrile compound 3 (0.1 g, 0.26 mmol), urea (0.031 g, 0.52 mmol), and Cu (OAc)2.H2O (0.026 g, 0.13 mmol) were mixed in a flask and the reaction was continued at 220 °C for half an hour. The crude solid product was washed with ethanol, ethyl acetate, and acetone, then refined by column chromatography (chloroform-methanol/100–10). Yield: 0.1 g (24.4%). M.p. > 300 °C.



FT-IR (ATR) υmax/cm−1: 3059-3002 (Ar-CH), 2966-2937 (Alip. -CH), 1598-1513 (C=N/C=C), 1267, 1092, 868 (Ph-O-C).



UV-vis (THF) λmax/nm [10−5ε, dm3mol−1cm−1]: 350 (3.81), 611 (4.37), 678 (4.96).



MALDI-TOF-MS (m/z) Calculated for C88H52CuN12O8S4: 1597.24; Found: 1597.34 [M]+.




2.4. Preparation of Film Coatings


Stainless steel rectangular coupons of 20 mm × 50 mm dimensions were used as substrates for the thin films deposition. TiO2 thin films were deposited on the substrates by a sol-gel dip coating route. Prior to deposition, the substrate was cleaned with acetone, ethanol, and distilled water in an ultrasonic bath for 10 min. Then, the substrate was dried under airflow. To prepare TiO2 thin film, titanium (IV) (triethanolamine) isopropoxide solution was used as a titanium source. Total of 8.4 mL of titanium (IV) (triethanolamine) isopropoxide solution was dissolved in 150 mL of pure ethanol. Then 500 µL of distilled water and 220 µL of HCl acid were added to the ethanolic solution. The resulting solution was kept under stirring for 6 h. Afterwards, the substrate was dip-coated using the prepared solution. The dip coating was followed by a subsequent annealing at 350 °C for 10 min. The procedure was repeated three times. The coated substrate was finally annealed at 450 °C for 10 h in ambient air to form a TiO2 thin film on the stainless steel substrate.



ZnO was deposited on the TiO2-coated stainless steel substrate for a bilayer formed by a vertically mounted home-made spray pyrolysis equipment [36]. The experimental details of this method can be found in our earlier work [36]. According to this method ZnO of columnar structure are expected to form. Namely, zinc chloride (ZnCl2) (0.1 M) was dissolved in 100 mL of distilled water to prepare the stock solution. The prepared solution was then sprayed onto the TiO2-coated stainless steel substrate kept at a temperature of 475 °C. Spray pyrolysis deposition was carried out for 1 h. During the topcoat growth process, the distance between nozzle and the substrate was 10 cm. The substrate was vortexed at 10 rpm. The spray rate was adjusted as 5 mL/min by means of compressed air pump. A visual inspection confirmed that the surface of the TiO2/ZnO coated stainless steel substrate was covered homogenously. The obtained topcoat layer on the substrate was finally annealed at 450 °C for 10 h in ambient air.



The CuPc was added on the TiO2/ZnO coating by spin coating technique at 4000 rpm of a CuPc solution in DMF (30 mg CuPc in 6 mL of DMF). Four depositions were applied. After each deposition, annealing at 250 °C for 10 min was made. Each of the as-deposited structures of TiO2 thin film, TiO2/ZnO topcoat, and TiO2/ZnO/CuPc heterostructure were finally annealed at 300 °C for 30 min in air ambient and confirmed by XRD. The as-produced TiO2 thin film, TiO2/ZnO topcoat, and TiO2/ZnO/CuPc layered structure on stainless steel substrates were characterized and evaluated for their photocatalytic activity over ibuprofen degradation.




2.5. Photocatalytic Measurements


The photocatalytic performance of the synthesized photocatalyst materials was evaluated toward the degradation of ibuprofen (IBF) under 365 nm irradiation. An internal 200 degree reflector for optimal efficiency (99.9%), UV-A, and visible blue wavelength in the range of 300 nm to 475 nm spectral power distribution was fabricated inhouse with a 5 Philips Mecury (Hg) lamps: TL-K 40W/10R ACTINIC BL REFLECTOR, (Germany) and employed for the photocatalytic tests of the synthesized materials. The irradiation experiments were executed at 365 nm cut-off filter. The intensity of the light source measured with solar power meter Lafayette SPM-7, (Italy) was 1.2 W/cm2.



Stainless steel supports (20 mm × 50 mm) coated with films of TiO2, TiO2/ZnO, and TiO2/ZnO/CuPc were immersed in quartz cells containing 40 mL of a 5 mg/L IBF working suspension, and kept under mechanical agitation during the irradiation. For simplicity, thin film samples over stainless steel coupons were named:TiO2, TiO2/ZnO, and TiO2/ZnO/CuPc. Prior to irradiation, suspension was stirred in the dark for 30 min to establish adsorption–desorption equilibrium while irradiation stability was achieved. Unmodified natural pH values of the materials working suspensions of TiO2, TiO2/ZnO, TiO2/ZnO/CuPc were 6.65, 6.64, and 6.50 respectively. Finally, all other experimental tests were carried out at pH 6.50 of TiO2/ZnO/CuPc as the best performing photocatalyst composite according to the preliminary test. A distance of 30 cm between sample and light source was maintained throughout the experiments. At chosen time intervals, about 1 mL sample aliquots were drawn from reactor cells, cooled and filtered through 0.45 µm CA filter for HPLC analysis. Monitoring of IBF degradation was executed on Kinetex 5 µm EVO C18, column 150 mm × 4.6 mm Phenomenex (USA). Runtime was 15 min and eluents were 70% acetonitrile (ACN) and 30% acetic acid (hAc) with a flow rate of 0.2 mL.min−1. IBF quantification was performed at 223 nm wavelength with a retention time of ~12 min.



The photocatalytic degradation process of IBF follows a pseudo first-order reaction kinetics with reaction rate of IBF estimated as a linear regression slope according to expressed Equation (1):


  − ln  C   C 0    =  K  app   t  



(1)




where, kapp, C0, and C are apparent degradation rate constant, initial concentration, and concentration after time t, respectively.





3. Results and Discussion


3.1. Synthesis and Characterization of Copper (ii) Phthalocyanine (CuPc)


Scheme 1 represents the synthetic steps for the novel compounds (3–4). 4-(4-benzo[d]thiazol-2-yl)-2-methoxyphenoxy) phthalonitrile (3) was prepared by the reaction between 4-(benzo[d]thiazol-2-yl)-2-methoxyphenol (1) and 4-nitrophthalonitrile (2).



In the 1H-NMR spectrum of the thiazole-methoxyphenoxy substituted phthalonitrile (3) (supplementary information Figure S1), all aromatic protons of the molecule (3) occurred in the range 8.19–7.35 ppm. The 1H-NMR results showed that the substitution reaction was performed successfully. The newly observed vibrations at 2229 cm−1 in the IR spectrum and the signals at δ 116.39 and 115.86 ppm in the 13C-NMR spectrum (supplementary information Figure S2) confirmed that compound (3) has nitrile (C≡N) groups. In the mass spectrum, the 383.07 [M]+ peak confirmed the structure of phthalonitrile (3) (supplementary information Figure S3). The obtained spectral data are consistent with the literature on substituted phthalonitriles [2,37,38,39].



The compound (4) was obtained with a mixture of phthalonitrile (3), urea, and Cu (OAc)2. H2O salt at 220 °C for half an hour. The disappearance of the (C≡N) vibration of compound (3) in the IR spectrum was the most important marker confirming the formation of the CuPc (4) molecule. The 1H-NMR spectrum of CuPc could not be recorded because of the paramagnetic properties of the Cu2+ in the core of the phthalocyanine complex. In addition, the mass spectrum of compound (4) confirmed the structures with the 1597.34 [M]+ peak (supplementary information Figure S4). All spectral data are consistent with the literature on tetra substituted metallo-phthalocyanines [37,38,39].



UV-Visible Absorption of CuPc


From the UV–vis spectrum of the CuPc (Figure 1), Q-band was observed at around 678 nm with the shoulder at around 611 nm and the B band observed at around 350 nm. CuPc’s Q and B bands were red-shifted compared to their metallophthalocyanine counterparts because of the electron-donating methoxy moiety in its structure [37,38,39]. These characteristic absorption bands were similar to the ones identified of silicon phthalocyanine in our recent study [3].





3.2. Characterization of Photocatalyst Structures


3.2.1. X-Ray Diffraction (XRD) Measurements


XRD patterns of TiO2 thin film, TiO2/ZnO topcoat, and TiO2/ZnO/CuPc heterostructure grown on stainless steel substrates are shown in Figure 2. It is clearly seen that TiO2 thin film produced on the substrate displays a low intensity peak of (101) corresponding to anatase TiO2 structure according to the JCPDS card # 21-1272.



Besides this peak, there seem some other peaks located in the pattern, originating from the metallic substrate (JCPDS card #00-031-0619). TiO2/ZnO topcoat shows peaks at 2θ angles of 31.8°, 34.5°, 36.3°, 47.6°, 56.6°, 62.9°, and 68.0° with their respective reflection planes of (100), (002), (101), (102), (110), (103), and (112) indexed to hexagonal ZnO structure with a JCPDS card #36-1451; and in agreement with the reported data [40]. Additionally, peaks coming from underlying layers of the anatase titania (101) are recorded in the TiO2/ZnO sample (Figure 2). The existence of intense and narrow ZnO peaks in the pattern was also observed, meaning that the crystallinity of ZnO is good. The intensity of (002) peak is higher than that of the others, indicating a strong c-axis orientation. The lattice constants a and c of hexagonal ZnO layer, calculated through (100) and (002) diffraction peaks were determined to be 0.325 nm and 0.521 nm, respectively and agreed with reported literature values [41]. The TiO2/ZnO/CuPc heterostructure illustrates an XRD pattern that is similar to that of TiO2/ZnO topcoat, except for the appearance of a not-so-prominent (101) peak of TiO2 thin film in the diffractogram of the later. There seems no peak belonging to the CuPc layer which is due to very thin growth of it on the TiO2/ZnO topcoat. Additionally, the coating of CuPc layer did not remarkably change XRD peak position of ZnO as can be observed (Figure 2).




3.2.2. Fourier Transform Infrared (FTIR) Analysis


The presented FTIR spectra in Figure 3, show absorption band at around 744 cm−1 attributed to stretching mode of Ti-O in the material film structures [42]. The peak band at around 870 cm−1 is attributed to Zn-O-Ti stretching mode while that identified at around 1080 cm−1 belongs to Ti-OH vibrations and possibly due to carbonates or carboxylic acid (C=O) stretching mode and or C=C stretching arising from the unsaturated precursors used for film production [3,19,42,43]. The presence of copper phthalocyanine (CuPc) led to stretching peak prominence at the identified absorption bands in comparison to TiO2 and TiO2/ZnO samples (Figure 3). The more noticeable a bit wider stretching absorption peak at around 1600 cm−1 in the TiO2/ZnO/CuPc sample compared to that of TiO2 and TiO2/ZnO is due to surface absorbed water molecules as the incorporated CuPc increased the surface area and hydrophilicity of the multilayer heterostructure [2,44].




3.2.3. Scanning Electron Microscopy (SEM)


Figure 4 shows the SEM images of TiO2 thin film, TiO2/ZnO topcoat, and TiO2/ZnO/CuPc heterostructure grown on stainless steel substrates. Top view and 60° tilted SEM images of TiO2 thin films grown on stainless steel substrates are presented in Figure 4a,b, respectively. It is apparent from Figure 4a that the surface of stainless steel substrate is uniformly covered by TiO2 thin films that grow in a smooth and compact surface without any pinholes. The distribution of grain sizes is not homogeneous throughout the surface. That is, their sizes range from nearly 5 µm to 40 µm. The grains are distinctly separated from each other via some cracks. It can be pronounced that the cracks almost overlap with the grain boundaries. As can be seen in Figure 4b, the average depth of these cracks is almost 0.19 nm. Such cracks were also observed by Khan and co-workers for ZnO/TiO2 thin films synthesized by the sol-gel route [45]. The occurrence of cracks on the surface of TiO2 thin films could be associated with the mismatch of the thermal expansion coefficient between the stainless steel substrate and the coatings, the thickness of TiO2 thin films and the number of TiO2 coatings applied and their respective degree of shrinkage upon drying and thermal treatment [46]. Figure 4c demonstrates the top view image of ZnO layer grown mostly as hexagonal rods on the TiO2-coated stainless steel substrate. Their size distribution is not uniform throughout the surface. Although the surface has a compact structure, it does not seem smooth because there are some differences in the size of ZnO rods. This may result from the cracks observed among the grains that are filled by the ZnO rods. It is observed from the 60° tilted SEM image of TiO2/ZnO bilayer (Figure 4d) that the mean thickness of ZnO rods is about 1.82 µm. The top view SEM image of TiO2/ZnO/CuPc heterostructure in Figure 4e, implies that CuPc layer is uniformly covered on TiO2/ZnO topcoat surface, which is not so thick.



As presented in Table 1, elemental ingredients of TiO2/ZnO/CuPc heterostructure confirms the presence of O, Ti, Cu, and Zn elements in the heterostructure with no other impurities. It can also be seen that atomic concentration of Cu atoms is so low because of the formation of very thin CuPc layer. On the other hand, the top layer of ZnO rods is found Zn-rich and consequently O-deficient, indicating the existence of some intrinsic defects such as oxygen vacancy (Vo), zinc interstitials (Zni). Atomic density of Ti elements in the TiO2/ZnO/CuPc heterostructure is the least, which may propose the thin growth of TiO2 layer.




3.2.4. UV-Visible Spectroscopy (UV-Vis) Measurement


The energy band gap values of the grown structures on quartz substrates were estimated through Tauc’s plot of (αhν)2 vs. hν for ZnO, and TiO2/ZnO (Figure 4a), and (αhν)1/2 vs. hν for TiO2 (Figure 5a), and CuPc (Figure 4b) by extrapolating the linear part of (αhν)2 and (αhν)1/2 equal to zero (Figure 5a,b). The obtained energy band gap values of TiO2, ZnO, TiO2/ZnO were 3.22 eV, 3.19 eV, 3.19 eV respectively and for the CuPc at 1.60 eV, 2.44 eV, and 2.92 eV for its respective measured absorption bands (Figure 5a,b). The obtained energy band gap of pure TiO2 thin film at 3.22 eV, is in good agreement with data already reported in literature [47]. The energy band (Eg) gap value of 3.19 eV estimated for ZnO rods is well within the range reported of ZnO rods prepared by spray pyrolysis, which is lower than that of bulk ZnO (3.37 eV at room temperature). This red-shift could be probably due to important differences in the surface states [48]. On the other hand, estimated TiO2/ZnO topcoat energy band gap of 3.19 eV was the same as that of ZnO rods. Upadhyay et al. produced ZnO:TiO2 nanocomposite powders by the sol-gel method and found the band gaps of the nanocomposite materials in the range of 3.10–3.30 eV [49].



For the CuPc layer, energy bandgap (Eg) values were extrapolated as 1.6 eV, 2.44 eV, and 2.92 eV. All are in agreement with previously reported Eg data for CuPc [50,51]. These values are very close to the Eg value we recently reported for silicon phthalocyanine sensitized boron/sodium fluoride modified TiO2 [3]. In relation to the above, the optical absorption spectra results presented in (Figure 5c) agree with the derived energy band gap (Eg) values of the samples (Figure 5a,b). Thus, with the introduction of ZnO layer on TiO2 and the additional topcoat of CuPc, extended UV-visible absorption was observed leading to a reduced energy band gap of TiO2/ZnO/CuPc heterostructure in comparison to the other samples.




3.2.5. Steady-State Photoluminescence Measurement


Figure 6 represents room temperature photoluminescence (RTPL) data of TiO2 thin films, ZnO rods, TiO2/ZnO bilayer, and TiO2/ZnO/CuPc heterostructure grown on quartz substrates. TiO2 thin films show no UV peak, only a weak emission in the range of 400–450 nm (violet region) that might be emanating from the surface state emissions [52]. However, ZnO rods exhibit a UV peak at 378 nm that is related to near band edge emission because of the recombination of excitons [53]. ZnO rods also display a broad deep level emission (DLE) ranging from 400 nm to 700 nm, which is attributed to the intrinsic defects including oxygen vacancies, oxygen interstitials, zinc ion vacancies and interstitials [54]. It is observed that TiO2/ZnO bilayer shows no UV peak. It is expected that the underlying TiO2 layer has some structural defects that behave as traps to capture photo-excited electrons and hence, prevent electron-hole recombination which led to the suppression of the UV peak [55]. However, an enhancement was observed in the DLE intensity for TiO2/ZnO bilayer compared to ZnO and TiO2 samples. This increase could originate from the synergy of ZnO and TiO2 layers, resulting in an increment in the population of intrinsic defects as mentioned above, which is in good agreement with work previously reported [48]. TiO2/ZnO/CuPc heterostructure indicates a PL plot that is very similar to that of ZnO rods but of a different intensity. The heterostructure showed a lower PL intensity than ZnO-based layers that could be ascribed to the non-radiative recombination induced by CuPc layer. This means a lower charge recombination rate and thus, indicating a potential for better photocatalytic performance [56], as it will be discussed in the next sections.





3.3. Photocatalytic Activity


The photocatalytic activity evaluation of the on stainless steel prepared structures is presented in Figure 7. It was performed on solutions of 5 mg/L ibuprofen concentration. Under natural pH condition of 6.65, TiO2 film photocatalyst removed about 18% of ibuprofen during the 4 h of 365 nm UV irradiation. With TiO2/ZnO topcoat, ca. 44% ibuprofen was removed at 4 h irradiation under natural pH condition of 6.64. The TiO2/ZnO/CuPc photocatalyst heterostructure removed about 80% ibuprofen under natural pH condition of 6.5 during the 4 h irradiation time window. With a degradation rate constant of 0.42 h−1, TiO2/ZnO/CuPc heterostructure was the best performing photocatalyst in comparison to TiO2 and TiO2/ZnO structures with respective degradation rate constants of 0.06 h−1 and 0.15 h−1 during the 4 h irradiation time exposure (Figure 7a,b).



From the degradation trend of the photocatalyst structures on ibuprofen, it is noteworthy that the modification of TiO2 films with ZnO layer enhanced TiO2 photocatalytic efficiency. Further improvement was achieved by CuPc presence on the TiO2/ZnO topcoat reaching the highest removal rate of the initial 5 mg/L ibuprofen (IBF).



Effects of photolysis as well dark test on the degradation of IBF by the TiO2/ZnO/CuPc photocatalyst over the investigated 4h irradiation time window did not reflect any significant influence with just about 20% IBF removed for both processes (Figure 8).



3.3.1. pH Effects


pH condition as an operational parameter for wastewater treatment is crucial [57]. For this reason, in addition to the tested unmodified natural pH = 6.50 of TiO2/ZnO/CuPc photocatalyst, other pH values of 3, 5, 6, and 9 were also tested (Figure 9). The presented result in Figure 9, shows a trend where IBF degradation by the catalyst follows the order: pH = 6.50 (Natural) > pH = 3 > pH = 9 > pH = 6 > pH = 5. At pH = 3, the photocatalyst removed about 54% IBF after 4 h of irradiation as compared to the unmodified pH = 6.50 (natural) at which about 80% IBF was removed by the photocatalyst. Under alkaline and mild acidic pH values of 9 and 6 respectively, the photocatalyst removed 25% and 23% IBF after 4 h of irradiation, respectively. At a pH = 5, the lowest IBF degradation was observed and the photocatalyst removed just about 9%. IBF pKa value is within 4.52–4.9 [58] and can be linked to the pH effects on the catalyst performance. With pH values above the pKa range, anionic IBF species will be predominant [57]. This predominant species was most favored at aqueous pH value of 6.50 (natural) at which efficient photocatalytic degradation of IBF occurred. Carboxylic group of ibuprofen has been reported to reach the ionized state form of ion-dipole bonds with water molecule at pH values higher than IBF pKa [59,60].



In comparison to pH 6.50 with the best catalyst performance, pH = 6 and pH = 9 did not favor a considerable IBF degradation rate removal because of IBF anion repulsion with respect to surface properties of the catalyst at such mild and advanced pH alkaline pH conditions. Conditions of pH = 5 showed the least IBF degradation rate of removal most probably due to the incomplete dissociation of IBF into its anionic form disabling favorable electrostatic interactions. A bit of prominence in degradation rate removal witnessed at pH 3 has been attributed to dominant dispersive interactions leading to a higher surface adsorption capacity onto the catalyst surface for removal [60]. Other likely reason might be due to the fact that such a highly acidic pH condition facilitates the generation of reactive species (HO2 etc.), that promote the photodegradation process in the long run.



As it will be shown in the next Section 3.3.2 the process is significantly affected by such active species. Further catalytic testing was performed under pH = 6.50 at which catalyst showed the best performance.




3.3.2. Effects of Chemical Scavengers


In order to identify the main active species generated during IBF degradation, radical trapping investigations were carried out by introducing chemical scavengers into the working solution containing the catalyst. Benzoquinone (BQ: a superoxide anion •O2− scavenger), isopropyl alcohol (IPA: a hydroxyl radical •OH scavenger), ethylene-diamine-tetra acetic acid (EDTA: a hole h+scavenger), and sodium sulphate (Na2SO4: an electron e-scavenger) were employed [61].



As presented in Figure 10, the added chemical scavengers in comparison to no scavenger control, suppressed the degradation rate of IBF pollutant by the photocatalyst. In the presence of BQ, IPA, EDTA, and Na2SO4; IBF degradation percentages were recorded as 29%, 22%, 41%, and 53% respectively. By this result, the imposed radical effect on the investigated photocatalytic degradation of IBF was of the order: •OH > •O2−> h+> e−. This suggests that hydroxyl radical (•OH) was ultimately involved in IBF degradation in addition to the superoxide anion (•O2−) which also showed suppressive effect. Both radicals haven been practically generated from valence band holes (h+vb), and conduction band electrons (e−cb). This makes more feasible a general participation of all the tested radical species even as they depressed IBF percentage degradation with respect to the no scavenger test control (Figure 10).




3.3.3. Photostability of TiO2/ZnO/CuPc


Reusability of the TiO2/ZnO/CuPc photocatalyst for the degradation of ibuprofen (IBF) was tested over a five successive cycle tests with result presented in Figure 11.



From the Figure 11, it can be observed that the photocatalyst during 4 h irradiation period degraded about same amount of IBF at 80% during the 1st and 2nd cycle runs. With an extended irradiation time window up to 6 h on the 3rd and 4th cycle, a further degradation removal was observed. In the extra 2 h irradiation, about 90% IBF degradation was achieved in both cases with a negligible decline in the 4th cycle (Figure 11).



After the 5th cycle run, a noticeable decline in IBF removal with respect to the other cycle runs occurred; with about 77% IBF removed after 6 h of irradiation during this cycle.



In general, the photocatalyst maintained photostability over IBF degradation during 4 h and extended 6 h irradiation. The slight loss of activity of the photocatalyst at the 5th successive run can be attributed to spalation issues of the ZnO/CuPc topcoat layers in the TiO2/ZnO/CuPc photocatalyst heterostructure [41]. However, this did not alter to a noticeable extent the structural properties of the photocatalyst as can be seen from (Figure S5) with the XRD pristine state phase of the photocatalyst structure retained after five successive cycle runs. Further confirmation of the minor or no surface structure modification can also be observed by the SEM images obtained from randomly selected 3rd and 5th cycle tests (Figure S6). In comparison with the as prepared SEM surface morphology (Figure 4), the insignificant difference in values between the elemental composition of the photocatalyst heterostructure underline the observed catalyst stability throughout the tested cycles (Figure 11 and Figure S6).




3.3.4. Possible Photodegradation Mechanism of TiO2/ZnO/CuPc


Based on the investigated reactive oxygen species (ROS) involvement over the degradation of IBF by the TiO2/ZnO/CuPc photocatalyst (Figure 9), a proposed surface reaction mechanism was deduced (Scheme 2). Suppression of photocatalyst degradation ability over IBF has been higher for hydroxyl (•OH) and superoxide anion (•O2−) radical species (Figure 10).



However, as the generation of both species rarely exclude the involvement of valence band holes (h+vb) and conduction band electrons (e−cb) in the photooxidation of organic compounds, participation of classical reactive oxygen species in driving the reaction mechanism has been suggested [2]. Hence, from Figure 9, the investigated species (•OH, •O2−, h+, e−), all came up with significant suppression effect on the IBF degradation as compared to no chemical scavenger presence.



Upon the irradiation of the TiO2/ZnO/CuPc photocatalyst, parts of the irradiated TiO2 thin film due to favored thermodynamic energetics initiated a drift of conduction band electrons (e−cb) into the conduction band (CB) of ZnO. In a probable simultaneous path, the valence band holes (h+vb) of the ZnO migrate into the valence band (VB) of TiO2 (Scheme 2). Accordingly, the top layer CuPc because of their intrinsic p-type solid state semiconductor nature will accept the cascading electrons from the ZnO interface into its CB level.



Thus, the separated charges of conduction band electrons (e−cb) and valence band holes (h+vb) at the respective interface layers of the CB and VB heterojunctions are able to combine efficiently with surface molecular oxygen (O2) and surface adsorbed water molecules generating the respective superoxide anion (•O2−) and hydroxyl (•OH) radical species for IBF degradation. The involved redox reactions (O2/•O2− and H2O/•OH) and even the possible pathway of radical species mechanism generation involving (O2 + H+/•O2−) and (−OH/•OH) can further be supported by the obtained band edge potentials of the heterostructure. From Scheme 2, the CB edge (−0.15 eV) of ZnO is negative enough in comparison to E◦ (O2/•O2−) of value −0.046 eV vs. NHE. Hence, electrons at this level are favored to interact with the surface oxygen yielding superoxide anion (•O2−) via one electron reducing reaction [62]. At the CuPc phase, the generation of superoxide anion (•O2−) at the lowest unoccupied molecular orbital (LUMO) CB level with cascade of electron flows from ZnO CB level is also favored as the 1.64 eV band edge potential is positive enough as compared to the E◦ (O2/•O2−) of value 0.68 eV vs. NHE required for the generation of the superoxide anion (•O2−) via the (O2 + H+/•O2−) pathway. Similarly, the highest occupied molecular orbital (HOMO) valence band level of CuPc layer with a band edge potential of 3.24 eV was also favored for the generation of the superoxide anion (•O2−) via the (O2 + H+/•O2−) pathway (Scheme 2).



On the other hand, the valence band (VB) edge potentials of TiO2 and ZnO with respective band edge potentials of 2.92 eV and 3.04 eV were favored for the generation of hydroxyl (•OH) radicals via possible pathway mechanisms of either (−OH/•OH) or (H2O/•OH) (Scheme 2). This is due to the fact that their edge potentials were positive enough to offset the E◦ (-OH/•OH) of value 1.99 eV and that of E◦ (H2O/•OH) of value 2.38 eV vs. NHE (Scheme 2).



The interaction of dissolved oxygen molecule and singlet oxygen (1O2) with the conduction band electrons (e−cb) of excited CuPc molecule upon irradiation for subsequent yield of the superoxide anion (•O2−) radical and related hydroperoxyl radicals (HO2•) for eventual hydroxyl (•OH) radical species generation is also assumed. As such, it may have an active role during IBF degradation [63]. The steady-state photoluminescence (PL) measurement at room temperature is in favor of the proposed mechanism of the photocatalyst activity. It confirms the proposed facilitated charge transfer/separation mechanism (Scheme 2) of suppressed electrons/holes recombination tendency (Figure 6), which corresponds to the relatively improved photocatalytic activity of the TiO2/ZnO/CuPc heterostructure.






4. Conclusions


The combined methodology of sol-gel, spray pyrolysis, and spin coating for respective synthesis of TiO2, ZnO, and CuPc (produced via Schiff base process) proved successful for the fabrication of TiO2/ZnO/CuPc heterostructured thin film on stainless steel substrate.



The as-deposited TiO2/ZnO/CuPc heterostructure was characterized accordingly by several structural/morphological and elemental analytical techniques such as XRD, FTIR, SEM, UV-vis spectroscopy, RTPL, 1H/13C-NMR, and MALDI-TOF. The application of TiO2/ZnO/CuPc for photocatalytic degradation of ibuprofen (5 mg/L), under pH = 6.50, showed an 80% IBF degradation in comparison to 18% and 44% removals for the widely studied TiO2 and TiO2/ZnO binary oxide system respectively after 4 h of 365 nm UV irradiation. Photolysis and dark experimental tests showed insignificant contribution over the degradation of IBF. pH influence varied with the photocatalyst degrading 54% IBF at highly acidic pH = 3, 25% at alkaline pH = 9, 23% at mild acidic pH = 6, and a much lower degradation rate of 9% at moderate acidic pH = 5. Investigation on the effect of reactive oxygen species (ROS) in the photocatalytic degradation of IBF showed that hydroxyl radical (•OH) and superoxide anion (•O2−) species were the most influential in driving the photooxidation of IBF. With an overall observed trend of •OH > •O2− > h+ > e− for the reactive species roles, a photodegradation mechanism was proposed. For a low photoluminescence intensity, suppressed charge recombination as well as extended UV-visible absorption was observed by synergy among the TiO2 and ZnO phases coupled with the non-radiative CuPc top layer. Thus, the heterostructure favored the low energy band gap, and an overall improved photocatalyst activity. The best performing TiO2/ZnO/CuPc photocatalyst was tested for stability after 4 h and extended 6-h irradiation time. A high IBF degradation efficiency was maintained after five successive cycle runs. The photocatalyst maintained for the 1st and 2nd cycle runs an impressive 80% IBF degradation after 4 h irradiation. At 3rd and 4th cycle runs, and at extended 6 h irradiation, the photocatalyst reached about 90% IBF removal and showed a small decline in activity profile at the 5th cycle run reaching 77% IBF degradation.



In the future, the promising performances of TiO2/ZnO/CuPc under UV will be tested in the visible and or near infrared (NIR) region for photocatalytic activity over other contaminant of emerging concerns (CEC) compound abatement in water. Furthermore, it will be interesting to investigate the charge transfer mechanisms of such recoverable phthalocyanine sensitized binary oxide systems for organic compound photocatalytic degradation as well as other applications.
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Scheme 1. The reaction pathway of CuPc (4). 
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Figure 1. UV-vis spectrum of 1 × 10−5 M CuPc (4) in THF. 
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Figure 2. XRD patterns of TiO2 thin film (black line), TiO2/ZnO bilayer (red line), and TiO2/ZnO/CuPc layered structure (blue line) on stainless steel substrates (Peaks *: substrate; +: TiO2 anatase; x: ZnO). 
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Figure 3. FT-IR spectra of TiO2 thin film (black curve), TiO2/ZnO bilayer (blue curve), and TiO2/ZnO/CuPc heterostructure (red curve) grown on quartz substrate. 
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Figure 4. (a) Top view and (b) 60° tilted SEM images of TiO2 thin film, (c) top view and (d) 60° tilted SEM pictures of TiO2/ZnO bilayer structure, (e) top view SEM image of TiO2/ZnO/CuPc heterostructure grown on stainless steel substrates. 
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Figure 5. Tauc’s plots for energy band gaps (Eg) of (a) TiO2, ZnO, and TiO2/ZnO structures, (b) CuPc grown on quartz substrates, and (c) their respective UV-Vis absorption spectra measurements. 
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Figure 6. Photoluminescence plots of TiO2 (black line), ZnO (red line), TiO2/ZnO (green line), and TiO2/ZnO/CuPc (blue line). 
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Figure 7. Photocatalytic degradation of 5 mg/L Ibuprofen by (a) TiO2, TiO2/ZnO, and TiO2/ZnO/CuPc at respective natural pH values, and (b) corresponding degradation rate constant. 
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Figure 8. Dark effect with TiO2/ZnO/CuPc photocatalyst, and photolysis influence on the degradation of IBF (C0 = 5 mg/L, pH = 6.50). 
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Figure 9. (a) pH effects on TiO2/ZnO/CuPc catalyst degradation efficiency for IBF (C0 = 5 mg/L) removal, and (b) corresponding degradation rate constant. 
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Figure 10. (a) Effects of chemical scavengers on TiO2/ZnO/CuPc photocatalyst degradation efficiency of IBF (C0 = 5 mg/L, pH 6.50), and (b) corresponding degradation rate constant. 
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Figure 11. (a) Stability test for IBF (C0 = 5 mg/L, pH = 6.50) degradation over TiO2/ZnO/CuPc photocatalyst, and (b) corresponding degradation rate constant after five cycles. 
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Scheme 2. Possible photodegradation mechanism of TiO2/ZnO/CuPc photocatalyst. 
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Table 1. Atomic concentration of O, Ti, Cu, and Zn in TiO2/ZnO/CuPc heterostructure.
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	Element
	Weight %
	Atomic %



	OK
	15.40
	42.62



	TiK
	0.32
	0.30



	CuK
	0.60
	0.42



	ZnK
	83.67
	56.66
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