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Abstract

:

In this study, titania nanoparticles were obtained using the microwave-assisted technique. Moreover, different surfactants (PEG (Mn = 400), Pluronic P123 and Triton X−100) were used during the synthesis in order to determine their impact on the crystallinity and morphology of the final products. Subsequently, techniques such as XRD, SEM and TEM (performed in high contrast and high-resolution mode), diffuse reflectance spectroscopy (DRS), low temperature N2 sorption (BET model), FTIR and TGA were carried out. Based on the crystallinity analysis of the obtained materials, it was established that the addition of surfactants results in greater (PEG and Triton X−100) or smaller (Pluronic P123) average crystallite size. The main purpose of this study was to use the synthesized nanomaterials in the photodegradation process (in the UV light range) of the model organic pollutants – phenol (20 mg/L) and etodolac (15 mg/L). Furthermore, it was also pointed out that the dye-sensitized solar cells can be a second application for the synthesized titania nanomaterials. The photo-oxidation and photovoltaic tests have shown that the titanium dioxide obtained using the surfactant-assisted microwave method is characterized not only by better photodegradation efficiency of phenol and etodolac, but also by higher photocurrent density compared to the reference titania samples—the pristine TiO2 and commercial P25.
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1. Introduction


Currently, the issues related to environmental pollution and renewable energy technologies play a key role in environmental protection. It should be noted that an economy based on fossil fuels results in a growing amount of environmental waste, including sewage as well as air pollution [1,2,3]. It is estimated that the reserves throughout the world could only last for 40 years in the case of oil, 60 years for natural gas and 200 years for coal. Therefore, a change of strategy which entails the development of new technologies [4] that will not have a negative impact on the natural environment [5] is one of the most important goals for humans. To this end, green chemistry assumptions have been developed and, in recent years, they have been focused on processes such as the photocatalysis [6] or dye-sensitized solar cells (DSSC) [7]. The growing interest in the above-mentioned processes is also reflected by the increasing number of scientific articles. A summary of the number of searches in the Scopus database over the past three years for keywords such as photocatalysis, photovoltaics and environmental protection are presented in Figure 1.



Many researchers have indicated that, to date, the environmental protection studies have focused only on the degradation of pollutants in wastewater [8,9]. Nevertheless, the air pollution is equally important [10]. Air pollution, as defined by the World Health Organization (WHO), is any substance which is harmful to health or dangerous for other reasons [11,12,13]. The reports of the Global Health Observatory (GHO) indicate that every year approximately 4 million people die due to air pollution. Hüsken et al. [14] and Olmo et al. [15] have stated that the increasing road traffic, the industrial revolution as well as the district heating based on fossil fuels were the main sources of air pollution. For this reason, it is necessary to introduce appropriate restrictions. Currently, the directives of the European Union (EU) indicate that renewable energy must account for 27% of all energy produced starting from 2030 [16]. Furthermore, the EU is still working on new directives for reducing the emission of CO2 and other air pollutants [17]. It is worth mentioning that the United States have invested more than $90 billion in clean energy development through the Recovery Act [18]. Based on the above-mentioned results, an increasing awareness about caring for the environment can be observed.



However, in order to introduce the directives, it is also necessary to develop the technology and, consequently, to develop materials engineering. The available literature reports indicate that the photocatalytic process can be successful not only in case of wastewater pollutants, such as phenolic derivatives [19] or pharmaceuticals [20], but also for the purification of the environment from volatile organic compounds [21]. The first efforts have been made since the 1990s in Japan, and include the applications of the photocatalytic reaction for air-purifying purposes and self-cleaning applications [22]. Another method for the improvement of air quality is to limit the energy production from fossil fuels. For this purpose, the application of dye-sensitized solar cells seems very promising. In the case of DSSC, there are three important steps to convert energy [23]. The first is based on the visible photo-excitation of dyes triggering an electron transfer into the conduction band of the metal oxide semiconductor. Subsequently, the regeneration of the oxidized dye by electron donation from the redox couple in the electrolyte occurs. The final step is the migration of electron through the external load to complete the circuit [24]. However, the most important issue for the DSSC efficiency is the selection of a photoanode material and its structure which determines the current–voltage characteristics [25].



For this reason, the engineering of the above-mentioned material is extremely important in order to obtain the products with designed properties, which can be used for environmental protection [26]. The available scientific reports indicate that titanium dioxide is one of the most common photoanode materials used in DSSC [27]. However, titania nanocrystalline particles exhibit high transparency in the solar spectrum due to their small size, and therefore it is necessary to improve the light absorption and scattering capability of such photoanodes so that the sensitizer within the semiconductor architecture may efficiently collect energy [28]. It should be noted that the design of titanium dioxide with defined crystallite size and particles morphology can improve both the photovoltaic and photocatalytic properties. Researchers have established that the doping of TiO2 with nitrogen [29] or fluorine [30] allows to obtain a hollow mesoporous structure of titania [31,32], but also enhances its the photovoltaic and photocatalytic activity. Furthermore, Canevali et al. [33] and Nam et al. [34] have reported that the method of synthesis, such as the hydrothermal as well as ultrasonic-assisted approaches, influence the applications of the synthesized materials. Based on this, it should be noted that the selection of an appropriate modifier and synthesis method plays an important role in the improvement of photovoltaic and photocatalytic properties.



In this work, the surfactant-assisted (PEG (Mn = 400), Pluronic P123 and Triton X−100) synthesis of titania nanocrystalline particles are described, with the effects of the selection of surfactants on the crystallinity and morphology observed. Cubic and octahedral-like particles of the materials have been obtained as a result of the surfactant-assisted synthesis. Additional investigations revealed good thermal stability of all synthesized titania materials and differences in the amount of hydroxyl groups. The key point of the conducted research was to analyze the photocatalytic properties of synthesized nanomaterials towards phenol and etodolac. High crystallinity and cubic shape of the particles (considering the use of surfactants such as PEG and Triton X−100 in the synthesis) play an important role in the improvement of photocatalytic activity in comparison to commercially available titania (P25). The described materials have also exhibited satisfactory properties when used as semiconducting layers in DSSCs. The best photovoltaic parameters have been found for TiO2_Triton−X100 material, which was characterized by an optimal ratio between the surface −OH groups concentration, crystallite size, and mesoporous parameters. The results show that the synthesized titanium dioxide samples are promising materials for both photocatalytic and photovoltaic applications.




2. Results and Discussion


2.1. Morphology


At the outset, the scanning electron microscopy (SEM) was carried out. The results of the SEM analysis are shown in Figure 2.



On the basis of the presented images, a tendency to aggregation for all analyzed materials was found. It should be noted that both the reference sample—pristine TiO2 (Figure 2a)—as well as the materials obtained using the surfactant-assisted method (Figure 2b–d) were characterized by similar morphology. Moreover, in case of the synthesized titania materials the particle diameter was below 100 nm, which allows the obtained materials to be qualified as nanomaterials [35]. Particles with a bigger diameter compared to other materials were observed only for the TiO2_Pluronic P123. Furthermore, a single cubic-like particles shape was observed for this oxide material. However, based on the obtained SEM results, it is not possible to interpret the influence of the addition of surfactants on the shape of a single TiO2 particle in detail. Therefore, transmission electron microscopy (TEM) analysis (Figure 3) was carried out for this purpose.



Based on the TEM image obtained for the reference sample (TiO2), it should be noted particles with a rod-like shape were observed. Moreover, the particles are characterized by a diameter of approximately 50 nm and length of 150 nm. In addition, the crystallographic spacing of 0.35 nm which matches well with the (101) plane of anatase was observed in the high-resolution images (Figure 3a). For the TiO2_PEG material, cubic-like particles were observed, with a diameter of approximately 25 nm. Furthermore, it should be emphasized that polyethylene glycol-modified titania is characterized by smaller particles compared to the reference sample. Moreover, the crystallographic spacings of 0.35 and 0.24 nm which match well with the (101) and (004) planes of anatase were observed for the above-mentioned material. Otherwise, it was found that the difference in the FFT images is associated with the change of crystallinity (Figure 3b). However, it should be noted that the Pluronic P123-modified TiO2 (sample TiO2_Pluronic P123) is characterized by rod-like and octahedral shapes of particles. Additionally, the crystallographic spacings characteristic for (101) and (004) planes of anatase were observed. The analysis of the HRTEM results indicates that aside from the crystallographic spacings of 0.35 nm, spacings of 0.24 nm were also determined in the rod structure. Significant changes in the crystallinity of the materials were shown based on the FFT images (Figure 3c). For the TiO2_Trition X−100 sample (Trition X−100-modified TiO2), the rod and cubic-like shape particles can be observed. Additionally, the rod particles possess a diameter of approximately 25 nm and length of approximately 50 nm. Moreover, the diameter of the cubic structure is equal to approximately 15 nm. Furthermore, in case of the Triton X−100 modified titania the lattice fringes matching well with the (101) and (004) planes of anatase were observed (Figure 3d).



Based on the presented results, it was found that smaller particles size for TiO2 materials were obtained with a surfactants-assisted microwave method. Furthermore, it should be noted that different shapes of the obtained titania nanomaterial particles were reported. Moreover, the changes of the crystallinity of the synthesized materials caused should also be highlighted. In case of the reference sample only crystallography spacing of 0.35 nm was observed as opposed to modified TiO2, in case of which the lattice fringes matching well with the (004) plane were also observed.



The effect of surfactants on the particle morphology of synthesized materials is well known. This fact was described among others by Yu et al. [36], who indicated that the addition of surfactants such as ionic e.g., hexadecyl(trimethyl)ammonium bromide (CTAB) and sodium dodecyl sulfate (SDS) or nonionic PEG400 and polyvinylpyrrolidone (PVP) influenced the final morphology, including the particle size. In the case of ZnO, the surfactants-assisted synthesis allows us to obtain a 3D hierarchical structure. Many researchers [37,38] are working on the formation of new structures of well-known oxide materials due to the appropriate exposition of the crystal facets, e.g., in titania materials [39], which allows to achieve higher photocatalytic efficiency. However, the addition of surfactants can influence not only the morphology but also other physicochemical properties.



After a comparison of the obtained results with the available literature reports, it was established that the change of particle shape and size under the influence of surfactants-assisted synthesis is well known, however, the influence of the addition of the surfactant on the change of crystallinity of fabricated particles is not described comprehensively.




2.2. Crystalline Structure


The crystalline structure is a crucial issue for each material, which can be potentially used in the photocatalytic process. The results of X-ray diffraction analysis (XRD) are presented in Figure 4.



At the outset, it should be noted that the anatase (crystallographic database card no. 9009086) crystalline structure (space group I41/amd, no. 141) was observed [40] both for the reference sample as well as for surfactant-modified titania nanomaterials. Furthermore, it was found that the crystalline planes such as (101), (103), (004), (200), (105), (211), (204), (116), (220) and (215) occur in the titanium dioxide nanomaterials [41]. However, in order to determine the difference in terms of the crystalline structure of the obtained oxide materials, the average crystallite size was determined. The average crystallite size was calculated based on the Scherrer equation [40]. The results of the above-mentioned mathematic operations are shown in Table 1.



Based on the presented results (Table 1), it was found that the inclusion of surfactants into the microwave-assisted synthesis of titanium dioxide influences the crystallite size. In the case of the reference sample TiO2, the crystallite size was equal to 15.2 nm. The addition of Triton X−100 and polyethylene glycol (PEG) improves the crystallinity of synthesized nanomaterials (17.4 and 16.9 nm, respectively). While the introduction of Pluronic P123 to the reaction system resulted in the opposite effect—deterioration of crystallinity (9.8 nm).



A comparison of the obtained results regarding the crystalline structure with the scientific literature indicates that the surfactants-assisted synthesis of titania nanoparticles allows us to obtain anatase or rutile crystalline structure. Wang et al. [42] synthesized titanium dioxide using the hydrothermal method. Titanium(IV) isopropoxide and dodecanediamine were used as a precursor and surfactant, respectively. The Researchers obtained anatase nanoparticles with a flower-like structure. Galkina et al. [43] prepared titanium dioxide nanomaterials using the sol-gel method. Titanium(IV) isopropoxide was used as precursor of TiO2 and Pluronic P123 and polyethylenimine were used as surfactants for the synthesis. The obtained materials were calcined at 400 °C for 4 h. It was found that the addition of polyethylenimine resulted in faster anatase-to-rutile phase transformation. Whereas the introduction of Pluronic P123 did not adversely affect the crystallographic properties of the final material. In both works of Hu et al. [39] and Chan et al. [44], Triton X−100 was used as a surfactant for the synthesis of titania nanomaterials. Although Chan et al. [44] synthesized TiO2 using the sol-gel method, while Hu et al. [39] applied the hydrothermal-assisted method, in both cases the anatase crystalline structure has been observed.



In recent years, many research teams have attempted to determine the effects of surfactants on the synthesis of titanium dioxide nanoparticles. On this basis, it was found that surfactants play a key role in the formation of various particle shapes of titanium oxide nanomaterials [45]. Furthermore, Jun et al. [46] indicated that the modulation of surface energies of different crystal facets is responsible for shape control. However, it should be noted that the addition of surfactants can also influence other physicochemical parameters. The available literature reports have described the improvement of parameters of the porous structure as the result of the addition of surfactants into reaction systems. Jang et al. [47] have reported that the BET surface area was equal to 97 m2/g for the sample synthesized with the addition of Pluronic P123, compared to 56 m2/g in case of TiO2 (P25). The triblock copolymers such as Pluronic P123 or F127 are used in the synthesis of nanomaterials not only in conventional methods, e.g., sol-gel, but also in the hydrothermal technique. However, the crucial role of the above-mentioned surfactants, regardless of the method of synthesis, is to control the formation of a mesoporous structure. Other surfactants (PEG and Triton X−100) were used to achieve the formation of different particle shape. The application of Triton X−100 for the preparation of nano-sized titanium dioxide has been described by Yener et al. [48]. According to the current scientific knowledge, the improvement of the BET surface area may be associated with the deterioration of crystallinity. On this basis, the smaller average crystallite size for a sample prepared with Pluronic P123 can be justified. Whereas, according to theory proposed by Jun et al. [46], it can be explained as the effect of the surfactant on the crystal facets. Therefore, the addition of PEG or Triton X−100 influences the formation of the defined shape particles with exposed facets, which leads to an improvement in the crystallinity of nanomaterials.




2.3. Analysis of Parameters of the Porous Structure


A textural structure is one of the most critical parameters (e.g., dye adsorption, diffusion of electrolyte, light scattering) in all processes using the light (UV or Vis). In order to determine the parameters of the porous structure, the BET analysis was carried out. The isotherms of low-temperature N2 adsorption/desorption were presented in Figure 5. Moreover, the parameters of the porous structure for obtained TiO2 nanomaterials were presented in Table 2.



Based on the obtained results, it was found that type IV [49] isotherm was observed for all obtained TiO2 materials. Moreover, the H1 type hysteresis loop [49] was demonstrated for the reference sample (TiO2) and titanium dioxide modified with PEG and Triton X−100. In contrast, the H2 type [49] hysteresis loop was observed for the TiO2_Pluronic P123 sample. Moreover, it should be mentioned that the hysteresis loop for the samples TiO2 and TiO2_PEG occurs in the same range of relative pressure (p/p0) - 0.6 to 0.95, whereas a shift in the range of relative pressure (0.55−0.98) was observed for the Triton X−100 modified sample.



It should be highlighted that the parameters such as volume and diameter of pores were similar in case of the reference titanium dioxide and the sample modified with polyethylene glycol. The described similarity directly arises from the course of N2 adsorption/desorption isotherms. The above-mentioned materials differ only in terms of the BET surface area—the values of 118 m2/g and 128 m2/g were reported for TiO2 and TiO2_PEG, respectively. Furthermore, it was found that for the TiO2_Trition X−100 sample the effects of surfactant-assisted synthesis on the parameters of the porous structure were observed. The BET surface area increased to 138 m2/g; however, the volume and diameter of pores decreased compared to the reference sample (Vp = 0.28 cm3/g; Sp = 7.9 nm). Moreover, it should be noted that increased average size of crystallite was observed for the above-mentioned material, which should cause a decrease of the BET surface area. On this basis, it was established that the surfactants-assisted microwave synthesis allows to modify not only the shape of particles or their crystallinity but also the parameters of the porous structure. This dependence was also observed for the Pluronic P123 modified titanium dioxide, as the highest BET surface area (200 m2/g) and the smallest volume (0.21 cm3/g) as well as diameter (5.1 nm) of pores were determined for this material. However, in contrast to samples of TiO2_PEG and TiO2_Trition X−100, a smaller average size of crystallite was observed for this material, which also affects the growth of the BET surface area. However, it be noted that only the TiO2_Pluronic P123 sample was characterized by a type II hysteresis loop, which clearly indicates that the change of the parameters of the porous structure is associated with surfactants-assisted synthesis.



The available scientific reports indicate that surfactants such as copolymers (e.g., Pluronic P123 or F127) have a lot of applications in the synthesis of mesoporous oxide materials. The use of the above-mentioned surfactants was described by Abdolahi Sadatlu et al. [50], who obtained the mesoporous titania materials with a BET surface area of 114 m2/g. The materials synthesized with the soft template method were characterized by a specific ordered structure of the particles, which was discussed in the research works by Liu et al. [51] and Rathouský et al. [52]. Moreover, it was found that a well-developed BET surface area can be crucial in the application of the materials in the DSSC. However, not only copolymers can be used in the synthesis of nanomaterials. Guo et al. [53] used different surfactants such as PVP or CTAB in the hydrothermal-assisted synthesis of photocatalysts. In another work, Suthakaran et al. [54] described the use of PEG, CTAB and SDS for the synthesis of SnO2 with potential application in water purification and energy conversion. Based on this, it was found that the surfactants-assisted synthesis contributes to new possibilities, since it allows the synthesis of nanomaterials with designed properties.




2.4. Diffuse Reflectance Spectroscopy (DRS)


In order to determine the energy band gap, the diffuse reflectance spectroscopy (DRS) analysis was carried out. The obtained absorption spectra were presented in Figure 6.



The plot of the Kubelka–Munk function versus the photon energy gives indirect band gaps of 3.0 eV for the reference TiO2 and TiO2_PEG, while value equal to 2.97 eV and 2.95 eV were observed for samples modified with Pluronic P123 and Triton X−100, respectively. The energy band gaps of analyzed nanomaterials were similar to those reported for titania [41,55], which indicates that the surfactants-assisted microwave-synthesis does not influence the energy band gap.




2.5. FTIR Analysis


Fourier-transform infrared spectroscopy (FTIR) measurements were carried out in order to characterize the functional groups. The FTIR spectra of titania nanomaterials are shown in Figure 7.



The band characteristic for strong stretching vibration of the groups −Ti≡O (715 cm−1) was observed. Moreover, in the case of synthesized titania nanomaterials, the stretching vibrations (3150 cm−1) and bending vibrations (1400 cm−1) of the N-H groups were observed, which is associated with the use of the ammonia solution as a pH regulator during the synthesis of titania nanoparticles. Furthermore, it should be noted that all obtained materials were characterized by stretching vibrations (3450 cm−1) and bending vibrations (1600 cm−1) of the hydroxyl group (−OH). Based on the presented results, it has been established that the obtained FTIR spectra include bands characteristic for titanium dioxide. Moreover, it has been found that the change of surfactants does not influence the presence of the bands in the FTIR spectra. The surfactants-assisted synthesis only affects the change of the intensity of characteristic bands.




2.6. Thermogravimetric Analysis


Thermogravimetric analysis was carried out to determine a thermal stability of synthesized materials. The TGA curves for different titanium dioxide samples were presented in Figure 8.



Firstly, it was established that all analyzed titania materials exhibit good thermal stability. Furthermore, it should be noted that for both titanium dioxide modified with surfactants and reference sample, only a single decrease of mass associated with the elimination of surface bound water (in the temperature range of 0–400 °C) was reported. The observed loss of mass was equal to 4.53% (TiO2), 5.01% (TiO2_PEG), 5.57% (TiO2_Triton X−100) and 10.67% (TiO2_Pluronic P123).



Based on the TGA results, the content of –OH [56] in the analyzed TiO2 samples was determined. The total hydroxyl group content was calculated based on the entire mass loss in the temperature range 20–400 °C, after the complete removal of physisorbed water from the structure, and all values were shown in Table 3.



The presented content of hydroxyl groups indicates that in case of the reference sample it was equal to 0.49 mmol/g TiO2. It should be noted that the application of the surfactant-assisted synthesis influenced the content of −OH. The values of 0.58, 0.70 and 1.21 mmol/g TiO2 were reported for TiO2_PEG, TiO2_Tritox X−100 and TiO2_Pluronic P123 samples, respectively. Additionally, the content of hydroxyl groups in titania materials is widely described in the available scientific reports. In the work of Wu et al. [57], it was indicated that the content of –OH groups in P25 Degussa was equal to 0.49 mmol/g TiO2. It should be emphasized that this value is the same as for the reference sample in this work. The content of −OH groups in titanium dioxide materials presented in the publications [58] was similar to those obtained in our work.




2.7. Photocatalytic Activity


The photocatalytic activity of the obtained titania nanomaterials was evaluated based on the degradation of phenol (20 mg/L) and etodolac (15 mg/L). The results of photodegradation are presented in Figure 9.



Currently, phenol and its derivatives, such as 4-nitrophenol or bis-phenols, are recognized by World Health Organization (WHO) as one of the major environmental problems due to their toxicity to aquatic organisms [59]. Therefore, there is a need to intensity the research on the degradation of phenols in water environment exists.



The reference TiO2 sample was characterized by a photodegradation efficiency of 90%. Additionally, this material exhibited the high efficiency of adsorption equal 20%. Subsequently, the photocatalytic activity tests for titanium dioxide modified with surfactants were performed. In the case of TiO2 modified with Pluronic P123, a deterioration of photocatalytic activity compared to the reference sample was observed. In case of the above-mentioned material, the photodegradation yield was equal to 86%. In the case of TiO2_PEG and TiO2_Triton X−100 samples, similar results of photodegradation were reported, the efficiency of phenol degradation was equal to 95% for both materials. However, for titania modified with polyethylene glycol, 93% yield was observed already after 80 min. It is worth adding that a comparison of the obtained results with the commercial photocatalyst P25 indicated the higher photodegradation efficiency of phenol for titanium dioxide synthesized with microwave irradiation.



Based on the analysis the obtained results of photocatalytic degradation of phenol, it should be noted that the surfactants-assisted microwave synthesis in the case of polyethylene glycol and Triton X−100 improved the photocatalytic activity compared to the reference TiO2 sample. Whereas a deterioration of the photocatalytic properties was observed for titania modified with Pluronic P123. The scientific knowledge indicates that the content of hydroxyl groups affects the improvement of photocatalytic process [60], however this correlation is not true for analyzed materials. Similar observation was described by Di Paola et al. [61], who indicated the anti-correlation between oxidant power and selectivity. The authors reported that the higher rate of 4-nitrophenol degradation was achieved for crystalline sample, whereas the highest selectivity of p-anisaldehyde synthesis occurred for the least crystalline and most hydroxylated TiO2 sample. Furthermore, Liu et al. [62] described that the photodegradation of phenol depends on the morphology of nanostructured titanium dioxide. It should be noted that the TiO2_PEG and TiO2_Triton X−100 materials are characterized by the higher crystallite size—16.9 and 17.4 nm, respectively. Additionally, a cubic-like particle shape was observed for above-mentioned samples. On this basis, it was found that the crystalline structure, morphology as well as textural properties have a crucial impact on the photodegradation efficiency of phenol.



Etodolac (1,8-diethyl−1,3,4,9-tetrahydro pyran-[3,4-b]indole−1-acetic acid) is used as an anti-inflammatory, analgesic as well as antipyretic drug [63]. This drug, such as others pharmaceuticals is excreted unchanged from the human body, therefore it is frequently detected in the sewage [64]. It has been stated [65] that etodolac has a negative effect on aquatic organisms, causes disorders in normal development and even inhibits the reproduction of aquatic individuals. For this reason, it is dangerous for aqueous environment, e.g., rivers or lakes.



In case of the titania sample obtained without surfactants, the efficiency of etodolac photodegradation was equal to 90% after 60 min. In addition, the highest adsorption yield (25%) was also achieved for the above-mentioned material. In contrast to the results of photocatalytic test of phenol degradation, the TiO2_Pluronic P123 oxide material exhibited better photodegradation efficiency (93%) compared to the reference sample. Whereas similar dependencies to phenol photodegradation were observed for the titanium dioxide modified by Triton X−100 and polyethylene glycol. In the case of both materials, high etodolac degradation efficiency of approximately 100% was observed. However, for the TiO2_PEG sample, the high photodegradation efficiency of 95% was reported after 40 min. Furthermore, it should be noted that the materials obtained via the microwave method are characterized by better photocatalytic activity than the commercially available titanium dioxide, such as P25.



Based on the analyzed results of etodolac photodegradation tests, it was found that, the crystallinity of the synthesized materials did not directly impact the photodegradation efficiency, unlike in case of phenol degradation. This issue can be observed for the TiO2_Pluronic P123 sample which is characterized by the smallest crystallite sizes among all obtained oxide materials, however it exhibits better photodegradation efficiency than the reference sample. Morphology as well as particle shape are the crucial parameters which influence the efficiency of etodolac photodegradation. In the case of titanium dioxide prepared with surfactants-assisted microwave method, this material was characterized not only by different particle shape, such as octahedral and cubic-like (only for TiO2_PEG and TiO2_Triton X−100), but also a crystallographic spacing characteristic for plane (004) was observed. Li et al. [66] found that the hierarchical TiO2 nanospheres with controlled surface morphologies are characterized by the improvement of the photocatalytic activity. Moreover, Wu et al. [67] described that the coupling between crystal planes in the photocatalyst results in enhanced activity during the oxidation of pollutants such as methylene blue (in water) and nitric oxide (in air). Additionally, based on the TGA curves as well as the content of hydroxyl groups, it was found that in the case of etodolac photodegradation the increased nOH content improves the photocatalytic activity. In the work of Mrotek et al. [65], it was reported that *O2− and *OH were reactive oxygen species involved in etodolac photocatalytic degradation. Whereas Znaidi et al. [60] and Augugliaro et al. [68] described that the high content of hydroxyl groups increases the efficiency of photocatalytic reaction. However, in order to obtain the best results of the photocatalytic activity, the increase in the content of hydroxyl groups must be combined with the growth of crystallites. They based their conclusions on the results of etodolac photodegradation using titania modified with polyethylene glycol and Triton X−100.



In the review regarding technologies for the removal of phenol, Busca et al. [69] indicated that numerous technologies such as adsorption, membrane processes, biological degradation as well as photocatalysis are considered. However, in the case the adsorption process, a secondary pollution (spent adsorbent) is obtained, whereas the membrane and biological processes require narrow experimental conditions, e.g., temperature or pressure. Therefore, many research groups confirmed that the photocatalysis can be a promising method of phenol removal. Atitar et al. [70] used the mesoporous titania nanoparticles synthesized at different temperatures (400–800 °C) for the photodegradation of phenol. The Authors reported a photodegradation efficiency of approximately 85% after 60 min. Colón et al. [71] described that the sulphate-assisted sol-gel synthesis of TiO2 improved the conversion of phenol. It was found that the conversion was equal to 90% after 120 min. Ahmed et al. [72] and Hadj Salah et al. [73] showed that the photocatalytic efficiency for a solution of phenol at the concentration of 50 ppm using P25 was equal to 92% after 6 h. Moreover, it was indicated that 1 g/L was the optimal value of TiO2 concentration. The research group under the leadership of Neves [74] synthesized TiO2/Ag2S via the photosensitization process. The authors obtained a high efficiency (90%) of phenol degradation after 90 min.



In the case of etodolac degradation, there is only a single article in the available literature regarding the photocatalytic degradation. Mrotek et al. [65] considered the ZnFe2O4/SiO2/TiO2 as a magnetic photocatalyst. They showed that after 20 min of irradiation, approximately 100% of etodolac was degraded. Because the scientific knowledge regarding the degradation of etodolac is narrow, it is necessary to conduct research focused on the removal of etodolac and to improve the understanding of the photodegradation mechanism.



Based on the comparison with the available scientific literature, it should be noted that the proposed surfactants-assisted microwave synthesis allows us to obtain the photocatalysts with a high photodegradation efficiency of phenol and etodolac. In the case of the phenol degradation, it was observed that the synthesized TiO2 samples exhibit a similar or better photocatalytic efficiency than the materials described in the above-mentioned literature review. Additionally, conventional methods such as sol-gel as well as calcination-assisted process, which is very energy intensive, were used in many research works. Therefore, the following advantages of the proposed microwave method can be distinguished: low temperature of synthesis, short process time as well as no toxic waste generation, which makes this method environmentally friendly.




2.8. Photovoltaic Properties


In order to investigate more extensive application possibilities and achieve a more comprehensive characterization of studied materials, a series of dye-sensitized solar cells have been prepared using the surfactant-assisted titania as a porous semiconducting layer of working electrodes. The photovoltaic parameters of the prepared devices have been tested under simulated solar light, and the I-V characteristics curves have been presented in Figure 10, while the main parameters were listed in Table 4. The open-circuit photovoltage (VOC) varied in the range between 710 and 734 mV for TiO2_PEG and TiO2_Triton X−100 devices, respectively, and this was not a significant variation which most likely had a minor influence on the performance of investigated cells. As the VOC parameters correspond to the Fermi level of the semiconductor and the Nernst potential of the redox couple in the electrolyte [75], the observed variation is plausibly caused by the changes in the electronic structure of the particular materials, which is supported by the observations made in DRS experiments described above. The Fermi level shift may be one of the probable reasons for the bandgap changes and, in consequence, for the variation of the observed VOC values. The fill factors (FF), which are the result of energy loss related to the inherent resistance of the cells, are also varied slightly between the investigated devices. The FF values are reasonable for the DSSCs and indicate no internal short circuits or electric breakdowns in the cells. More interesting differences may be observed in short circuit photocurrent density (JSC) values, which ranged from 10.3 to 13.5 mA/cm2 for TiO2_Pluronic P123 and TiO2_Triton X−100, respectively. The amount of dye adsorbed on the electrode surface (Ndye) [75] is one of the factors that influencing JSC, as with increasing the number of dye molecules adsorbed on the electrode, more excited electrons may be generated, and higher photocurrent may be observed. In the studied case, the Ndye values strongly correspond with the JSC values, and the lowest photocurrent has been observed for the TiO2_Pluronic P123 device in case of which also the lowest Ndye value has been found. Moreover, the highest Ndye value has been found for the TiO2_Triton X−100 device, in the case of which the highest JSC was also registered. However, the influence of another phenomenon regarding the JSC was observed in case of the two other materials, i.e., TiO2_PEG and TiO2. As the Ndye value for the former was slightly higher, the JSC is significantly lower than for the latter. This can be most likely explained by the internal recombination of the photoexcited electrons, which is more efficient in the case of the TiO2_PEG device. As the N3 dye includes –COOH anchors, the dye loading depends mainly on the number of accessible surface hydroxyl groups on the electrode material [76]. The TGA results, presented in Table 3, clearly show the differences in the concentration of surface −OH groups between the investigated materials. Surprisingly, the material with the highest −OH groups concentration is characterized by the lowest Ndye values and, in consequence, the lowest JSC. This observation can be explained, when the porosimetry (see Table 2) and XRD (see Table 1) results are compared together with −OH groups concentration. After analysis of those three groups of parameters, it can be observed that the TiO2_Pluronic P123 material exhibits the smallest crystallite sizes, which supports the more complex mesoporous structure giving the highest surface area that should support the dye loading. However, the observed pore volumes and diameters are the smallest, and therefore the surface may not be accessible for the bulky N3 dye molecules. This effect strongly affects the dye adsorption ability, which decreases independently at the highest concentration of surface −OH groups, resulting in poor performance of TiO2_Pluronic P123 photovoltaic devices [77]. The final JSC performances should be considered as a sum of both phenomena described above. The overall photon to current efficiency (η), which is the result of the photovoltaic parameters described above, represents the most variable parameter, i.e., JSC, and is in a range from 5.32 to 6.84% for TiO2_Pluronic P123 and TiO2_Triton X−100, respectively.



The electrochemical impedance spectroscopy (EIS) experiments have been performed to elucidate the properties of the investigated materials in photovoltaic applications, and the results in the form of Nyquist plots have been shown in Figure 11, while the essential parameters have been collected in Table 5. The ohmic serial resistance (R1), which is the representation of the fluorine doped tin oxide (FTO) substrate and experimental set resistance (observed as a gap between 0 and the first registered point on the Nyquist plot) [78], was similar for all the investigated devices as it should be when EIS experiment is correctly designed. Similarly, the resistance of the counter electrode (R2) values (represented as a smaller semicircle in the high-frequency region of the Nyquist plot) [78] showed only minor variations, which were expected because the counter electrodes were prepared under the same conditions for all investigated cells. The slight differences in the R2 may be explained by the fluctuation in Pt film thickness and/or existence of insignificant discontinuities in the Pt layer deposited on the counter electrode [79,80]. Considering the scope of the presented investigations, the charge transfer resistance at the TiO2/dye/electrolyte interface (RCT) (represented as a bigger semicircle in the low-frequency region on the Nyquist plot) [78] is more interesting. The RCT values corresponded very well with the JSC values described above and strongly support the above-described observations regarding the influence of internal electrons recombination process on the JSC drop of investigated cells. It is a well-known effect that the increase of RCT supports the recombination of the photoexcited electrons [81]. This typical effect is becoming more interesting when an estimated excited electron lifetime (τ) will also be taken into consideration. In this study, the lifetimes estimated for all investigated devices are equal to 12.8 ms, and no changes may be observed. This observation is supported by only minor variations of the VOC values, which strongly depend on the excited electron lifetime [82]. Such a situation suggests that the photoexcited electrons are trapped in all presented semiconducting materials with the same efficiency, and only the internal resistance influences the final performance of the photovoltaic device. It may be concluded that the electrons, after the injection from the dye into the semiconductors’ conduction band, are characterized by the same stability independently of the electrode material. However, the way of its utility (further steps of the DSSC working mechanism or recombination) is controlled only by the semiconducting layer resistance, and the higher the resistance, the higher the probability of the electron recombination.





3. Materials and Methods


3.1. Materials


Titanium(IV) chloride (97%, TiCl4; Sigma-Aldrich, St. Louis, MO, USA), polyethylene glycol (pure, PEG; Mn~400; Sigma-Aldrich, St. Louis, MO, USA), Pluronic P123 (p.a., PEG-PPG-PEG; Mn~5800, Sigma-Aldrich, St. Louis, MO, USA), Triton X−100 (pure, polyethylene glycol tert-octylphenyl ether, Sigma-Aldrich, St. Louis, MO, USA), phenol (99%, Sigma-Aldrich, St. Louis, MO, USA), etodolac (p.a., Sigma-Aldrich, St. Louis, MO, USA), ethylcellulose (p.a., Sigma-Aldrich St. Louis, MO, USA), α-terpineol (96%, Sigma-Aldrich, St. Louis, MO, USA), 1-propyl-3-methyl-imidazole iodide (97%, Sigma-Aldrich, St. Louis, MO, USA), 4-tert-butylpiridine (98%, Sigma-Aldrich, St. Louis, MO, USA), acetonitrile (LC-MS ultra-pure, Honeywell, New Jersey, USA), acetic acid (p.a., POCh, Gliwice, Poland), ammonia 25% solution (p.a., POCh, Gliwice Poland), anhydrous ethanol (99.8%, POCh, Gliwice Poland), iodine (pure, POCh, Gliwice, Poland), N3 dye (pure, Ruthenizer 535, Solaronix, Aubonne, Switzerland), H2PtCl6 (99.9% Merck, Darmstadt, Germany), guanidine thiocyanate (97%, Fluka, Buchs, Switzerland), ionomeric foil Meltonix (Solaronix, Aubonne, Switzerland), acetonitrile (p.a., Sigma-Aldrich, St. Louis, MO, USA) and potassium dihydrogen phosphate (p.a., Sigma-Aldrich, St. Louis, MO, USA) were used. All reagents were of analytical grade and used without any further purification. The water used in all experiments was deionized.




3.2. Synthesis of Titania Nanoparticles


In the typical synthesis of titania nanomaterials, 100 mL of 5% solution of TiCl4 were added to a reactor equipped with a Eurostar Digital high-speed stirrer (Ika Werke, Staufen, Germany). Next, 1 g of the surfactants was added to the titanium(IV) chloride solution. The resulting mixture was stirred at 500 rpm. Afterwards, the ammonia solution was added to the suspension to achieve pH 9. The resulting mixture was then transferred to the microwave reactor SPD 80 (CEM, Matthews, USA) and subjected to microwave treatment at 200 °C for 10 min and with power 300 W. The reactor was cooled at room temperature, the obtained materials were filtered and washed three times with deionized water and ethanol. Finally, the resulting nanomaterials were dried at 60 °C for 6 h. Samples of obtained TiO2 nanomaterials were designated TiO2 (without surfactants), TiO2_PEG, TiO2_Pluronic P123, and TiO2_Trition X−100 corresponding to the type of used surfactant.




3.3. Analysis of Materials


The surface microstructure and morphology of the titania materials were examined on the basis of SEM images recorded using a MIRA3 scanning electron microscope (TESCAN, Brno, Czech Republic).



Transmission electron microscopy (TEM) images as well as high resolution (HRTEM) were recorded by means of Hitachi HT7700 microscope (Hitachi, Tokyo, Japan) operating at an accelerating voltage of 120 kV. In order to prepare specimens, particular materials were dispersed in alcohol and then a few drops of such solutions were placed on copper grids coated with carbon.



To determine the crystalline structure of the synthesized oxide materials, the X-ray diffraction method was carried out. The analyzer Rigaku Miniflex 600 (Rigaku, Tokyo, Japan) operating with Cu Kα radiation (α = 1.5418 Å) was applied. The patterns were obtained over an angular range of 20°–80°. Parameters of crystalline structure of the samples were calculated using PDXL: Integrated X-Ray Powder Diffraction Software (Rigaku, Tokyo, Japan). The analysis was based on the International Centre for Diffraction Data (ICDD) database. For all analyzed TiO2 samples comparison to database no 9009086 was performed. The crystallite size of the titania nanomaterials in the direction vertical to the corresponding lattice plane was determined using Scherrer’s equation [40] (Equation (1)). The subtraction of the Full With at Half Maximum (FWHM) of the standard was employed as a correction method.


  D =   K λ   β c o s θ    



(1)




where: D is the size of crystallinity; K is a shape factor (0.9); λ is the X-ray wavelength (1.5418 Å); β is the line broadening at half the maximum intensity (FWHM); θ is the Bragg angle.



The parameters of the porous structure based on the low-temperature sorption of nitrogen were determined. For this purpose, a physisorption analyzer (ASAP 2020, Micromeritics Instrument Co., Norcross, USA) was used. Before measurement, all materials were degassed at 120 °C for 4 h. The surface area was determined by the multipoint BET method using adsorption data in a relative pressure (p/p0) range of 0.05–0.30. The desorption isotherm was used to determine the pore size distribution based on the Barrett, Joyner, Halenda (BJH) model.



To evaluate the light-absorption properties of titania nanomaterials, the diffuse reflectance spectra (DRS) were recorded, and the data were converted to obtain the absorption spectra. The measurements were carried out using a Thermo Scientific Evolution 220 (Thermo Scientific, Waltham, USA) spectrophotometer equipped with a PIN-757 integrating sphere. The bandgap energies of the obtained TiO2 materials were calculated based on the corresponding Kubelka–Munk function:


  F  ( R )  =      (  1 − R  )   2    2 R    



(2)




where R is reflectance, which is proportional to the absorption of radiation, by plotting:


  F    ( R )    0.5    E  p h   0.5    



(3)




where Eph is photon energy.



Characteristic functional groups present on the surface of the TiO2 nanomaterials were identified using Fourier transform infrared spectroscopy (FTIR). The measurements were performed using a Vertex 70 spectrometer (Bruker, Bremen, Germany). The FTIR spectra were obtained in the transmission mode between 4000 cm−1 and 420 cm−1.



Thermogravimetric analysis was performed using the Jupiter STA 449 F3 apparatus (Netzsch GmbH, Selb, Germany). Measurements were performed under flowing nitrogen at a heating rate of 10 °C/min and in a temperature range of 30–1000 °C.




3.4. Photocatalytic Activity


The photoactivity of the obtained materials was tested in the oxidation reaction system using UV-Vis irradiation. The catalyst (1 g/L) was suspended in 25 ml of 20 mg/L phenol solution or 15 mg/L etodolac solution. The obtained suspension was kept in darkness for 30 min to set the adsorption/desorption equilibrium and then irradiated for 120 min (phenol) and 60 min (etodolac) using a 300 W Xenon lamp (LSH302, LOT-Quantum Design, Darmstadt, Germany). Irradiation intensity was equal to 40 mW/cm2, while the constant temperature was kept at 20 °C using a water bath. Every 10 min, 1 mL of the photocatalytic suspension was collected and filtered through a syringe filter for photocatalyst removal. The concentration of phenol, etodolac and formed intermediates was estimated using the HPLC system, equipped with the C18 chromatography column (model 00F-4435-E0, Phenomenex, USA) and a UV-Vis detector with a DAD photodiodes array (model SPD-M20A, Shimadzu, Japan). Conditions of carried tests were as presented:



Phenol, 45 °C, flow 0.3 mL/min, mobile phase composition: 70% acetonitrile, 29.5% water, 0.5% orthophosphoric acid (v/v).



Etodolac, 45 °C, flow 1.0 mL/min, mobile phase composition: 50% acetonitrile, 50% 0.1 M KH2PO4 solution (v/v).




3.5. Photovoltaic Properties


3.5.1. Preparation of DSSC


A TiO2 paste was prepared using an already described method [83], according to the following procedure: 1.2 g of the material (TiO2_TritonX−100, TiO2_Pluronic P123, TiO2_PEG or reference TiO2) was mixed with 0.21 mL of acetic acid and 8.35 mL of ethanol, and kept in an ultrasonic bath for 3 h. A solution containing 625 mg of ethylcellulose and 4.17 g of α-terpineol in 5.625 g of ethanol was prepared and then added to the former suspension. The mixture was sonicated for 1 h and then magnetically stirred overnight. Ethanol was slowly removed using a rotary evaporator and the obtained paste was ready-to-use. TiO2 films were deposited by the doctor blade technique on FTO (3D-nano, Poland) substrate using a scotch tape mask of 62.5 µm thickness. Finally, the electrodes were calcined in an oven at 450 °C for 2 h. After cooling down, the working electrodes were immersed in 40 mM TiCl4 aqueous solution and kept at 70 °C for 1 h followed by washing with deionized water and ethanol, dried in a hot air stream and calcined in the oven at 450 °C for 30 min. After cooling down, the electrodes were immersed in a 10−4 M solution of N3 dye in anhydrous ethanol and kept in the dark at room temperature overnight. After dye adsorption, the electrodes were washed with absolute ethanol and dried in a hot air stream. Platinum-coated FTO (an ethanolic solution of H2PtCl6 containing 23 g/L Pt was spread on the FTO substrate using cellulose tissue, dried and calcined in the oven at 450 °C for 30 min) was used as a counter electrode [84]. A typical cell was assembled using a 25 μm thick, hot melted ionomeric foil Meltonix as a sealant and a spacer between the electrodes. The electrolyte contained 0.6 M of 1-propyl-3-methyl-imidazolium iodide, 0.03 M of iodine, 0.1 M of guanidine thiocyanate and 0.5 M of 4-tert-butylpiridine in acetonitrile. The electrolyte was injected within two holes, predrilled in the counter electrode. The final sealing was realized with the use of a hot melted sealant and a microscope cover slide. The typical active area of the obtained DSSC was equal to approximately 0.125 cm2. Five cells representing each type were prepared, and the results obtained for those with the best performance, according to the η value, are presented in the paper, and full results for all series of the cells are collected in Table A1 and Table A2 in Appendix A.




3.5.2. Dye Loading Determination


To estimate the amount of adsorbed dye on the working electrodes (TiO2_Triton X−100, TiO2_Pluronic P123, TiO2_PEG or reference TiO2) surface, the TiO2-coated (approximately surface area of TiO2 layer was 1.5 cm2) FTO glass substrates were immersed in 10−4 M N3 dye solution, in anhydrous ethanol and left overnight in the dark at room temperature. Afterwards, the FTO substrates were washed with absolute ethanol and dried in air. The particular TiO2-coated substrates were immersed in 5 mL of 1.5 M ammonia solution in ethanol for 30 min. Subsequently, UV-Vis spectra of the solution of the desorbed dyes were recorded. The absorbances of desorbed dye were compared with the calibration curve obtained for a different concentration of N3 dye.




3.5.3. Characteristics of Obtained DSSC’s


The photovoltaic properties of the cells were measured under irradiation using a Sun 2000 class A solar simulator (ABET Technologies, Milford, USA) equipped with an AM 1.5G filter, with the light intensity adjusted to 100 mW/cm2 using a silicon reference cell equipped with a KG5 filter (ReRa Systems, Netherlands). J-V curves were recorded using a Gamry Interface 1000 Potentiostat/Galvanostat/ZRA (Gamry Instruments, Warminster, USA).



Electrochemical impedance spectra were recorded under standard AM 1.5G simulated solar irradiation, using the Sun 2000 class A solar simulator (ABET, Milford, Technologies, USA). The frequency was measured using a Gamry Interface 1000 Potentiostat/Galvanostat/ZRA (Gamry Instruments, Warminster, USA), in the range from 0.1 Hz to 100 kHz, under VOC forward bias conditions, and with VAC=10 mV.






4. Conclusions


First of all, the primary goal of this research was to apply the surfactants-assisted microwave synthesis to obtain titanium dioxide. For this purpose, nonionic surfactants such as polyethylene glycol, Triton X−100 and Pluronic P123 have been selected. It has been shown that the well-formed anatase phase was formed for all synthesized TiO2 samples. Furthermore, an important observation is that the addition of surfactant impacts the average crystallite size. In the case of polyethylene glycol and Triton X−100, an improvement of crystallinity was observed, whereas modification of titania with Pluronic P123 causes the deterioration of crystallinity. Another important issue is the influence of the proposed synthesis method on the shape of resultant particles. The presence of the cubic and octahedral-like particles has been confirmed by electron microscopy. Furthermore, it should be noted that the physicochemical properties, such as parameters of the porous structure or thermal stability as well as content of hydroxyl groups of the TiO2 materials, are strongly influenced by the surfactants used for their preparation.



The key point of the conducted research was to analyze the photocatalytic properties of synthesized nanomaterials. The photodegradation experiments (in the UV light range) were carried out in the presence of phenol and etodolac as model organic pollutants. The high crystallinity and the cubic shape of particles (considering the use of surfactants such as PEG and Triton X−100 in the synthesis) play an important role in the improvement of photocatalytic activity in comparison to commercially available titania (P25). The presented materials have also exhibited satisfactory properties when used as semiconducting layers in DSSCs. The best photovoltaic parameters have been found in the case of the TiO2_Triton X−100 material, which was characterized by the optimal ratio between the surface –OH groups concentration, crystallite size, and mesoporous parameters. The combination of the features mentioned above leads to optimal dye loading on the electrode surface, which supports the high photocurrent density. This, in combination with the lowest internal resistance observed, results in the best photovoltaic performance. In summary, the results show that the synthesized titanium dioxide materials are promising materials for both photocatalytic and photovoltaic applications.
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Table A1. Photovoltaic parameters of all series of investigated solar cells. Highlighted results have also been presented in the main text (see Table 4).






Table A1. Photovoltaic parameters of all series of investigated solar cells. Highlighted results have also been presented in the main text (see Table 4).





	Sample
	JSC (mA/cm2)
	VOC (mV)
	FF (%)
	η (%)





	TiO2_1
	10.3
	734
	72.2
	5.45



	TiO2_2
	11.4
	736
	70.5
	5.93



	TiO2_3
	12.0
	729
	70.3
	6.16



	TiO2_4
	11.4
	750
	71.3
	6.11



	TiO2_5
	12.3
	711
	71.4
	6.15



	TiO2_PEG_1
	10.9
	710
	70.5
	5.46



	TiO2_PEG_2
	10.1
	726
	72.3
	5.30



	TiO2_PEG_3
	9.9
	690
	72.0
	4.88



	TiO2_PEG_4
	10.0
	739
	72.1
	5.35



	TiO2_PEG_5
	10.0
	729
	71.2
	5.20



	TiO2_Pluronic P123_1
	10.3
	726
	71.3
	5.32



	TiO2_Pluronic P123_2
	9.8
	732
	71.0
	5.10



	TiO2_Pluronic P123_3
	9.9
	729
	69.9
	2.76



	TiO2_Pluronic P123_4
	9.5
	709
	70.1
	4.71



	TiO2_Pluronic P123_5
	9.0
	718
	71.9
	4.65



	TiO2_Triton X−100_1
	13.5
	734
	69.1
	6.84



	TiO2_Triton X−100_2
	12.9
	704
	68.1
	6.71



	TiO2_Triton X−100_3
	12.9
	680
	67.0
	6.20



	TiO2_Triton X−100_4
	12.7
	698
	68.6
	6.64



	TiO2_Triton X−100_5
	12.9
	714
	68.6
	6.78
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Table A2. Electrochemical impedance parameters and electron lifetimes of all series of investigated cells. Highlighted results have also been presented in the main text (see Table 5).






Table A2. Electrochemical impedance parameters and electron lifetimes of all series of investigated cells. Highlighted results have also been presented in the main text (see Table 5).





	Sample
	R1 (Ω)
	R2 (Ω)
	RCT (Ω)
	τ (ms)





	TiO2_1
	17.3
	11.7
	43.2
	12.8



	TiO2_2
	20.2
	8.9
	42.8
	12.8



	TiO2_3
	19.2
	7.3
	36.8
	12.8



	TiO2_4
	22.5
	8.9
	40.0
	12.8



	TiO2_5
	16.6
	8.6
	40.3
	12.8



	TiO2_PEG_1
	18.0
	9.1
	39.0
	12.8



	TiO2_PEG_2
	18.0
	10.5
	44.8
	12.8



	TiO2_PEG_3
	17.9
	10.4
	32.9
	10.2



	TiO2_PEG_4
	17.8
	9.5
	34.7
	12.8



	TiO2_PEG_5
	18.0
	8.2
	36.4
	10.2



	TiO2_Pluronic P123_1
	19.9
	7.8
	40.0
	12.8



	TiO2_Pluronic P123_2
	22.2
	6.6
	42.5
	16.0



	TiO2_Pluronic P123_3
	23.6
	5.7
	67.6
	12.8



	TiO2_Pluronic P123_4
	32.0
	7.1
	44.2
	12.8



	TiO2_Pluronic P123_5
	20.1
	6.6
	47.3
	12.8



	TiO2_Triton X−100_1
	23.4
	9.6
	33.8
	12.8



	TiO2_Triton X−100_2
	17.6
	9.8
	27.6
	12.8



	TiO2_Triton X−100_3
	24.9
	7.2
	27.4
	12.8



	TiO2_Triton X−100_4
	18.2
	8.4
	27.4
	12.8



	TiO2_Triton X−100_5
	19.0
	7.6
	24.9
	16.0
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Figure 1. The number of scientific articles in the Scopus database for the keywords: photocatalysis, photovoltaics, and environmental protection. 
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Figure 2. The SEM images of: (a) TiO2; (b) TiO2_PEG; (c) TiO2_Pluronic P123 and (d) TiO2_Triton X−100. 
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Figure 3. The TEM and HRTEM results of: (a) TiO2; (b) TiO2_PEG; (c) TiO2_Pluronic P123 and (d) TiO2_Triton X−100. 






Figure 3. The TEM and HRTEM results of: (a) TiO2; (b) TiO2_PEG; (c) TiO2_Pluronic P123 and (d) TiO2_Triton X−100.



[image: Catalysts 10 00586 g003]







[image: Catalysts 10 00586 g004 550] 





Figure 4. The results of XRD analysis for synthesized titania nanomaterials. 
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Figure 5. The N2 adsorption/desorption isotherms of obtained nanomaterials. 
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Figure 6. The diffuse reflectance spectra of the analyzed titanium dioxide nanomaterials. 
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Figure 7. The results of FTIR analysis for synthesized titania nanomaterials. 
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Figure 8. The TGA curves for obtained TiO2 materials. 
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Figure 9. The efficiency of photocatalytic degradation of (a) phenol and (b) etodolac. 
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Figure 10. I-V characteristics of the investigated dye-sensitized solar cells (DSSC) devices. 
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Figure 11. Nyquist plots of impedance spectra of DSSC devices based on investigated materials. 
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Table 1. The average crystallite size and anatase crystalline phase for TiO2 and modified titanium dioxide nanoparticles.
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Sample

	
Crystallite Size (nm)

	
Crystalline Phase of Anatase (%)






	
TiO2

	
15.2 (±0.1)

	
100




	
TiO2_PEG

	
16.9 (±0.3)




	
TiO2_Pluronic P123

	
9.8 (±0.1)




	
TiO2_Triton X−100

	
17.4 (±0.2)
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Table 2. The parameters of the porous structure for obtained TiO2 nanomaterials.
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	Sample
	ABET (m2/g)
	Vp (cm3/g)
	Sp (nm)





	TiO2
	118
	0.35
	8.6



	TiO2_PEG
	128
	0.31
	8.7



	TiO2_Pluronic P123
	200
	0.21
	5.1



	TiO2_Triton X−100
	138
	0.28
	7.9
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Table 3. The results of TGA and hydroxyl group content for TiO2 samples.
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	Sample
	TGA (%)
	nOH (mmol/g TiO2)





	TiO2
	4.53
	0.49



	TiO2_PEG
	5.01
	0.58



	TiO2_Pluronic P123
	10.67
	1.21



	TiO2_Triton X−100
	5.57
	0.70
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Table 4. Photovoltaic parameters of investigated solar cells and the amounts of dye adsorbed on the working electrodes.






Table 4. Photovoltaic parameters of investigated solar cells and the amounts of dye adsorbed on the working electrodes.





	Sample
	Jsc (mA/cm2)
	Voc (mV)
	FF (%)
	η (%)
	Ndye (10−8 mol/cm2)





	TiO2
	12.0
	729
	70.3
	6.16
	3.31



	TiO2_PEG
	10.9
	710
	70.5
	5.46
	3.34



	TiO2_Pluronic P123
	10.3
	726
	71.3
	5.32
	2.39



	TiO2_Triton X−100
	13.5
	734
	69.1
	6.84
	3.41
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Table 5. Electrochemical impedance parameters and electron lifetimes of investigated cells.
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	Sample
	R1 (Ω)
	R2 (Ω)
	RCT (Ω)
	τ (ms)





	TiO2
	19.2
	7.3
	36.8
	12.8



	TiO2_PEG
	18.0
	9.1
	39.0
	12.8



	TiO2_Pluronic P123
	19.9
	7.8
	40.0
	12.8



	TiO2_Triton_X−100
	23.4
	9.6
	33.8
	12.8
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