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Abstract

:

In this study, a series of TiO2/rGO photocatalysts were obtained with a two-step procedure: a solvothermal method and calcination at 300–900 °C in an argon atmosphere. It was noted that the presence of rGO in photocatalysts had an important role in the changes in crystallite size and specific surface area. In TiO2/rGO samples, different surface functional groups, such as C−Cgraph, C−Caliph, C−OH, C=O, and CO(O), were found. It was observed that rGO modification suppressed the anatase-to-rutile phase transformation. The photocatalytic activity of the obtained nanomaterials was investigated through the decomposition of methylene blue under UV and artificial solar light irradiation. It was found that the adsorption degree played an important role in methylene blue decomposition. The experimental results revealed that TiO2/rGO samples exhibited superior removal efficiency after calcination for methylene blue compared toTiO2 without rGO, as well as a commercial photocatalyst KRONOClean 7000. It was noted that photocatalytic activity increased with the increase in the calcination temperature. The highest activity was observed for the sample calcined at 700 °C, which consisted of 76% anatase and 24% rutile. This study clearly demonstrated that TiO2/rGO samples calcined in argon can be used as efficient photocatalysts for the application of methylene blue decomposition.
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1. Introduction


Titanium dioxide is commonly used in the photocatalytic process of water purification for the decomposition of different types of organic pollutants, such as heavy metals, pesticides, dyes, and phenols [1,2]. Various modifications of pristine material by metals and non-metal species, or by coupling TiO2 with other semiconductors, have been conducted to obtain TiO2 photocatalysts with high photocatalytic activity [3,4,5]. One of the most promising and widely tested methods of preparation for highly active photocatalysts is modification with carbon due to the enhancement of the photocatalytic activity under visible light irradiation and the suppression of the recombination of the electron–hole pairs [6,7]. Carbon nanomaterials are an interesting group of carbon precursors that can be used in TiO2 modification due to their unique porous structure, electronic properties, and large adsorptive capacity [8]. Conventional carbon materials, such as carbon black, activated carbon, and graphite, as well as graphitized materials have been widely used in heterogeneous catalysis for many years [9]. Carbon nanomaterials in the form of carbon nanotubes, C60 fullerenes, or graphene provide new possibilities for TiO2 modification [10]. Graphene especially, as a two-dimensional novel carbon nanomaterial with zero band gap, large specific surface area, and excellent mechanical, electrical, optical, and thermal properties, has attracted the interest of many researchers [11,12]. Thanks to its unique electronic properties, modification with graphene brings many benefits, such as suppressing electron–hole pair recombination and increasing the specific surface area of tested photocatalysts.



In the literature, several methods of preparation for TiO2/graphene oxide (TiO2-GO) and TiO2/reduced graphene oxide (TiO2-rGO) photocatalysts have been presented. The most popular methods include simple mixing and/or sonication [13], the sol-gel process [14], and hydrothermal/solvothermal synthesis [15,16,17]. Other less common methods include electrolytic deposition [18], liquid-phase deposition [19], and synthesis using microwaves [20]. However, the most popular and most commonly used methods are solvothermal and hydrothermal methods. The hydrothermal/solvothermal process can be undertaken in one or two steps. The one-step process typically utilizes previously prepared TiO2 and graphene materials, while the two-step process involves TiO2 synthesis from different precursors [21,22]. The hydrothermal solvothermal process is usually undertaken at 120–180 °C for 1–36 h [23,24,25,26,27]. Both methods consist of reactions under controlled temperature and/or using water or organic solvents. Graphene oxide can be reduced during preparation by using these methods if a chemical reagent is added [28]. Additional steps in TiO2/graphene preparation may be involved. It is well-known that the calcination process significantly improves photocatalytic activity due to the increase in the crystallinity of TiO2 and the growth of anatase crystallites [29]. However, in the case of TiO2/graphene photocatalysts, there have only been a few reports of thermal treatment [30,31,32,33,34]. Generally, in these reports, the calcination was carried out in the range of 350–550 °C, probably because of concerns about the oxidation of rGO. Zhang et al. [30] synthesized TiO2/rGO samples using a hydrothermal method. They used graphene oxide (GO) and TiO2 from the sol-gel method as starting materials and ethanol-water solution as a solvent. The obtained photocatalysts were calcined at 450 °C for 30 min in an air atmosphere. Obtained samples were characterized by higher photoactivity than the material prepared with the one-step hydrothermal process. The increased photoactivity was attributed to the oxidation of residual organic compounds present in the sample and better crystallization of TiO2 particles. In contrast, Nguyen-Phan et al. [31] obtained TiO2/graphene photocatalysts by applying GO paste and TiO2 P25 and then heating the samples at 200, 400, and 600 °C under an argon atmosphere. The calcined photocatalysts showed higher activity compared to the starting material. However, a decrease in photocatalytic activity with an increase in calcination temperature was observed. It was attributed to the reduction of the surface area and the increase in the size of crystallites.



The motivation to undertake our research was the limited availability of information in the literature about the influence of the calcination step on the physicochemical and photocatalytic properties of TiO2 modified with rGO, probably because of concerns about oxidation. In our study, we decided to use argon as a calcination atmosphere to circumvent the problem concerning rGO oxidation. Furthermore, our previous study showed that the combination of rGO (1–8 wt.%) modification with calcination at 500 °C may have a substantial impact on the physicochemical properties, as well as photocatalytic activity, of the obtained photocatalysts [35]. In another study [36], it was found that EPR/FMR spectra for TiO2/rGO samples calcined at 400, 500, and 600 °C showed oxygen defects and a ferromagnetic ordering system connected with trivalent titanium ions. Taking the above into account, we decided to widen the scope of the study and thoroughly examine the impact of these methods on nanomaterial properties. In this work, we focused on a TiO2 combination with 8 wt.% graphene and calcination at 300–900 °C (Δt = 100 °C) in an argon atmosphere. It was found that both rGO modification and the calcination process strongly impacted the crystallite size, the changes in the crystal structure, and the specific surface area of the tested samples. The nanomaterials were tested with the photocatalytic decomposition of methylene blue under two types of irradiation: UV and artificial solar light.




2. Results and Discussion


2.1. Characterization of Photocatalysts


2.1.1. UV–Vis Diffuse Absorbance Spectroscopy


In Figure 1, the UV–Vis/DR spectra of TiO2/rGO-t samples, as well as control and reference KRONOClean 7000 samples, are presented. The TiO2 material presented typical absorption characteristics for a TiO2 semiconductor. The sample exhibited high absorption in the UV range and no absorption in the Vis region (above 400 nm). Strong absorption at around 380 nm was noticed, and this was related to the electron transition from the valence band (O 2p) to the conduction band (Ti 3d) [37]. A different situation could be observed for photocatalysts after modification. TiO2/rGO-t nanomaterials exhibited absorption in the visible region, which increased with the increase in the calcination temperature. The results were related to the colour changes after modification. The highest absorption of visible light was noted for the materials heated at 900 °C with the darkest colour. The dark colour of the sample facilitated visible light absorption [38]. The results showed that the samples calcined at 700, 800, and 900 °C exhibited a significant red-shift in the absorption edge, and this corresponded to the energy band-gap values. The band-gap values of the tested materials are presented in Table 1. The Eg values for TiO2/rGO-700, TiO2/rGO-800, and TiO2/rGO-900 photocatalysts were 3.09, 2.97, and 2.97 eV, respectively. Zhang et al. [39] found that the decrease in the band gap of samples with graphene is related to the formation of the Ti−O−C bond between TiO2 and the specific sites of carbon. A similar conclusion was proposed by Pastrana-Martínez et al. [40]. In order to confirm the rGO impact on changes in band-gap energy, the values of the Eg for TiO2 calcined at 700 and 900 °C (without rGO) were examined. The Eg values for these samples were 3.02 and 3.01 eV, respectively, and they were similar to the values for photocatalysts with rGO calcined at 700, 800, and 900 °C. Thus, narrowing of the band gap is mainly caused by calcination in an argon atmosphere rather than the incorporation of carbon from the graphene in the titanium dioxide structure. The red-shift in the adsorption edge and the narrowing of the band-gap energy has also been found to correspond to changes in the TiO2 phase composition, especially when rutile was present in the tested samples [41,42]. In addition, the intensive absorption peak located at 270 nm was observed for all TiO2/rGO-t photocatalysts. This peak was attributed to the π-π* transitions of C=C bonds characteristic for rGO [43,44].




2.1.2. X-ray Diffraction Analysis


The XRD patterns of all tested photocatalysts are presented in Figure 2. Photocatalysts obtained at 300–600 °C, as well as the control and reference samples, consisted mainly of anatase phase (up to 98%). This materials exhibited reflection characteristics for the anatase phase—(101), (004), (200), (105), (211), (204), (116), (220), and (215) located at 25.3, 37.6, 47.8, 53.7, 54.8, 62.6, 68.7, 70.2, and 75.0°, respectively (JCPDS 01-070-7348)—and one small reflection characteristic for rutile (110) located at 27.1°. It should be noted that the presence of a low percentage of rutile in materials from the starting TiO2 was related to the TiO2 production process, not the phase transformation. In the case of photocatalysts calcined above 600 °C the characteristic reflections for rutile (110), (200), (111), (210), (211), (220), (002), (310), (301), and (112) located at 36.2, 39.8, 41.7, 44.3, 54.8, 56.8, 63.1, 64.7, 69.2, and 69.8° (JCPDS 01-076-0318) were observed. The presence of rutile reflection was related to the anatase-to-rutile phase transformation occurring at a higher temperature. Additionally, it was possible to observe an increase in the intensity of rutile reflection and the gradual disappearance of anatase reflection with the increase in the calcination temperature. A characteristic diffraction peak for reduced graphene oxide located at 24.2° [45] was not found. This was due to the small amount of graphene and its relatively low diffraction intensity, which was possibly shielded by the main peak of anatase TiO2 (101) located at 25.3° [46]. Similar observations were made by He et al. [47], Yang et al. [48], and other researchers [49,50].



As can be seen in Table 1, the calcination temperature had an important impact on the increase in the crystallite size of both anatase and rutile. The crystallite size increased with increasing calcination temperature. The crystallite sizes of anatase and rutile increased from 17 to 65 nm for anatase and from 27 to more than 100 nm for rutile. This indicated an increase in the crystallinity of the samples after calcination, which was also confirmed by the increase in the intensity of reflection for both anatase and rutile, as shown in Figure 2, and in the decrease in the value of the FWHM parameter for both mentioned phases, as well as the narrower reflections, the larger crystallite size, and the greater degree of crystallinity of the material [51]. As depicted in Figure 2, the anatase-to-rutile phase transformation, in this case, began at 600 °C, where additional reflections of rutile for TiO2/rGO-8-700 were observed. With the increase of the calcination temperature, the intensity of rutile reflection also increased. For example, photocatalyst calcined at 900 °C consisted only of rutile. Three reference photocatalysts (TiO2-700, TiO2-800, and TiO2-900) were analyzed to confirm that the modification of graphene contributes to the suppression of phase transition and sintering of TiO2 particles during temperature modification. Phase composition analysis showed that the TiO2-700 sample contained 28% anatase and the TiO2-800 sample only 1% (the content of anatase in the TiO2/rGO-700 sample was76% and in the TiO2/rGO-800 sample it was 3%). It should be pointed out that samples with rGO were characterized by smaller crystallite sizes than the materials without rGO. It can be concluded that the modification with reduced graphene oxide suppressed the phase transition as well as the sintering of TiO2 crystallites. In the case of the TiO2-900 sample, no effect of graphene on the phase composition was found. The calcination temperature was too high, so the presence of carbon in the form of rGO suppressed the anatase-to-rutile transformation.




2.1.3. BET Analysis


The SBET values and total pore volume of the tested nanomaterials, as well as the reference materials, are shown in Table 2. The SBET area and total pore volume of the control TiO2 sample were 97 m2/g and 0.40 cm3/g, respectively. After rGO modification (TiO2/rGO), the SBET area increased to 142 m2/g, and this was related to using rGO during preparation and its high SBET area (310 m2/g). Kim et al. [26] and Ruidíaz-Martínez et al. [52] also observed an increase of SBET area for samples after hydrothermal modification with rGO. For TiO2/rGO-t photocatalysts obtained with the calcination process, a decrease in the SBET area was observed. It is worth mentioning that the amount of rGO for this group of samples was the same, and it was assumed to be a mass of 8%. SBET area decreased after calcination from 142 m2/g for TiO2/rGO (starting material for calcination) to 21 m2/g for the sample heated at 900 °C. Furthermore, a correlation between increasing calcination temperature and decreasing surface area was observed. This was related to the sintering and agglomeration of TiO2 particles during calcination [53,54]. As was previously observed, the modification with graphene led to the increase of the SBET area. The SBET values for TiO2/rGO-t were compared with the values for photocatalysts for TiO₂-t materials to verify this phenomenon. It can be observed (see Table 2) that rGO modification caused a suppression of the decrease in SBET values after calcination. For example, the SBET area for TiO2-700 was 15 m2/g and for TiO2/rGO-700 it was 58 m2/g. The total pore volume also decreased with the increase in the calcination temperature, and this was a typical phenomenon related to the SBET value decreasing and the increasing crystallite size [7]. However, it was observed that rGO suppression also decreased pore volume. It can be noted that the total pore volume for the TiO2/rGO-700 samples was almost twice as high as for the sample calcined at the same temperature without rGO, and it was almost five times higher for TiO2/rGO-700 in comparison to TiO₂-700. It should be concluded that using rGO for preparation has an important influence on the suppression of the decrease in the SBET and total pore volume.



The influence of reduced graphene oxide on the structural properties of rGO-decorated TiO2 photocatalysts was also confirmed by studying the character of the adsorption–desorption isotherms presented in Figure 3. Based on the IUPAC classification, the isotherms of the tested photocatalysts exhibited characteristics of the type IV rank [55] attributed to mesoporous-like materials. Only the TiO2-700 sample demonstrated type II isotherm characteristics, associated with non-porous materials, for which the hysteresis loop does not appear. All tested photocatalysts presented the same H3-type hysteresis loop [56]. However, in the case of the samples with rGO, the value of the adsorbed N2 rapidly increased, and the hysteresis loop between the adsorption and desorption branches of the isotherm was wide. This type of enlargement of hysteresis, in the range of 0.45–0.7, is related to rGO content [57].




2.1.4. SEM Image Analysis


The presence of graphene flakes in the tested materials was proved by means of SEM microscopy. The SEM image in Figure 4a shows that the rGO sheet was wrinkled, transparent, and thin. The rGO surface was not covered by adsorbed contaminants. It can be noted that the rGO consisted of 2–4 layers according to the information given by the manufacturer [58]. Sample TiO2, shown in Figure 4b, consisted of particles that aggregated into a larger form. The grains presented a regular round shape. After calcination, a decrease in agglomerate size was observed (Figure 4c). Furthermore, the crystallites in TiO2/rGO-500 exhibited a more spherical shape. TiO2 nanoparticles were supported on the rGO sheets. Based on Figure 4c, it can also be concluded that a high calcination temperature does not cause any destruction in rGO sheets.




2.1.5. Raman Analysis


Raman spectroscopy was used as an additional means of confirmation of the presence of rGO in the TiO2 sample. Exemplary Raman spectra of TiO2/rGO-t samples calcined at 300, 500, and 700 °C, as well as the control and reference photocatalysts, are shown in Figure 5. For all analyzed samples, the characteristic bonds corresponding to the Eg(1), B1g(1), A1g+B1g(2), and Eg(2) modes of anatase located at 146, 395, 513, and 636 cm−1 were found [59]. The Eg band located at 448 cm−1 [60] characteristic of rutile was observed only for the TiO2/rGO-700 photocatalyst. However, it should be noted that rutile was also present in samples obtained at 800 and 900 °C, as was confirmed by XRD analysis. Due to the low rutile content present in the Raman spectra of the other samples, the characteristic bands are not indexed. Two characteristic peaks at about 1296 cm−1 and 1611 cm1 attributed to the D and G bands of the graphitized structure were noted for samples modified with rGO. The D band (disordered) was attributed to the edge or in-plane sp3 defect of carbon. The presence of this band provides information about defects, and it indicates internal structural defects, dangling bonds, and edge defects [61,62]. The G band (graphitic) was assigned to in-plane stretching vibrations of the symmetric sp2 C−C bonds, and it was indicated by the degree of organization of the aromatic structure [63]. These two types of bands confirmed the presence of reduced graphene oxide in the TiO2/rGO-t nanocomposites. In addition, the high-intensity ratio of D and G bands (ID/IG = 1.5) was attributed to the presence of smaller but more numerous sp2 domains in the carbon [64]. No characteristic peak corresponding to carbon was observed in the cases of TiO2 and KRONOClean 7000, despite carbon analysis confirming its presence in the samples (see Table 2). This was due to the presence of another kind of carbon group. The TiO2 photocatalyst contained alkyl groups from isopropanol, and KRONOClean 7000 had arylcarboxylate groups characteristic of the production process.




2.1.6. Thermal Analysis


The TG and DTG curves of the rGO, TiO2, and TiO2/rGO photocatalysts are shown in Figure 6. The TG/DTG curves of the rGO and modified TiO2 samples were characterized by the presence of three distinct mass-loss stages. The first stage, located in the temperature range between ca. 20 and 150 °C (region A), was attributed to the vaporization of water and organic solvent (isopropanol) from the surfaces of the materials. The second mass-loss stage, located between ca. 150–400 °C (region B), was connected with the occurrence of two separate effects, characteristic of the respective materials. Thus, for the rGO material, the mass decline was associated with the decomposition of more labile groups (carboxylate and hydroxylate) and the removal of oxygen molecules [65]. In addition, and in contrast to the rGO material, the TiO2 sample was characterized by a noticeable mass decline located in region C (between ca. 400–600 °C). This change was attributed to the transformation of the amorphous part of the TiO2 into the crystalline phase [66,67]. It should also be noted that, above 600 °C (region D),the TG profile of the rGO material gradually declined, indicating the occurrence of high-temperature pyrolysis in the carbon skeleton [24].



Further TG/DTG profiles, presented in Figure 6a,b, were obtained for the exemplary TiO2/rGO composites calcined at 300, 500, 700, and 900 °C. The shapes of the profiles were clearly dependent on the calcination conditions applied during the material preparation process. Similarly, as in the case of the precursor materials, the TiO2/rGO-300 and TiO2/rGO-500 composites exhibited significant mass loss in region A, resulting from the vaporization of residual water and solvent molecules from the material surface. The samples also demonstrated noticeable mass drops in temperature regions B and D, which were ascribed to the thermal decomposition of more labile groups of the rGO component and the degradation of its carbon skeleton, respectively. Furthermore, for the TiO2/rGO-300 material, an additional mass loss was recorded between ca. 450–600 °C (region C). This change was ascribed to the occurrence of the heat-induced amorphous TiO2 crystallization process, which was also observed in the case of the TiO2 precursor sample. In contrast to the previously described counterparts, the remaining TiO2/rGO-700 and TiO2/rGO-900 composites exhibited higher thermal stability, which was reflected by the relatively stable progression of the TG curves and negligible weight loss of the materials. This trait was connected with the high-temperature heat treatment applied during the composite preparation process.




2.1.7. XPS Analysis


Further detailed characterization of the chemical composition of the TiO2/rGO-t samples calcined at 300, 500, 700, and 900 °C was provided by X-ray photoelectron spectroscopy. High-resolution spectra were acquired to evaluate the chemical states of the elements present on the surfaces of the samples. Only titanium, oxygen, and carbon atoms were identified in all these materials. In Figure 7, a binding-energy region characteristic for Ti 2p transition is depicted for the sample TiO2/rGO-900. Two peaks centered at 458.8 eV and 464.6 eV were noted, which corresponded to the Ti 2p3/2 and Ti 2p1/2 spin-orbit splitting photoelectrons in the Ti4+ state [68]. There were no differences for the location and shape of the XPS Ti 2p spectra originating from any of the TiO2/rGO-t samples. The position of the main maximum at a binding energy of 458.8 eV proved that titanium atoms were not involved in any kind of strong bond apart from the Ti−O bonds characteristic of TiO2. The results indicate that the chemical state of titanium atoms is not influenced by calcination at high temperatures.



Much more significant changes were observed in the XPS spectra obtained for the considered samples in the C 1s region (see Figure 8). A spectrum acquired for the rGO used for the preparation of hybrid materials was taken as a reference (the gray area). The maximum of the reference spectrum was located at the binding energy of 284.3 eV, a value characteristic of graphene and other graphite-like structures. The maxima of the TiO2/rGO-t samples were generally located at identical positions as in the rGO spectrum. The observed variations were within the experimental error (0.1 eV). The envelope of the XPS C 1s spectra obtained for the samples calcined at 300, 500, and 700 °C notably differed from the C 1s spectrum of reduced graphene oxide. The most prominent deviations were observed in two regions at about 286 eV and 289 eV. The former region is usually ascribed to the presence of C−O bonds, as in alcohols or ethers. The latter region is typical of carbon–oxygen bonds, where the carbon atom is accompanied by at least two oxygen atoms. Representative examples of such a chemical environment include carboxyl and carboalcoxy functional groups. The surfaces of the TiO2/rGO-t samples calcined at 300, 500, and 700 °C were abundant in carbon–oxygen bonds of different kinds.



To address this problem numerically, the deconvolution of the experimental data was undertaken by applying a model consisting of six basic components of C 1s transition. The first component, C−Cgraph, with a binding energy of 284.3 ± 0.1 eV, essentially corresponded to non-functionalized carbon atoms located in graphene rings. The second component, C−Caliph, with a binding energy of 285.3 ± 0.2 eV, was attributed to sp3 carbon atoms, bonded with either second carbon atoms or hydrogen atoms. Component C−OH, which shifted 2.2 ± 0.2 eV from component C−Cgraph in the direction of increasing binding energies, was ascribed to a group of carbon atoms linked to one atom of oxygen. The group comprised the following functional groups, which were presumably present in the studied materials: C−O−C and C−OH. The carbon denoted by the asterisk in the *C−O−C=O group could also have contributed to the signal of the component C-OH. The component C=O, which shifted 3.2 ± 0.2 eV from the first component in the direction of increasing binding energies, also corresponded to a set of functional groups: C=O or O−C−O. The fifth component, CO(O), which shifted 5.0 ± 0.2 eV from the component Cgraph, corresponded to a set of functional groups similar to carboxyl or carboalcoxy. The sixth peak in the C 1s spectra was a shake-up structure caused by the π→π*-transition in the graphite rings. The binding energy assignments described above are based on the energy shifts given in Appendix E of [69]. The results of the numerical deconvolution are shown in Table 3 and indicated a relative surface functional group composition. The total C 1s intensity was taken as 100. The comparison of the results for the samples calcined at different temperatures shown in Table 3 indicated relatively small variations for components C−Cgraph, C−Caliph, and C−OH. In general, the component C−Caliph was more prominent on the surfaces of the samples calcined at 300, 500, and 700 °C. It was ascribed to the presence of the isopropanol used during the preparation stage. The most crucial changes were observed for component CO(O), which was in accordance with the component C=O. About 11% of the surfaces of the samples TiO2/rGO-300 and TiO2/rGO-500 contained this component, which was observed as an intense local maximum at 289 eV. This component diminished with increasing calcination temperature and at 900 °C it was negligible. The surface of the sample calcined at 900 °C contained even fewer C−O bindings than observed for pure rGO.




2.1.8. Carbon Content


The carbon content in the TiO2/rGO-t samples is presented in Table 2. For comparison, carbon amounts in the TiO2, TiO2/rGO, and reference KRONOClean 7000 photocatalysts are also shown. According to the listed results, the commercial carbon-modified photocatalyst contained 0.96 wt.% carbon. The TiO2 control sample obtained according to the procedure for modification of TiO2/rGO-t photocatalysts but without the addition of rGO contained 0.6 wt.% carbon. The presence of carbon in this sample was related to the use of isopropanol in the modification process. It is worth mentioning that the starting TiO2 did not contain any carbon. TiO2/rGO, which was a starting material for the calcination process, contained 6.5 wt.% carbon, and this result was different from the theoretically assumed carbon amount used during the modification (8 wt.%). This difference was related to the type of graphene precursor used. The reduced graphene oxide used for modification contained approximately 75 wt.% carbon. Thus, the graphene used was in a form that was not entirely reduced and it had various types of functional groups on its surface (see Section 2.1.7). After the calcination process, the photocatalysts contained almost the same amounts of carbon (about 6 wt.%). However, it was possible to observe differences in the carbon content between TiO2/rGO and the samples after calcination, and these were related to the evaporation of the residual isopropyl alcohol used in the modification during the first step involving a pressure autoclave.





2.2. Adsorption Experiment


The adsorption properties and the time required to achieve the adsorption–desorption equilibrium between photocatalysts, surface, and contaminant were determined. In Figure 9, the adsorption of MB on the tested nanomaterials under dark conditions is presented. The adsorption–desorption equilibrium was achieved after 180 min. The adsorption degrees calculated for TiO2 and KRONOClean 7000 were negligible (1.49% and 2.44%, respectively). In contrast, the adsorption degree for the TiO2/rGO-t nanomaterials was approximately 50%. It is well-known that adsorption properties are related to high SBET values and porous structure. It should be noted that, in spite of decreasing SBET area after calcination, the adsorption properties remained at the same level for all photocatalysts. This was caused by strong π-π interactions between the dye molecules and aromatic regions of reduced graphene oxide [70]. It is also widely known that a negatively charged semiconductor surface has a higher potential for contact with positively charged MB molecules due to the electrostatic attractive interactions [71,72]. The zeta potential for KRONOClean 7000 was +20.64 mV, for TiO2 it was +12.41 mV, and for TiO2/rGO-8-800 it was −18.80 mV; thus, in this case, changing the surface charge of TiO2 from positive to negative after heating caused increases in the adsorption properties of the TiO2/rGO samples.




2.3. Photocatalytic Activity Test


The photoactivity of the TiO2 and rGO-modified samples in comparison with the commercial photocatalyst KRONOClean 7000 was determined on the basis of the degradation of MB under UV and artificial solar light irradiation. Figure 10 presents the efficiencies of all tested photocatalysts in methylene blue degradation under both types of irradiation. Generally, TiO2/rGO-t nanomaterials showed higher photoactivity in comparison with control and reference samples. The photocatalytic activity of TiO2 and KRONO-Clean 7000 was negligible, indicating that these samples do not act as effective photocatalysts. Complete MB removal for these samples was achieved after 360 min of irradiation under UV light. In the case of ASL, the decomposition degree was not more than 5%. In contrast, series composites after rGO modification exhibited clearly higher photocatalytic activity under both types of irradiation. It could easily be seen that the activity under UV irradiation increased with the increase of the heat treatment temperature up to 700 °C. This type of correlation was not observed in the case of degradation under artificial solar light. However, in both cases TiO2/rGO-700 nanomaterial had the highest photoactivity, with 100% MB decomposition in 90 min of UV irradiation and 31.3% MB decomposition in 300 min of ASL irradiation. It should be noted that adsorption did not have a significant effect on the improvement of activity in the rGO modified samples. Calcination temperature played a prominent role. To better visualize the impact of rGO modification on photoactivity, the results for TiO2/rGO-700 and TiO2-700 are presented in Table 4. The photocatalyst with rGO showed higher activity than the sample obtained through the same procedure without rGO. Several parameters, such as SBET area, crystal structure, and crystallite size, should be taken into account to explain this phenomenon. First of all, the TiO2/rGO-700 had a higher SBET area (58 m2/g) than the TiO2-700 sample (15 m2/g). It is well-known that large surface area and phase content have an important influence on the improvement of photocatalytic efficiency. The large surface area provides a number of active sites which can adsorb a large number of contaminant particles [29,73]. Samples containing more anatase than rutile generally exhibit higher activity, as shown in Figure 10. It is widely known that rutile is a less active phase of TiO2 than anatase due to the lower numbers of active sites and hydroxyl groups on the surface [74]. However, it is worth taking note of the relatively high activity under artificial solar light for the photocatalysts obtained at 800 and 900 °C, which consisted mainly of rutile phase. TiO2/rGO-800 and TiO2/rGO-900 nanomaterials showed higher activity than the samples modified at temperatures lower than 700 °C. In these cases, the higher photoactivity was related to the redshift edging toward visible light and the narrowing of the band-gap energy. Previous work has suggested that the best proportion between anatase and rutile phases is 75–85% anatase and 15–25% rutile, as in the case of the most popular commercial photocatalyst AEROXIDE® TiO2 P25. It has been stated that such proportions for the anatase-to-rutile ratio are desirable due to the better separation of charge carriers and higher activity [75,76]. A similar trend was observed for the TiO2/rGO-700 sample, which contained 85% anatase and 15% rutile and showed the highest photoactivity under both UV and ASL irradiation. The photoactivity also depends on the degree of crystallinity and the crystallite size: the better the crystallized material, the higher the photoactivity [77]. Thus, the samples with lower FWHM parameters demonstrated higher activity. With higher calcination temperatures, the FWHM parameter was lower and the crystallinity greater. Zhang et al. [30] found that the higher efficiency of samples modified with graphene and calcined was related to an increase in crystallinity. It is well-known that the optimal crystallinity size for better efficiency is 10 nm [78]. However, Almquist and Biswas [79] determined that photoefficiency is the highest when the crystallite size is between 25 and 40 nm, which is in concordance with our observations. In our case, the highest activity was associated with samples with crystallite sizes up to 47 nm.




2.4. Photocatalyst Stability


The photoactivity of nanomaterials is an essential parameter from a practical application point of view. As it had the highest photoactivity, the TiO2/rGO-700 photocatalyst was used as the representative sample to examine the long-term stability under UV light irradiation. The results are presented in Figure 11. A slight decrease in activity after the first cycle was observed. It could have been caused by the blocking of active sites on the photocatalyst surface due to the adsorption dye molecules. Janus et al. suggested that carbon deposits from dye degradation can easily be deposited on the surface of tested material [80]. In the case of the TiO2/rGO-700, a change in the color of the photocatalyst to gray-blue indicated the presence of carbon deposits. However, the degree of activity was at the same level up to the third cycle. A decrease in the photoactivity was noted only after the seventh cycle, related to the distribution of carbon deposits adsorbed on the photocatalyst surface. The decomposition of the byproducts of the MB decomposition is a competitive process for the photoremoval of the main contaminant. The presented results indicate that the obtained sample exhibited relatively high stability during the photocatalytic decomposition.




2.5. Photocatalytic Mechanism


The possible photocatalytic mechanism of TiO2/rGO nanomaterials is proposed in Figure 12. As a photon with energy higher than the band-gap energy of the semiconductor becomes adsorbed by the photocatalyst, electrons are excited and move from the valance band (VB) to the conduction band (CB), forming a hole. Generally, the generated charges recombine quickly and only a small fraction take part in the photodegradation of the pollutant, resulting in low photocatalytic efficiency. However, in the case of TiO2 modified with rGO, the electron–hole pair path is different. Due to excellent electronic conductivity, the formed electron is transferred to the graphene sheets, and the charges are well-separated. Thus electron–hole pair recombination is suppressed, and the photoactivity is highly improved. Then, photogenerated electrons react with dissolved oxygen molecules, forming superoxide radical anions (O2˙−), which directly degrade the MB. Eventually, the holes from the CB can react with the water molecule to create hydroxyl radicals (˙OH) and destroy MB. Another way is through direct decomposition of the reaction between the holes and MB molecules. In the case of ASL irradiation, the MB molecules also act as sensitizers and self-degradation can take place [81]. It is worth mentioning that adsorption also plays a significant role in photocatalytic mechanisms. Due to the high specific surface area of rGO and the strong π-π interaction between the dye molecules and aromatic regions of the reduced graphene oxide, the pollutants’ adsorption is enhanced. Taking this into account, the combination of TiO2 with rGO can effectively improve the adsorption of MB, as well as the charge transfer reaction [52].





3. Materials and Methods


3.1. Materials


Crude titanium dioxide supplied by Chemical Plant Grupa Azoty Zakłady Chemiczne “Police” S.A. (Poland) was used as a material for preparing photocatalysts. Taking into account the fact that the product contained 2.1 wt.% residual sulfur (from post-production sulfuric acid), pre-treatment was necessary. The pre-treatment process has been described in detail elsewhere [82]. The TiO2 used for modification was denoted as starting TiO2. Reduced graphene oxide prepared with a modified Hummer’s method was supplied by Nanomaterials LS (Poland). The isopropanol (pure p.a. 99.5%) used during the solvothermal treatment was purchased from Firma Chempur (Poland). The commercial photocatalyst KRONOClean 7000 (Kronos Worldwide, Inc., USA) was used as a reference carbon-modified titania nanomaterial. Ultrapure water from a Millipore Elix Advantage water purification system (Merck KGaA, Germany) with a conductivity of 0.04 μS/cm at 25 °C was used for experiments.




3.2. Preparation of Photocatalysts


TiO2/reduced graphene oxide (TiO2/rGO) photocatalysts were obtained in two steps: a solvothermal process and calcination. In the first step, 2 g of starting TiO2 with 8 wt.% reduced graphene oxide were mechanically mixed in a mortar and placed in a pressure reactor with 2 mL of isopropanol. The sample was modified at 180 °C for 4 h under autogenous pressure. Then, the valve in the reactor was opened, and the material was heated for 1 h without pressure to remove residual alcohol and water. Next, the reactor was cooled down to room temperature. The obtained nanomaterial was named TiO2/rGO-8 and was used as a control material. In the next step, the TiO2/rGO sample was calcined in an argon atmosphere (purity: 5.0, Messer Polska Sp. z o.o., Chorzów, Poland) in the temperature range of 300–900 °C (Δt = 100 °C) for 4 h in an Ar flow (60 mL/min). The heat treatment process was conducted in a GHC 12/900 horizontal furnace (Carbolite Gero Ltd, Sheffield. UK). Before the heating step, the argon was passed through the quartz tube for 30 min to remove the air present in the quartz tube. The obtained products were named TiO2/rGO-t, where t indicates the temperature of calcination. The other TiO2 control sample was received similarly but without the addition of reduced graphene oxide. The TiO2 sample was calcined under the same conditions as the photocatalysts with rGO (the samples were named TiO₂-t, where t indicates the temperature of calcination) in order to examine the influence of rGO modification.




3.3. Characterization of Photocatalysts


The crystalline phase and crystal structure were analyzed by XRD analysis (Malvern PANalytical Ltd., Almelo, The Netherlands) using Cu Kα radiation (λ = 1.54056 Å). The anatase and rutile amounts and the average crystallite size of anatase were calculated using the method described elsewhere [35]. The surface morphologies were observed using scanning electron microscopy (SU8020 Ultra-High Resolution Field Emission Scanning Electron Microscope; Hitachi Ltd, Japan). The Brunauer–Emmett–Teller (BET) surface area and pore size distribution were determined according to the N2 adsorption–desorption at −196 °C with a Quadrasorb evo™ Gas Sorption analyzer (Anton Paar GmbH, Graz, Austria; previously Quantachrome Instruments, USA). Prior to adsorption measurement, all samples were degassed at 100 °C under a high vacuum for 12 h in order to remove residual water and organic carbon residues adsorbed on the surfaces of the tested samples. The carbon content in the studied photocatalysts was calculated using a CN628 LECO elemental analyzer (LECO Corporation, St. Joseph, MI, USA). The certified EDTA standard (LECO Corporation, USA) containing 41.06 and 9.56 wt.% of carbon and nitrogen, respectively, was used for the preparation of a calibration curve. Raman spectra were recorded using an inVia Raman Microscope (Renishaw PLC, New Mills, Wotton-under-Edge, UK) with an excitation wavelength of 785 nm. The diffuse-reflectance UV–Vis spectra were recorded with a V-650 UV–Vis spectrophotometer (JASCO International Co., LTD., Tokyo, Japan) equipped with an integrating sphere accessory for studying DRS spectra. Barium sulfate was used as the reference material. The X-ray photoelectron spectroscopy (XPS) experiments were performed using Al Kα (hv = 1486.6 eV) radiation with a Scienta SES 2002 spectrometer (Scienta Scientific AB, Uppsala, Sweden) operating at constant transmission energy (Ep = 50 eV). The thermal stability of the obtained photocatalysts was investigated using thermogravimetric analysis (TGA). The thermal stability of the tested photocatalysts was investigated with a NETZSCH STA 449 C (NETZSCH-Gerätebau GmbH, Germany) TGA analyzer. A sample (ca. 10 mg) of the tested material was placed in an alumina crucible and heated in an inert (nitrogen) atmosphere up to 900 °C with a heating rate of 10 °C/min.




3.4. Adsorption Experiment


The adsorption abilities of all studied materials were examined to determine the adsorption properties of the samples and the moment of the liquid–solid equilibrium. The investigation was undertaken using methylene blue as a model organic contaminant. The experiment was carried out in a glass beaker (0.3 L) containing 0.8 g/L of photocatalyst and 0.2 L of contaminant aqueous solution. The starting concentration of the dye was 10 mg/L. The suspension was magnetically stirred without light until the adsorption equilibrium was established. During the experiment, the suspension solutions were centrifuged every 60 min to remove the TiO2 nanoparticles. The concentration of methylene blue in the solutions was measured using a UV–Vis V-630 spectrophotometer (JASCO International Co., LTD., Tokyo, Japan).




3.5. Photocatalytic Activity Measurements


The photocatalytic activity of the tested nanomaterials was determined according to the degradation process of methylene blue, which was used as a model organic water contaminant. It is remarkable that, although MB tends to absorb light itself, in this case self-degradation was negligible compared to decomposition in the presence of the photocatalyst. The experiments were conducted under UV–Vis light with high UV intensity (UV irradiation) and artificial solar light (ASL) in an air atmosphere. The photocatalytic reaction took place in a glass backer (0.3 L) containing 0.8 g/L of photocatalyst and 0.2 L of pollutant solution. The starting concentration of the dye was 10 mg/L. Before the irradiation, the suspension was stirred in the dark to ensure the establishment of the adsorption–desorption equilibrium. The adsorption time was determined individually for each contaminant based on the previously performed adsorption tests for the tested photocatalysts (as described in the previous section). After adsorption, the solution was irradiated using a suitable radiation source. A group of six lamps, each with a power of 20 W (Philips), was used as a UV light (310–430 nm), and the radiation intensity was about 110 W/m2 in the range of 280–400 nm and 115 W/m2 in the range of 300–2800 nm. A halogen lamp with a power of 60 W (Philips) and intensity of about 0.3 W/m2 (measured in the range of 280–400 nm) and 720 W/m2 (measured in the range of 300–2800 nm) was used as an artificial solar light source. The photocatalytic decomposition of model organic contaminants under UV irradiation was carried out until their concentration equaled zero. In the case of ASL, the degradation was carried out for 5 h. The concentration of methylene blue in the solutions was measured using a UV–Vis V-630 spectrophotometer (JASCO International Co., LTD., Tokyo, Japan). The degree of MB degradation is presented as C/C0, where C is the MB concentration at the irradiation time interval and C0 is the initial concentration of MB after the adsorption–desorption equilibrium is established. The recycling experiment for one selected sample was undertaken through the degradation of methylene blue over 120 min of irradiation. After each cycle, the material was removed by filtration and dried at 100 °C.




3.6. Reusability Test


The reusability test of the selected photocatalyst was carried out seven times under the same conditions as the photocatalytic test. However, after each cycle, the photocatalyst was separated by filtration, dried at 100 °C, and then added to a new portion of the MB solution.





4. Conclusions


In summary, novel TiO2/rGO-t photocatalysts were obtained in a two-step preparation process. The two preparation steps were connected: a solvothermal method and calcination in an inert gas atmosphere. The calcination process was conducted at 300–900 °C in an argon flow. The presence of rGO in the TiO2 samples after calcination was confirmed by Raman spectroscopy, SEM, XPS, and elemental analysis. It was found that both rGO modification and the calcination process impacted the crystallite size, the changes in the crystal structure, and the specific surface area of the nanomaterials. It was observed that rGO modification contributed to maintaining a relatively high surface as well as suppressing the phase transition after calcination. The photoactivity of the obtained photocatalysts was tested via the methylene blue decomposition under two types of irradiation: UV and artificial solar light. The influence of adsorption on photoactivity was also investigated. It was found that the photocatalytic activity increased with the modification temperature up to 700 °C. The best result was observed for the TiO2/rGO-700 photocatalyst, which contained 85% anatase and 15% rutile. Relatively high activity, especially under artificial solar light, was found for samples obtained at 800 and 900 °C due to the redshift edging towards visible light and the narrowing of the band-gap energy. The redshift was caused by the presence of the rutile phase. It was also noted that, in the case of methylene blue degradation, adsorption plays an important role due to π-π interactions between methylene blue molecules and aromatic regions of rGO.
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Figure 1. UV–Vis/DR spectra (a) and Tauc plot (b) for reference, control, and obtained photocatalysts. 
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Figure 2. XRD patterns of reference, control, and obtained photocatalysts. 
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Figure 3. Adsorption–desorption isotherms for (a) reference, control, and (b) obtained photocatalysts. 
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Figure 4. SEM images of (a) rGO, (b) TiO2, and (c) TiO2/rGO-8-300. 
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Figure 5. Raman spectra of (a) reference, control, and (b) exemplary obtained photocatalysts. 
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Figure 6. TG (a) and DTG (b) curves for control and obtained photocatalysts. 
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Figure 7. X-ray photoelectron spectrum of Ti 2p transition for TiO2/rGO-8-900 sample. 
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Figure 8. X-ray photoelectron spectra of C 1s transition for reduced graphene oxide (rGO) and selected TiO2 and rGO hybrid materials. 
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Figure 9. Methylene blue adsorption on the surfaces of reference, control, and prepared photocatalysts. 
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Figure 10. Degree of methylene blue decomposition under (a) UV light and (b) artificial solar light. 
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Figure 11. Cycling stability of adsorption and decomposition of methylene blue for the TiO2/rGO-8-700 sample under UV light. 
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Figure 12. The reaction mechanism for photocatalytic degradation of MB with TiO2/rGO photocatalyst under UV irradiation. 
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Table 1. XRD phase compositions and crystallite sizes for reference, control, and obtained photocatalysts.
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Sample Code

	
Crystalline Phase Participation (%)

	
Anatase

	
Rutile

	
Eg

(eV)




	
Anatase

	
Rutile

	
FWHM 2θ = 25.4

(°)

	
dA a

(nm)

	
FWHM 2θ = 27.7

(°)

	
dR a

nm)






	
KRONOClean 7000

	
100

	
0

	
0.88

	
11

	
-

	
-

	
3.29




	
TiO2

	
98

	
2

	
0.55

	
18

	
0.34

	
32

	
3.28




	
TiO2/rGO

	
99

	
1

	
0.58

	
17

	
0.37

	
27

	
3.28




	
TiO2/rGO-300

	
98

	
2

	
0.53

	
19

	
0.34

	
33

	
3.27




	
TiO2/rGO-400

	
98

	
2

	
0.53

	
19

	
0.32

	
29

	
3.28




	
TiO2/rGO-500

	
96

	
3

	
0.47

	
22

	
0.24

	
93

	
3.28




	
TiO2/rGO-600

	
97

	
3

	
0.38

	
29

	
0.30

	
140 *

	
3.26




	
TiO2/rGO-700

	
76

	
24

	
0.31

	
38

	
0.13

	
176 *

	
2.99




	
TiO2/rGO-800

	
3

	
97

	
0.22

	
65

	
0.12

	
272 *

	
2.97




	
TiO2/rGO-900

	
0

	
100

	
-

	
-

	
0.12

	
281 *

	
2.97




	
TiO2-300

	
99

	
1

	
0.55

	
18

	
0.35

	
32

	
3.27




	
TiO2-500

	
99

	
1

	
0.42

	
26

	
0.27

	
47

	
3.29




	
TiO₂-700

	
28

	
72

	
0.24

	
58

	
0.13

	
235 *

	
3.02




	
TiO₂-800

	
1

	
99

	
0.17

	
105

	
0.12

	
338 *

	
3.01




	
TiO2-900

	
0

	
100

	
-

	
-

	
0.11

	
423 *

	
-








a Mean anatase and rutile crystallite size. * Determination of crystallites above 100 nm was subject to large errors. However, these results are presented for comparative purposes.
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Table 2. Specific surface area and pore size distribution of studied reference, control, and prepared photocatalysts.
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	Sample Code
	SBET

(m2/g)
	Vtotal a

(cm3/g)
	Vmicro b (cm3/g)
	Vmeso c (cm3/g)
	Carbon Content

(wt%)





	KRONOClean 7000
	249
	0.37
	0.09
	0.28
	0.96



	TiO2
	97
	0.40
	0.04
	0.36
	0.6



	TiO2/rGO
	142
	0.42
	0.04
	0.38
	6.5



	TiO2/rGO-300
	134
	0.44
	0.04
	0.40
	5.8



	TiO2/rGO-400
	117
	0.35
	0.04
	0.31
	5.9



	TiO2/rGO-500
	114
	0.41
	0.04
	0.37
	5.9



	TiO2/rGO-600
	63
	0.75
	0.03
	0.72
	6.0



	TiO2/rGO-700
	58
	0.24
	0.02
	0.22
	5.7



	TiO2/rGO-800
	23
	0.08
	0.01
	0.07
	5.9



	TiO2/rGO-900
	21
	0.04
	0.01
	0.03
	5.4



	TiO2-300
	112
	0.30
	0.04
	0.26
	-



	TiO2-500
	78
	0.23
	0.03
	0.20
	-



	TiO₂-700
	15
	0.05
	0.004
	0.046
	-



	TiO2-900
	4
	0.04
	0.01
	0.03
	-



	rGO
	310
	0.32
	0.12
	0.20
	75







a Total pore volume determined by the signal-point nitrogen adsorption isotherms at relative pressures p/p0 = 0.989. b Micropore volume estimated using the Dubinin–Radushkevich method. c Mesopore volume determined as the difference between Vtotal and Vmicro.
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Table 3. The relative surface functional group composition of the total C 1s signal.
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Sample Code

	
C 1s Components (Total C 1s Intensity = 100)




	

	
C−Cgraph

	
C−Caliph

	
C−OH

	
C=O

	
CO(O)

	
π→π*






	
rGO

	
57

	
21

	
8

	
4

	
4

	
6




	
TiO2/rGO-300

	
54

	
26

	
6

	
3

	
11

	
-




	
TiO2/rGO-500

	
53

	
27

	
7

	
2

	
11

	
-




	
TiO2/rGO-700

	
56

	
29

	
7

	
1

	
7

	
-




	
TiO2/rGO-900

	
60

	
21

	
7

	
3

	
2

	
7
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Table 4. Degree of methylene blue adsorption and decomposition.
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Sample Code

	
UV Irradiation

	
Artificial Solar Light




	
Degree of Adsorption (%)

	
Degree of MB Decomposition after

90 min (%)

	
Degree of Adsorption (%)

	
Degree of MB Decomposition after

300 min (%)






	
KRONOClean 7000

	
2.1

	
29.14

	
3.01

	
3.36




	
TiO2

	
2.9

	
38.78

	
1.11

	
1.02




	
TiO2/rGO-700

	
62.29

	
100.00

	
53.37

	
32.13




	
TiO2-700

	
11.78

	
86.48

	
9.24

	
7.11
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