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Abstract

:

Composites involving reduced graphene oxide (rGO) aerogels supporting Pt/TiO2 nanoparticles were fabricated using a one-pot supercritical CO2 gelling and drying method, followed by mild reduction under a N2 atmosphere. Electron microscopy images and N2 adsorption/desorption isotherms indicate the formation of 3D monolithic aerogels with a meso/macroporous morphology. A comprehensive evaluation of the synthesized photocatalyst was carried out with a focus on the target application: the photocatalytic production of H2 from methanol in aqueous media. The reaction conditions (water/methanol ratio, catalyst concentration), together with the aerogel composition (Pt/TiO2/rGO ratio) and architecture (size of the aerogel pieces), were the factors that varied in optimizing the process. These experimental parameters influenced the diffusion of the reactants/products inside the aerogel, the permeability of the porous structure, and the light-harvesting properties, all determined in this study towards maximizing H2 production. Using methanol as the sacrificial agent, the measured H2 production rate for the optimized system (18,800 µmolH2h−1gNPs−1) was remarkably higher than the values found in the literature for similar Pt/TiO2/rGO catalysts and reaction media (2000–10,000 µmolH2h−1gNPs−1).
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1. Introduction


Hydrogen (H2) is one of the most promising carbon-neutral alternatives as a renewable energy source, mainly due to its high calorific value and attainable purity [1]. Large-scale H2 production via photocatalytic water splitting is a simple and cheap method, although the low reached conversion values (ca. 1%) cause the procedure to still be inefficient and economically unviable [2]. Consequently, the study of new catalytic systems that enhance the conversion is important to improve the efficiency and sustainability of the process [3]. Heterogeneous photocatalysis, working via water splitting or by the photoreforming of organic waste, is an attractive solution for H2 production, since the utilization of solar energy moderates urgent environmental and energy issues [4].



In the photocatalytic H2 production process, a light beam with sufficient energy irradiates a semiconductor material. The thus attained excited electrons (e−) and holes (h+) migrate onto the surface of the catalyst and act as reducing and oxidizing agents, respectively. Hence, the reduction and oxidation potentials of the reactant (e.g., water, alcohol, glycerol) must be within the band gap of the photocatalyst [5]. Semiconductors, such as titanium dioxide (TiO2), cadmium sulfide (CdS), and carbon nitride (C3N4), fulfill this condition and are often used as photocatalytic systems [6,7,8]. TiO2 is traditionally one of the most utilized semiconductors owing to its highly negative conduction band potential, and thus strong reduction ability. This oxide is chemically stable, cheap, and abundant. However, its use also experienced some drawbacks. First, due to its wide band gap, UV light is necessary for activation, and this light is present in a percentage lower than 5% in sunlight [9]. Second, TiO2 experienced an extremely rapid recombination rate of the photogenerated h+ and e−, in the order of 10−12 − 10−11 s, while a value in the interval of 10−9 − 10−7 s is required for capturing the generated species in a successful redox reaction [7]. To improve the photocatalytic efficiency, the semiconductor must be combined with agents that can scavenge the photogenerated e−, e.g., Pt [1,10]. It is worth mentioning that Pt has been recently included in the list of “critical raw materials -with economic importance, but high supply risk-” by the European Commission [11]. The target objective must be to decrease our dependence on these critical raw materials by minimizing their percentage of use in the designed product [12].



A newly designed and feasible strategy to moderate the detrimental effects of the large band gap and high e−/h+ recombination rate of TiO2 is to incorporate graphene into the catalyst [13]. Undoubtedly, 2D graphene sheets are becoming a top choice as catalyst compartment/supports due to their unique physicochemical properties, related to their large surface area, high thermal and electrical conductivity, and ability to tailor the band gap energy level of the semiconductor [14,15,16]. Furthermore, due to its high work function, e− from the conduction band of the semiconductor can be accepted and transferred by the graphene [17]. In parallel, the 2D sheets ensure an appropriate surface for extensively anchoring the semiconductor in the form of nanoparticles (NPs), which can be deposited on both sides of exfoliated graphene flakes, displaying the end composite with a high concentration of active sites for the catalytic reaction [18,19]. The main drawback of using this support is the large tendency of 2D graphene flakes to aggregate, which results in the poor accessibility of the reagents and the light to the catalytically active NPs trapped between the flakes, e− transport hindering, and the poor diffusion of the gaseous product [7,20,21]. The penetration depth of the UV light in TiO2 is limited to ca. 100 nm; thus, the formation of large aggregates of NPs would result in an increased amount of semiconductors not affected by the radiation [22]. Several works can be found in the literature using composites of (Pt)TiO2 NPs and reduced graphene oxide (rGO) [22,23,24,25,26,27,28]. These systems are composed of either multiple stacked layers of rGO covered with NP agglomerates [26,27] or photoactive NPs covered with an rGO layer [28]. In other works, the aggregation of the Pt/TiO2 NPs has been directed to build 3D porous composites with rGO added as an additive [29,30].



In this study, a different approach is presented to build a 3D structure, in which an rGO aerogel matrix provides support for the photoactive NPs: Pt/TiO2@rGO. The precursor is a 3D aerogel structure of graphene oxide (GO): Pt/TiO2@GO. GO is a highly oxygenated precursor, with mainly hydroxyl, epoxy, and carboxylic functionalities, easily exfoliated in polar liquids, and capable of establishing strong metal–support interactions to ensure NP dispersion and to avoid NP leaching during catalytic reaction [31,32,33]. As with other common aerogels [34,35], those of GO have a low-density network with a meso/macroporous structure. The Pt/TiO2@GO intermediate composite was synthesized in the form of a monolith using a previously described one-pot supercritical CO2 (scCO2) methodology [36]. After aerogel synthesis, the number of oxygenated groups on the support can be modulated by thermal treatment to prepare the desired Pt/TiO2@rGO end product [37]. The macroscopic size and variable shape of the synthesized 3D aerogel macrostructures bring advantages of operability and recoverability. The obtained aerogel composites were structural and texturally characterized. Moreover, the new catalytic system was evaluated for its photocatalytic H2 production in aqueous methanol solutions. The process was adjusted for effective H2 production regarding the reaction conditions (catalyst concentration, composition of reaction mixture), catalyst composition (Pt:TiO2:rGO ratios), and architecture (one-piece monolith or smashed aerogel). Optimizing the Pt/TiO2@rGO composite leads to H2 production rates in an aqueous methanol solution of ca. 2–10 times higher than the values reported for similar systems in the literature [25,29].




2. Results and Discussion


2.1. Aerogel Synthesis


The xPt/TiO2@rGO composite aerogels were synthesized through the intermediate xPt/TiO2@GO aerogel (Figure 1), involving a non-reduced GO matrix containing a high amount of oxygenated functional groups, mainly hydroxyl, epoxy, and carboxylic, which are located on the basal plane and at the edges of the 2D platelets. The oxygenated functionalities facilitate the dispersion and exfoliation of GO in aqueous and polar solutions via simple sonication. Moreover, preserving the oxygenated functional groups in GO during scCO2 aerogel synthesis was essential to ensure the presence of many anchoring points on the substrate for the NPs, which guarantees the establishment of strong interactions with a net or composed hydrophilic TiO2 involving hydroxyl groups on the surface [32,38,39]. Three different compositions for the NPs in the intermediate were tested, namely, 1Pt/TiO2@GO, 0.5Pt/TiO2@GO, and 0.1Pt/TiO2@GO, corresponding to an initially mixed amount of Pt with the TiO2 NPs of 1, 0.5 and 0.1 wt%, respectively. To activate the aerogel for the catalytic process, the xPt/TiO2@GO intermediate samples were exposed to a temperature of 300 °C in a N2 atmosphere. This treatment eliminates most of the oxygenated groups in GO. The reduction step is crucial to further achieve an efficient photocatalytic reaction, since important graphene-like characteristics, such as high e− mobility, are partially restored by removing some of the oxygenated groups. Hence, the rGO matrix can act as an efficient sink, where the photogenerated e− are stored and transferred [13,40]. During reduction, ca. 30 wt% is eliminated from the sample, corresponding mostly to oxygenated functionalities. Taking this into account, the estimated ratios of the NPs:rGO phase in the xPt/TiO2@rGO samples were calculated as 3:1 and 9:1, corresponding to the intermediates with NPs:GO ratios of 2:1 and 6:1, respectively. The Pt content in the reduced composites was measured by ICP-MS, giving values close to the expected quantity, 0.9, 0.5, and 0.1 wt%, percentages calculated concerning TiO2 weight. Thus, practically, no noble metal loss occurs during the preparation procedure. The obtained samples were named as 0.9Pt/TiO2@rGO, 0.5Pt/TiO2@rGO, and 0.1Pt/TiO2@rGO.




2.2. Aerogels Structure


The composite components, as well as the intermediate xPt/TiO2@GO and reduced xPt/TiO2@rGO aerogels, were structurally analyzed by PXRD. Figure 2a shows the main signals in the patterns obtained in the 2θ interval of 20 to 40°, with the lines corresponding to anatase (2θ = 25.4, 37.0, 37.9, and 38.7°) and rutile (2θ = 27.4 and 36.2°), which were identical in the bare TiO2 P25 and composed Pt/TiO2 patterns. The signal of GO is described to appear at low angles, ca. 11° [41]. This signal could be observed for the intermediate non-reduced sample as a minor peak at this 2θ (Figure S1), while it disappears from the pattern of the reduced composite. The broadening of the diffraction lines was used to estimate NPs diameter by using the Scherrer equation. For bare TiO2 and binary xPt/TiO2 NPs, a size of ca. 21–22 nm was estimated, similar to that observed with TEM microscopy (Figure S2a,b). The NPs size in the reduced composites was similar, ca. 19–20 nm. The estimated particle size was, in all cases, in the range of the mean value given for the commercial TiO2 P25 (ca. 20 nm). Consequently, no significant alteration of the crystalline structure or in the particle size of the TiO2 took place throughout the deposition of Pt on its surface or the during aerogel formation and reduction.



Raman spectroscopy was used to investigate the structural changes occurring in the GO functional groups during the reduction process of the aerogel. The as-synthesized and reduced aerogels recorded spectra were characterized by the presence of the typical G and D bands at 1590 and 1345 cm−1, respectively (Figure 2b). The G band is generated by the in-plane vibrations of sp2-bonded carbon atoms (C–C stretching), while the D-band represents the out-of-plane sp3 vibrations corresponding to the defects in the graphitic structure. The ratios of the intensities of the D and G bands (ID/IG) were 0.90 and 0.97 for the GO and rGO composite aerogels, respectively. This result indicates that both synthesized and reduced samples have an elevated degree of sp3 defects in the graphitic structure. For the xPt/TiO2@GO samples, the defects represent the highly oxygenated character of GO. For the xPt/TiO2@rGO composites, defects not only originated from the residual oxygenated groups but there are also structural defects (holes, vacancies, dislocations, etc.) caused by the thermal treatment applied for sample reduction. It has been described that reduction under relatively mild conditions, such as the ones used in this work, triggers the formation of these defects in rGO [42]. A considerable number of new sp2 graphitic domains are formed, but of small size [43]. Moreover, a broadened band observed in the 2700–3000 cm−1 region of the Raman spectra, the usual position of the 2D peak in graphene, is indicative of randomly oriented multilayer graphene composing the aerogels [44]. Finally, the presence of the NPs in the composite was noticed by the detection of the TiO2 bands at 151, 394, 515, and 630 cm−1. The oxygenated character of GO in the intermediate composite and reduced aerogel was further analyzed by FTIR spectroscopy. The spectra of the intermediate samples (Figure 2c) show the GO functional groups by displaying the vibrational modes of C=O at 1719 cm−1, C-OH at 1221 cm−1, C-O at 1060 cm−1, C-O-C at 1370 cm−1, and OH at 1618 and 3400 cm−1, the latter indicating also adsorbed water. The reduced sample displayed an intense C=C band at 1550 cm−1, indicating the partial restoration of the graphitic structure. However, the bands of most of the oxygen groups in GO were somehow preserved in the rGO samples, only the peaks corresponding to epoxy vanished totally, while the peak at 3400 cm−1 corresponding to the hydroxyl groups diminished. The presence of the NPs in the composites is shown by the intense and broad stretching band appearing at 500–800 cm−1. Raman and FTIR characterization indicate that, under the used experimental conditions for the reduction, 300 °C and a N2 atmosphere, the GO phase was partially reduced, but a significant amount of oxygenated functionalities was conserved in the structure of rGO.




2.3. Textural Properties and Morphology


The textural properties of the synthesized aerogels were analyzed by N2 adsorption/desorption at low temperatures. Figure 2d shows the isotherm recorded for the sample 0.9Pt/TiO2@rGO (3:1), representative of all the studied systems, while the isotherms of the precursors can be found in the SI (Figure S3). The isotherm of the 0.9Pt/TiO2@rGO is described as type IV at low and medium relative pressure and type II at high relative pressure, which is characteristic of nanoporous structures with both meso- and macropores and a negligible contribution of microporosity. A similar shape was found for the non-reduced GO precursor, while the 0.9Pt/TiO2 NPs constitute a mesoporous system originated by particle aggregation. The Sa value for the 0.9Pt/TiO2@rGO sample was in the order of 110 m2g−1. This value is inferior to that found in the non-reduced GO sample (ca. 150 m2g−1) but is superior to pristine NPs (ca. 50 m2g−1). Drying gels with scCO2 is known to produce relatively denser aerogels than drying at the critical point of the alcohol due to moderate shrinkage occurring upon gelation and drying. In this work, a diameter of ca. 0.8 cm was measured for the cylindrical aerogel intermediates xPt/TiO2@GO, indicating that they suffered some contraction in the axial direction since they were synthesized in a vial of 1 cm diameter. Further, some extra tightening occurs during reduction, leading to monoliths of ca. 0.7 cm diameter for the end products xPt/TiO2@rGO. Aerogels with mesoporosity homogeneously distributed along all the mesopore range were obtained (Figure S4), with a BJH Vp of 0.30 cm3g−1 and an average mesopore size of 10 nm.



All the different xPt/TiO2@GO synthesized intermediate aerogels have similar morphology; they are highly porous with a sponge-like macrostructure, as shown in the SEM image of Figure 3a. The SEM images of the reduced monoliths displayed, similarly to the intermediates, a 3D structure with interconnected meso- and macropores (Figure 3b).



In most of the as-synthesized and reduced samples, the NPs can be discerned as a highly dispersed phase deposited on the surface of the GO or rGO plates (Figure 4a). However, the formation of large aggregates was also detected for the samples with the highest NPs:rGO (9:1) ratio (Figure 4b).




2.4. Aerogels Optical Properties


The optical properties of the reduced composites, as well as those of bare TiO2 and rGO, were analyzed by UV-VIS diffuse reflectance spectroscopy to investigate the samples’ photoresponse (Figure 5a). TiO2 was active in the UV zone and exhibited an abrupt absorption edge around 400 nm, while rGO displayed a continuous absorption in the visible range. For the reduced composites, a broad background absorption in the visible range was observed as a consequence of rGO black characteristics, more notable in the sample with the lowest percentage of NPs, e.g., xPt/TiO2@rGO (3:1). The contribution of the NPs to the absorption in the UV zone can be clearly appreciated in the composites’ spectra, although with a red shift in the adsorption edge that was slight, to 450 nm, for the (9:1) composite and pronounced, to 750 nm, when the amount of rGO was increased in the (3:1) sample. This shift indicates an increased photoresponse in the visible range of the composite aerogels with respect to net TiO2 NPs. To study the indirect optical band gap of the photocatalyst, a Tauc plot was determined, calculated from the UV-VIS absorption spectrum (see the detailed description in the SI) (Figure 5b) [45,46]. For the bare TiO2, a band gap energy of 3.1 eV was estimated from the x-axis intercept of the extrapolated line fitted to the linear region of the plot. The effect of the Pt content was analyzed for the xPt/TiO2@rGO (3:1) composites with an x range of 0.9–0.1 wt%. The three measured bandgap values (at Pt contents of 0.9, 0.5, and 0.1 wt%) were of ca. 1.5 eV, thus demonstrating the low influence of this parameter. Contrarily, enhancing the ratio of NPs:rGO in the 0.9Pt/TiO2@rGO sample from 3:1 to 9:1 results in an increase in the bandgap from 1.5 to 2.8 eV, with a concomitant increase in the transition energy of the photoexcited electrons. This phenomenon is assigned to the generation of impurity energy levels above the valance band in the NPs upon their incorporation onto the rGO surface. Thus, for the excitation of the charge carriers, less energy is required [47]. It is worth mentioning that the shift in the absorption edge and the decrease in the band gap energy are both more notable in the studied compounds than in similar published systems, reporting shift values of only 0.1–0.4 eV [17,26]. This important result is explained by the formation of a large number of Ti–O–C bonds in the xPt/TiO2@rGO samples, established between the surface of the TiO2 and the rGO flakes [48], and occurring during the reduction and elimination of water from the pre-settle hydrogen bond interactions Ti–OH...OH–GO in the xPt/TiO2@GO intermediates. Although the low band gap energy in the (3:1) aerogel suggests a high photoresponse, this feature does not necessarily mark out the best photocatalyst system, since other factors should be taken into account. Importantly, using a high amount of rGO can evoke some activity loss, as the dark flakes can shield some active NPs, such that not all catalytic units are exposed to the light. Hence, to design the right catalyst, a compromise must be attained between the percentage of components (NPs:rGO) in the composite; on the one hand, to increase the band gap through the decrease in the number of NPs and, on the other hand, to reduce darkness via a decrease in the proportion of rGO.



Photoluminescence experiments were carried out to study the recombination rate of the photogenerated e−/h+ pairs in the aerogel catalyst. One of the main drawbacks described for the use of TiO2 semiconductors in photocatalytic processes is the fast recombination of the photogenerated species [7]. This behavior is clearly evidenced in the photoluminescence spectrum with an intense emission after the photoexcitation of the bare NPs under UV light at 320 nm (Figure 5c). A wide luminescence band is observed for TiO2, with a maximum at 410 nm (close to the band gap energy of TiO2), which is followed by a less intense signal at 468 nm. The spectra of the reduced xPt/TiO2@rGO (3:1) and (9:1) composites did not have the same pattern as that of net TiO2, being indeed similar to that of rGO. Thus, the photoluminescence intensity was diminished in the composites with respect to bare NPs, which is a usual behavior originated by the e− acceptor and transport features given by the rGO support, resulting in suppressed charge recombination and less intense light emission. However, the composites with the lowest percentage of rGO showed the weakest photoluminescence intensity values, indicating that there is an optimal rGO content regarding the recombination rate. For the composite with the largest number of NPs, quantitatively more photoelectrons can be generated, thus resulting in a high number of potential recombinations and increased photoluminescence intensity. The deposited Pt on the TiO2 surface has been described to act as an electron sink, by trapping the electrons and further transferring them to the rGO support [25]. Comparing the applied Pt ratios, e.g., 0.1, 0.5, and 0.9 wt%, the lower the Pt loading, the weaker the photoluminescence response (Figure 5d). This result suggests that Pt can also act as a recombination center [49].




2.5. Photocatalytic Hydrogen Production


Studies of photocatalytic H2 production were performed to evaluate the new catalytic system. For that, the applied conditions were first extensively examined and optimized. The most favorable conditions for the use of the new catalyst in a particular catalytic process would depend on both the character of the material (composition and structure) and the setup used. In this study, the analysis is focused on the optimization of the synthesized xPt/TiO2@rGO composite aerogel in regard to its photocatalytic activity in irradiated aqueous methanol solutions. The applied setup for the photocatalytic reaction is schematized in Figure 6. The studied parameters were catalyst reduction degree (from any to mild reduction), catalyst architecture (one-piece monolith or smashed aerogel), methanol concentration in the aqueous solution (from 0.01 to 1 v%), the added amount of catalyst to the reactor (from 0.03 to 2 gNPsL−1), Pt percentage in the catalyst (from 0 to 1 wt% in the Pt/TiO2 NPs), and NP ratio with respect to rGO (3:1 and 9:1).



In a typical experiment performed with the sample 0.9Pt/TiO2@rGO (3:1), the aerogel was recovered after the photocatalytic reaction and analyzed in regard to composition. The sample maintained the ratio 3:1 for NPs:rGO, thus indicating the lack of NP leaching, which opens the door for the recyclability of the material.



2.5.1. Aerogel Reduction Degree


The straight use of GO monolithic aerogels with highly hydrophilic character in polar solvents causes the destruction of the macroscopic structure, provoked by strong electrostatic interactions with the solvent once it is immersed into the liquid. To avoid this drawback, the reduction in the GO phase to rGO was the applied solution in this work. The reduction step must be precisely controlled, since excessive reduction leads to highly hydrophobic aerogels that can suffer from low wettability when soaked in polar liquids, such as the water/methanol reaction medium used in this work. Hence, reaching an appropriate reduction degree of the GO composite aerogel is crucial to design an efficient catalyst in which the aqueous solution must easily travel inside the 3D structure [7]. In this work, a soft thermal treatment was applied for the reduction of the intermediate aerogel NPs@GO to NPs@rGO, e.g., 300 °C under a N2 atmosphere. A reduced aerogel with amphiphilic properties, involving graphitic hydrophobic regions and remaining hydrophilic oxygenated groups (hydroxyl and carboxyl), was thus synthesized. The decrease in hydrophilicity after reduction was depicted by water contact angle measurements, showing an increase in the contact angle for the reduced composite (58.9°) in comparison to the non-reduced (21.8°) (Figure S5). The relatively still high wettability found for the reduced composite is the consequence of the residual oxygenated groups and the involvement of the more hydrophilic TiO2 NPs, as well.



For the analyzed catalytic process, the necessity of reducing the GO support to rGO was established in a preliminary experiment in which the H2 evolution with time was compared for similar samples either non-reduced (1Pt/TiO2@GO (2:1)) or reduced (0.9Pt/TiO2@rGO (3:1)) under similar conditions in the catalytic reactor (0.5 v/v methanol/water solution, 0.5 gNPsL−1, and smashed aerogel). The obtained results indicate that the reduction step was necessary to improve the efficiency of the catalyst (Figure 7a).



Indeed, the H2 production in steady-state conditions was more than doubled for the reduced aerogel, increasing from 3280 µmolH2h−1gNPs−1 in the 1Pt/TiO2@GO (2:1) intermediate to 7070 µmolH2h−1gNPs−1 in the 0.9Pt/TiO2@rGO (3:1) aerogel. The reasons for the positive effect on the H2 production rate of the GO reduction are two-fold. On one hand, upon the removal of the oxygenated groups on the GO surface, the graphitic structure is partially restored, although in small spots due to defect generation [42,43]. Nevertheless, rGO would own more electrical pathways than GO, enhancing the conductivity of the matrix that plays a key role in transferring the photogenerated e−, thus preventing recombination and improving H2 production efficiency [50]. On the other hand, the more hydrophobic reduced structure favors the adsorption of the methanol sacrificial agent over water and maintains it close to the Pt/TiO2 NPs to boost h+ consumption, which was beneficial for production [26].




2.5.2. Aerogel Architecture


Fabricating GO-based composite aerogels using scCO2 makes possible the creation of 3D monolithic meso/macroporous architectures. Preliminary tests were performed using a set-up designed for the straight use of the monoliths (Figure 6). Four of these cylinders were simultaneously used with a total weight of ca. 40 mg, which represents a catalytic NPs concentration of 2 gNPsL−1 in the reactor filled with 14 mL of a 0.5 v/v methanol/water solution. Under these conditions, a specific H2 production of 180 μmolh−1gNP−1 was reached at the steady state for the sample 0.9Pt/TiO2@rGO (3:1) (Figure 7b). Compared to the literature, this value is similar to those given in some of the published works (e.g., 100–400 μmolh−1gNP−1 using TiO2/Pt/rGO composites [25]), although it is considered to be in the low range of H2 production [26,27,29,30]. Definitely, the most important drawback of using monolithic one-piece aerogels in the catalytic experiment is relays in the small amount of sample exposed to light, so that during irradiation most of the Pt/TiO2 NPs in the interior part of the monolith remains inactive. Moreover, a long reaction time was needed to reach the steady state, in the order of 200 min, which was related to the slow diffusion of reactants in the monolithic aerogels with low permeability due to certain densification originated by shrinkage and high tortuosity. Diffusion is further hindered in non-stirred setups such as the one used in this work for the one-piece monoliths. Agitation was not used to avoid turbulence damage to the integrity of the monoliths during the measurements. Hence, in spite of the great prospect of applying monolithic aerogels to diminish the loss of active sites during recycling [7], the utilization of one-piece aerogel photocatalysts in liquid media appears to still face significant challenges [51].



To improve the catalytic activity of the aerogels, a second set of experiments was performed by first dispersing the reduced monoliths in small pieces in the aqueous methanol solvent, using for that soft and short sonication. The aim of the ultrasonic treatment was not to re-exfoliate the rGO flakes but to break the monoliths into pieces. The DLS characterization of the obtained dispersion gave a bimodal pattern with peaks at ca. 10 and 20 µm hydrodynamic sizes, representative of the size of the broken pieces of aerogel (Figure S6). After this treatment, the H2 production rate for the sample 0.9Pt/TiO2@rGO (3:1) increased to 1600 μmolh−1gNPs−1, with the particularity that this high rate was achieved after only 40 min (Figure 7b). The shortening in the required time to reach equilibrium is related to an increase in the catalyst permeability occurring for the small pieces with shorter throughout distances than the one-piece monoliths. Hence, permeability, even having similar absolute values for the smashed and one-piece aerogels is not the key parameter limiting the catalytic activity of the micrometric samples. The setup involving small pieces has the advantage that measurements can be performed under stirring, thus minimizing drawbacks related to reagent diffusion, adsorption, and desorption. Moreover, the small pieces of aerogel are continuously moving in the turbulences created by agitation, thus giving more chance for the catalytic NPs for being irradiated by light. All these factors lead to an enhancement in the H2 production rate.




2.5.3. Methanol Concentration


Concerning methanol sacrificial agent concentration in the aqueous solution, diverse, even contradictory results have been published on TiO2-based systems used for photocatalytic H2 production. Actually, some of them conclude that methanol contributes less than its stoichiometric ratio to the overall H2 formation [52], while others confirm that the overall reaction can be described as the photoconversion of exclusively methanol [53]. In fact, it is expected that an increase in the methanol concentration in the aqueous solution results in enhanced H2 production, whether it comes either from the water/sacrificial agent or the sacrificial agent exclusively, due to the more effective scavenging of the photogenerated h+ by the alcohol. Water is known to play an important role in the complete oxidation of alcohol to CO2, making its presence necessary [54]. For instance, water has the ability to fasten the essential desorption of the reaction products from the catalyst surface, thus enhancing the reaction rate. As a consequence, after a certain increase in methanol concentration, the decrease in H2 production generally occurs due to the hindered adsorption of water on the catalyst surface already occupied by alcohol molecules. To optimize this parameter for the developed catalyst, methanol was applied in increased concentrations in the aqueous solution, from 10 to 100 v% (0.01 to 1 v/v). Experiments were performed with the smashed aerogel of sample 0.9Pt/TiO2@rGO (3:1) and a catalyst concentration of 2 gNPsL−1. The measured flow rates of the produced H2 at the steady state, e.g., at 60 min for each methanol concentration, are shown in Figure 8a. Initially, the increase in the methanol-to-water ratio favored the H2 production rate up to a maximum reached at a concentration of ca. 0.5 v/v. Thereafter, a further increase in the alcohol concentration results in a smooth decrease in the H2 evolution. Commonly, a behavior of a sharp decline in H2 generation has been observed for similar catalysts [55,56]. The lack of severe decrease, caused by excess methanol on the catalytic efficiency of the studied composite, is here related to the swelling characteristics of the used rGO support. Although the photocatalytic reaction is induced by the photogenerated h+ and e− on the Pt/TiO2 NPs, the swelling of the rGO support is influenced by the polarity of the solvent, which affects the interaction between the dispersed active sites on the rGO surface and the reactants. Applying methanol in high concentrations would enhance the swelling of the aerogel pieces since methanol interaction with the hydrophobic graphitic regions in the rGO support would be stronger than for water [57]. The swelled structure would allow better accessibility for the reactants to the attached NPs. Hence, the above-mentioned adverse effects of the excess of methanol are somewhat compensated by aerogel swelling, and the H2 production is maintained at a relatively high level in all the studied ranges of alcohol concentration.




2.5.4. Catalyst Concentration


The effect of the catalyst loading, referring to the number of NPs, was investigated in the concentration interval of 0.03 to 2 gNPsL−1 (equivalent to 0.04–2.67 gaerogelL−1) for the 0.9Pt/TiO2@rGO (3:1) smashed aerogel dispersed in 0.5 v/v water/methanol solution. The production rate of H2 was measured at a steady state (60 min) (Figure 8b). In the studied interval of concentration, the H2 flow rate, expressed as the specific value, e.g., normalized to the catalyst NPs weight (µmolH2h−1gNPs−1), was very high at low catalyst loading (0.03–0.125 gNPsL−1), and then substantially decreased at high concentrations (>0.5 gNPsL−1). However, this result, which could be taken at the first instance as an indication of the benefits of working at a very low concentration of catalyst, is just a mathematical artifact since, in fact, the total amount of the produced H2 can be considered as being in the low range. The representation of the catalytic data as a function of the non-specific H2 production rate (µmolH2h−1) indicates that the total amount of evolved H2 sharply increases with the catalyst loading up to a value of ca. 0.5 gNPsL−1. Thereafter, H2 production slightly decreases by increasing catalyst concentration. This decrease is likely due to light blocking by an excess of dark solid catalyst dispersion [58].




2.5.5. Catalyst Composition


Platinum Content


Regarding the catalyst composition, one important parameter for regulating the photocatalytic activity in the reaction of H2 production is the amount of Pt added to the TiO2 NPs. The presence of Pt is necessary for suppressing the recombination of the photogenerated e− and h+ in the TiO2 semiconductor, thus enhancing the formation of H2. Intimate Pt–TiO2 contact at the interphase is also necessary to maximize the H2 production efficiency [59]. To analyze this parameter, a series of experiments was performed with smashed xPt/TiO2@rGO (3:1) aerogels with four different values of Pt content in the NPs: 0, 0.1, 0.5, and 1.0 wt%. In previous works involving Pt/TiO2/rGO systems, the proportion of the noble metal is also within this range, typically 0.4–1% [17,25,26,29], which facilitates data comparison. Measurements were carried out at the optimal reaction conditions previously established, e.g., 0.5 v/v water/methanol and smashed catalyst with a concentration of 0.5 gNPsL−1. Primary tests indicated that without the addition of the noble metal (sample TiO2@rGO), the H2 evolution was negligible, with a value of only 60 µmolH2h−1gNPs−1. This result corroborates previous findings pointing to the inactivity of TiO2 NPs without the use of a co-catalyst [60]. In the studied range of noble metal loading, the H2 production increases concomitantly with Pt content (Figure 9a). The decline in H2 evolution was smoother when the Pt content was decreased from 0.9 to 0.5 wt% than from 0.5 to 0.1 wt%. This observation indicates that, although the overall H2 production was the highest with the sample of 0.9 wt% Pt content in TiO2, the total amount of noble metal can be halved without losing significant activity. This is an important result since Pt is the most expensive component of the catalyst; therefore, the amount of noble metal incorporated into the composite would be crucial in any industrial process and must be reduced as much as possible. The design of a catalyst involving an important reduction in the use of Pt is currently an important goal targeted by the European Commission [61].




NP:rGO Ratio


The influence of modifying the NPs:rGO ratio in the 0.9Pt/TiO2@rGO composite was investigated by increasing this value from 3:1 to 9:1. This modification resulted in a 2.7-fold enhancement in the H2 production efficiency, from 7070 to 18,800 µmolH2h−1gNPs−1 at the steady state (Figure 9b). The foremost effect of increasing the NP loading in the composite was to enhance the light-harvesting of the catalyst since, statistically, the probability for the UV radiation to contact active centers rises. On the contrary, the large amount of rGO in the aerogel with the lowest number of NPs shields an important portion of the active centers, hindering overall catalyst activity [62]. Moreover, the steady state in H2 evolution was reached at 10 and 90 min for the 3:1 and 9:1 samples, respectively. Increasing the rGO percentage in the composite should raise the hydrophobic character of the aerogel, thus improving the accessibility of the methanol vs. water in the pores. Excess amounts of methanol close to the photogenerated holes facilitate the fast h+ trapping by the alcohol, such that in the initial phase of the reaction, the H2 production already reaches its limit [57]. Hence, the sample with the lowest proportion of NPs has the advantage of rapidly reaching the steady state, while the sample with the higher proportion revealed the largest H2 production rate. One point that should be underlined particularly is that the value of the H2 production rate obtained for the 0.9Pt/TiO2@rGO (9:1) catalyst exceeds ca. 2–10 times the values published for similar systems using aqueous methanol solutions as reaction media and involving Pt/TiO2/rGO in the catalyst [25,29].







3. Conclusions


Three-dimensional porous Pt/TiO2@GO and Pt/TiO2@rGO composite aerogels were prepared using the one-step low-temperature green supercritical CO2 method. The produced aerogels are intended for the photocatalytic production of H2 from aqueous methanol solutions. For this application, optimal working operational conditions resulting in the highest H2 production rate were settled as a 0.5 gNPsL−1 catalyst concentration in a 0.5 v/v methanol/water reaction solution. A two-fold increase in the H2 production was observed when the GO support was mildly reduced to rGO, an effect assigned to the generation of new electronic pathways upon the partial restoration of the graphene network, and the favored adsorption of the methanol in the reduced structure. The moderate H2 production rate observed when a one-piece monolith was used (180 μmolh−1gNP−1) was significantly improved (ca. 10-fold) when the aerogels were broken into small pieces (1600 μmolh−1gNP−1), shortening also the time needed to reach the equilibrium from 200 to only 40 min. This enhancement is the result of the improved light exposure of the active sites and increased reagent and product diffusion. Increasing the NP:rGO ratio from 3:1 to 9:1 caused a 2.7-fold increase in the H2 evolution due to the reduced amount of shielded, and thus inactive, NPs. Regarding the catalyst composition, low Pt percentages, in the order of 0.9–0.5 wt%, can be used, still giving a high H2 production rate. In the most favorable conditions, an H2 production of 18,800 µmolh−1gNP−1 was measured for the 0.9Pt/TiO2@rGO (9:1) aerogel catalyst in aqueous methanol, which is remarkably high compared to the reported similar Pt/TiO2/rGO systems.




4. Materials and Methods


4.1. Materials


For the preparation of the Pt/TiO2 NPs, chloroplatinic acid hexahydrate (H2PtCl6.6H2O) and TiO2 NPs (AEROXIDE P25, ca. 20 nm), provided by Alfa Aesar and Evonik, respectively, were used. For the aerogel preparation, a GO water dispersion of 4 mgmL−1, supplied by Graphenea Inc. (Spain), was employed. Ethanol and methanol were purchased from Carlo Erba. Liquid CO2 (99.95 wt%). N2 and H2 gasses were delivered by Carburos Metálicos S.A.




4.2. Synthetic Methods


4.2.1. Preparation of NPs of xPt/TiO2 Composite


NPs of Pt/TiO2 with different Pt contents were prepared following a reported incipient impregnation deposition and followed by reduction methodology [63]. Briefly, a weighted amount of H2PtCl6.6H2O, e.g., 2.7, 13, or 26 mg, was dissolved in 2.5 mL of ultrapure water and used to obtain Pt/TiO2 composites with 0.1, 0.5, and 1.0 wt% Pt contents, respectively. Each Pt solution was added dropwise to 1 g of TiO2 NPs at a rate of 8.33 μLmin−1, achieved by using a peristaltic pump, while the resulting slurry was continuously sonicated. After that, the deposited suspension was kept under sonication for 2 h. The dense dispersion was dried at 100 °C overnight in an air oven. The recovered powder was treated at 200 °C in a tubular oven, increasing the temperature with a heating ramp of 10 °C min−1, first under N2 for 1 h and then reduced under a H2 flow of 50 mL min−1 for 3 h. A grey powder was obtained and named as xPt/TiO2, where x indicates the added Pt weight content in percentage.




4.2.2. Preparation of xPt/TiO2@rGO Composite Aerogels


For the composite aerogels, a suspension of GO in ethanol with an adjusted concentration of 3.5 mg mL−1 was first prepared from water dispersion following a reported protocol [36]. Weighted amounts of bare TiO2 and composed xPt/TiO2 NPs were dispersed by sonication in aliquots of 1 mL of the GO-ethanol suspension to obtain weight ratios of 2:1 and 6:1 for NPs:GO. The suspensions were added to assay tubes of ca. 1 cm diameter and 2 mL volume and placed in a 200 mL high-pressure reactor (TharProcess). The aerogels were prepared by drying the suspensions with scCO2 in the batch mode, keeping the autoclave at 200 bar and 45 °C for 48 h (Figure 1a) [36]. Finally, the CO2 was slowly released from the reactor under isothermal conditions. The xPt/TiO2@GO samples were recovered as one-piece cylindrical monoliths. The reduction of the recovered 3D GO aerogels to rGO was carried out in a tubular oven at 300 °C under N2 flow. To reach the target temperature, a heating ramp of 5 °C min−1 was used, upholding the temperature for 20 min after reaching 100 and 200 °C, and then maintaining it for 2 h at 300 °C. The reduced xPt/TiO2@rGO aerogels were also recovered as one-piece monoliths and used either as-synthesized or smashed into small pieces.





4.3. Characterization


The platinum content in the xPt/TiO2@rGO aerogels was quantified by inductively coupled plasma mass spectrometry (ICP-MS, Agilent 7700x) after digesting the samples in hydrochloric, nitric, and hydrofluoric acids (3:1:0.5 v/v). The structural characterization of the prepared NPs and the reduced composite aerogels was performed by powder X-ray diffraction (PXRD) in a Siemens D5000, using the Cu Kα incident radiation with a step scan of 0.02° in the 2θ 5–40° range. The size of the NPs was estimated using PXRD data and the Scherrer equation. Surface functional groups were studied by Fourier transform infrared (FTIR) spectroscopy (Jasco 4700 Spectrophotometer), after the dispersion of the samples in potassium bromide (KBr). Raman spectra were recorded to ascertain the reduction in GO by using an excitation wavelength of 532 nm. The morphology of the composite aerogels and the size of the NPs, as well as their degree of dispersion on the rGO platelets, were investigated by scanning (SEM, Quanta FEI 200) and transmission (TEM, JEOL 1210) electron microscopies. The BET (Brunauer, Emmet, Teller) surface area (Sa), the BJH (Barrett, Joyner, and Halenda), and cumulative adsorption pore volume (Vp) were determined by collecting N2 adsorption/desorption isotherms at 77 K (ASAP 2020, Micromeritics Inc., Norcross, GA, USA), after degassing the samples at 393 K for 20 h. For the smashed aerogels, dynamic light scattering (DLS Coulter LS230) was used to study the hydrodynamic size of the aerogel broken pieces dispersed in methanol/water (0.5 v/v). The wettability of the reduced and non-reduced composites was investigated by water contact angle measurement (Biolin Sci. Attension Theta Lite) after preparing a compressed pellet with the monoliths. The optical properties of the aerogels were investigated by UV-VIS diffuse reflectance (Jasco V-560) and photoluminescence (Jasco FP-8300) spectroscopies using the smashed solid samples. For the UV experiments, barium sulfate (BaSO4) powder was used as blank.




4.4. Photocatalytic H2 Production


The photocatalytic activity of the synthesized composite aerogels for H2 production was tested by immersing the reduced monoliths, either as recovered in one piece or ultrasonically smashed, in an aqueous methanol solution. For the one-piece samples, a specifically designed basket composed of poly-lactic acid (PLA) polymer was fabricated with 3D printing to hold four monoliths and prevent them from floating during the reaction. The basket was settled inside a cylindrical glass reactor of 20 mL that was filled with 14 mL of a methanol/water mixture (Figure 6). For the tests with the smashed aerogels, four monoliths were added to the methanol/water solution, gentile sonicated for 5 min in an ultrasonic bath, and poured into the 20 mL reactor vessel without the basket but under mechanical stirring (100 rpm). The methanol percentage in the methanol/water mixture was varied from 0.01 to 1 v/v. Different aerogel catalyst concentrations, from 0.04–2.67 gaerogelL−1 (equivalent to 0.03 to 2 gNPsL−1) were also tested. Before starting the catalytic reaction, the system was purged with N2, and a stream of this inert gas was continued at a rate of 7.5 mL min−1 during the entire experiment. The reaction mixture was irradiated with a four visible-LED system placed at a 4 cm distance from the cylindrical reactor wall. The emission spectrum is shown in the SI (Figure S7). The average nominal irradiance of each LED was 45.0 mW cm−2, determined by using a UV–vis spectroradiometer (OceanOptics USB2000+). The H2 production rate was analyzed online every 10 min in the headspace of the reactor by using a gas chromatograph (Inficon 3000 MicroGC). The results are expressed referring to either the rate of H2 production [µmolH2h−1] or the rate per mass of the NPs [µmolH2h−1gNPs−1]. Steady-state H2 production data recorded after 60 min were calculated for all the analyses performed with the smashed monoliths.









Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/gels8110719/s1, Figure S1: XRD spectra of the non-reduced 1Pt/TiO2@GO and reduced 0.9Pt/TiO2@rGO (3:1) composites, Figure S2: TEM images of: (a) bare TiO2, and (b) 0.9Pt/TiO2 NPs obtained by subjecting 1Pt/TiO2 NPs to the reduction treatment; Figure S3: N2 adsorption/desorption isotherms for the 0.9Pt/TiO2@rGO sample compared to the precursors GO and 1Pt/TiO2 NPs.; Figure S4: BJH volumetric pore size distribution calculated from the adsorption branch of the isotherm; Figure S5: Contact angle measurement of: (a) 0.9Pt/TiO2@rGO and 1Pt/TiO2@GO composites, measured with a water droplet; Figure S6: DLS analysis of the 1Pt/TiO2-rGO (3:1) aerogel dispersed in an aqueous methanol solution (0.5 v/v); Determination of the band gap energy of the photocatalysts; Figure S7: Emission spectrum of the used light source.





Author Contributions


Conceptualization, M.K., C.G.S., A.M.L.-P., J.L.F. and C.D.; methodology, M.K. and C.G.S.; investigation, M.K., C.G.S. and A.M.L.-P.; resources, A.M.L.-P., J.L.F. and C.D.; data curation, M.K., C.G.S., A.M.L.-P. and C.D.; writing—original draft preparation, M.K. and C.D.; writing—review and editing, M.K., C.G.S., J.L.F. and C.D.; supervision, C.G.S. and A.M.L.-P.; project administration and funding acquisition, A.M.L.-P., J.L.F. and C.D. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the Spanish Ministry of Science and Innovation MICINN through the Severo Ochoa Program for Centers of Excellence (CEX2019–000917-S) and the Spanish National Plan of Research with project PID2020–115631GB-I00. We would like to thank the scientific collaboration under LA/P/0045/2020 (ALiCE), UIDB/50020/2020, and UIDP/50020/2020 (LSRE-LCM), financed by national funds through FCT/MCTES (PIDDAC). Márta Kubovics acknowledges the financial support from the European Union’s Horizon 2020 research and innovation program under the Marie Sklodowska-Curie Cofund grant (agreement no MSCA-COFUND-DP/0320-754397) and the Short Term Scientific Mission (STSM) from the Greenering network by the COST Association. This work has been performed in the framework of the doctoral program “Chemistry” of the Universitat Autònoma de Barcelona by Márta Kubovics.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Mohd Shah, N.R.A.; Mohamad Yunus, N.N.; Wong, W.Y.; Arifin, K.; Jeffery Minggu, L. Current progress on 3D graphene-based photocatalysts: From synthesis to photocatalytic hydrogen production. Int. J. Hydrog. Energy 2021, 46, 9324–9340. [Google Scholar] [CrossRef]

	



Nishiyama, H.; Yamada, T.; Nakabayashi, M.; Maehara, Y.; Yamaguchi, M.; Kuromiya, Y.; Nagatsuma, Y.; Tokudome, H.; Akiyama, S.; Watanabe, T.; et al. Photocatalytic solar hydrogen production from water on a 100-m2 scale. Nature 2021, 598, 304–307. [Google Scholar] [CrossRef] [PubMed]

	



Guo, S.; Li, X.; Li, J.; Wei, B. Boosting photocatalytic hydrogen production from water by photothermally induced biphase systems. Nat. Commun. 2021, 12, 1–10. [Google Scholar] [CrossRef] [PubMed]

	



Christoforidis, K.C.; Fornasiero, P. Photocatalytic Hydrogen Production: A Rift into the Future Energy Supply. ChemCatChem 2017, 9, 1523–1544. [Google Scholar] [CrossRef]

	



Zhu, S.; Wang, D. Photocatalysis: Basic principles, diverse forms of implementations and emerging scientific opportunities. Adv. Energy Mater. 2017, 7, 1–24. [Google Scholar] [CrossRef]

	



Martha, S.; Chandra Sahoo, P.; Parida, K.M. An overview on visible light responsive metal oxide based photocatalysts for hydrogen energy production. RSC Adv. 2015, 5, 61535–61553. [Google Scholar] [CrossRef]

	



Kuang, P.; Sayed, M.; Fan, J.; Cheng, B.; Yu, J. 3D Graphene-Based H2-Production Photocatalyst and Electrocatalyst. Adv. Energy Mater. 2020, 10, 1–53. [Google Scholar] [CrossRef]

	



Chen, X.; Shen, S.; Guo, L.; Mao, S.S. Semiconductor-based photocatalytic hydrogen generation. Chem. Rev. 2010, 110, 6503–6570. [Google Scholar] [CrossRef]

	



Ola, O.; Maroto-Valer, M.M. Review of material design and reactor engineering on TiO2 photocatalysis for CO2 reduction. J. Photochem. Photobiol. C Photochem. Rev. 2015, 24, 16–42. [Google Scholar] [CrossRef]

	



Eidsvåg, H.; Bentouba, S.; Vajeeston, P.; Yohi, S.; Velauthapillai, D. TiO2 as a photocatalyst for water splitting—An experimental and theoretical review. Molecules 2021, 26, 1687. [Google Scholar] [CrossRef]

	



Blengini, G.A.; Latunussa, C.E.L.; Eynard, U. Study on the EU’s List of Critical Raw Materials—Critical Raw Materials Factsheets; Final Report; European Comission: Brussels, Belgium, 2020. [Google Scholar] [CrossRef]

	



Communication from the Commission to the European Parliament, the Council, the European Economic and Social Committee and the Committee of the Regions, Critical Raw Materials Resilience: Charting a Path Towards Greater Security and Sustainability. Available online: https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX%3A52020DC0474 (accessed on 7 September 2022).

	



Yeh, T.F.; Cihlář, J.; Chang, C.Y.; Cheng, C.; Teng, H. Roles of graphene oxide in photocatalytic water splitting. Mater. Today 2013, 16, 78–84. [Google Scholar] [CrossRef]

	



Solís-Fernández, P.; Bissett, M.; Ago, H. Synthesis, structure and applications of graphene-based 2D heterostructures. Chem. Soc. Rev. 2017, 46, 4572–4613. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, X.; Zhang, X.; Wang, Y.; Wu, Z. 2D Graphene-TiO2 Composite and Its Photocatalytic Application in Water Pollutants. Front. Energy Res. 2021, 8, 1–10. [Google Scholar] [CrossRef]

	



Zhang, S.; Li, B.; Wang, X.; Zhao, G.; Hu, B.; Lu, Z.; Wen, T.; Chen, J.; Wang, X. Recent developments of two-dimensional graphene-based composites in visible-light photocatalysis for eliminating persistent organic pollutants from wastewater. Chem. Eng. J. 2020, 390, 124642. [Google Scholar] [CrossRef]

	



Wang, P.; Zhan, S.; Xia, Y.; Ma, S.; Zhou, Q.; Li, Y. The fundamental role and mechanism of reduced graphene oxide in rGO/Pt-TiO2 nanocomposite for high-performance photocatalytic water splitting. Appl. Catal. B 2017, 207, 335–346. [Google Scholar] [CrossRef]

	



Roy, S.S.; Cheruvathoor Poulose, A.; Bakandritsos, A.; Varma, R.S.; Otyepka, M. 2D graphene derivatives as heterogeneous catalysts to produce biofuels via esterification and trans-esterification reactions. Appl. Mater. Today 2021, 23, 101053. [Google Scholar] [CrossRef]

	



Gusmão, R.; Veselý, M.; Sofer, Z. Recent Developments on the Single Atom Supported at 2D Materials beyond Graphene as Catalysts. ACS Catal. 2020, 10, 9634–9648. [Google Scholar] [CrossRef]

	



Mao, S.; Lu, G.; Chen, J. Three-dimensional graphene-based composites for energy applications. Nanoscale 2015, 7, 6924–6943. [Google Scholar] [CrossRef]

	



Li, X.; Yu, J.; Jaroniec, M. Hierarchical photocatalysts. Chem. Soc. Rev. 2016, 45, 2603–2636. [Google Scholar] [CrossRef]

	



Bakbolat, B.; Daulbayev, C.; Sultanov, F.; Beissenov, R.; Umirzakov, A.; Mereke, A.; Bekbaev, A.; Chuprakov, I. Recent developments of TiO2-based photocatalysis in the hydrogen evolution and photodegradation: A review. Nanomaterials 2020, 10, 1790. [Google Scholar] [CrossRef]

	



Navalon, S.; Dhakshinamoorthy, A.; Alvaro, M.; Garcia, H. Metal nanoparticles supported on two-dimensional graphenes as heterogeneous catalysts. Coord. Chem. Rev. 2016, 312, 99–148. [Google Scholar] [CrossRef]

	



Yam, K.M.; Guo, N.; Jiang, Z.; Li, S.; Zhang, C. Graphene-based heterogeneous catalysis: Role of graphene. Catalysts 2020, 10, 53. [Google Scholar] [CrossRef]

	



Rivero, M.J.; Iglesias, O.; Ribao, P.; Ortiz, I. Kinetic performance of TiO2/Pt/reduced graphene oxide composites in the photocatalytic hydrogen production. Int. J. Hydrog. Energy 2019, 44, 101–109. [Google Scholar] [CrossRef]

	



Mohan, P.S.; Purkait, M.K.; Chang, C.T. Experimental evaluation of Pt/TiO2/rGO as an efficient HER catalyst via artificial photosynthesis under UVB & visible irradiation. Int. J. Hydrog. Energy 2020, 45, 17174–17190. [Google Scholar] [CrossRef]

	



Zeng, P.; Zhang, Q.; Zhang, X.; Peng, T. Graphite oxide-TiO2 nanocomposite and its efficient visible-light-driven photocatalytic hydrogen production. J. Alloys Compd. 2012, 516, 85–90. [Google Scholar] [CrossRef]

	



Wang, Z.; Yin, Y.; Williams, T.; Wang, H.; Sun, C.; Zhang, X. Metal link: A strategy to combine graphene and titanium dioxide for enhanced hydrogen production. Int. J. Hydrog. Energy 2016, 41, 22034–22042. [Google Scholar] [CrossRef]

	



Da Silva, R.O.; Heiligtag, F.J.; Karnahl, M.; Junge, H.; Niederberger, M.; Wohlrab, S. Design of multicomponent aerogels and their performance in photocatalytic hydrogen production. Catal. Today 2015, 246, 101–107. [Google Scholar] [CrossRef]

	



Lin, C.C.; Wei, T.Y.; Lee, K.T.; Lu, S.Y. Titania and Pt/titania aerogels as superior mesoporous structures for photocatalytic water splitting. J. Mater. Chem. 2011, 21, 12668–12674. [Google Scholar] [CrossRef]

	



Borrás, A.; Rosado, A.; Fraile, J.; López-Periago, A.M.; Giner Planas, J.; Yazdi, A.; Domingo, C. Meso/microporous MOF@graphene oxide composite aerogels prepared by generic supercritical CO2 technology. Microporous Mesoporous Mater. 2022, 335, 111825. [Google Scholar] [CrossRef]

	



Borrás, A.; Fraile, J.; Rosado, A.; Marbán, G.; Tobias, G.; López-Periago, A.M.; Domingo, C. Green and Solvent-Free Supercritical CO2 -Assisted Production of Superparamagnetic Graphene Oxide Aerogels: Application as a Superior Contrast Agent in MRI. ACS Sustain. Chem. Eng. 2020, 8, 4877–4888. [Google Scholar] [CrossRef]

	



Rosado, A.; Borrás, A.; Fraile, J.; Navarro, J.A.R.; Suárez-García, F.; Stylianou, K.C.; López-Periago, A.M.; Giner Planas, J.; Domingo, C.; Yazdi, A. HKUST-1 Metal-Organic Framework Nanoparticle/Graphene Oxide Nanocomposite Aerogels for CO2 and CH4 Adsorption and Separation. ACS Appl. Nano Mater. 2021, 4, 12712–12725. [Google Scholar] [CrossRef]

	



Smirnova, I.; Gurikov, P. Aerogel production: Current status, research directions, and future opportunities. J. Supercrit. Fluids 2018, 134, 228–233. [Google Scholar] [CrossRef]

	



Veres, P.; López-Periago, A.M.; Lázár, I.; Saurina, J.; Domingo, C. Hybrid aerogel preparations as drug delivery matrices for low water-solubility drugs. Int. J. Pharm. 2015, 496, 360–370. [Google Scholar] [CrossRef] [PubMed]

	



Borrás, A.; Goncalves, G.; Marbán, G.; Sandoval, S.; Pinto, S.; Marques, P.A.A.P.; Fraile, J.; Tobais, G.; López-Periago, A.M.; Domingo, C. Preparation and Characterization of Graphene Oxide Aerogels: Exploring the Limits of Supercritical CO2 Fabrication Methods. Chem. A Eur. J. 2018, 24, 15903–15911. [Google Scholar] [CrossRef] [PubMed]

	



Luo, P.; Lin, Y. Further thermal reduction of reduced graphene oxide aerogel with excellent rate performance for supercapacitors. Appl. Sci. 2019, 9, 2188. [Google Scholar] [CrossRef]

	



Liu, W.; Speranza, G. Tuning the Oxygen Content of Reduced Graphene Oxide and Effects on Its Properties. ACS Omega 2021, 6, 6195–6205. [Google Scholar] [CrossRef]

	



Litke, A.; Frei, H.; Hensen, E.J.M.; Hofmann, J.P. Interfacial charge transfer in Pt-loaded TiO2 P25 photocatalysts studied by in-situ diffuse reflectance FTIR spectroscopy of adsorbed CO. J. Photochem. Photobiol. A Chem. 2018, 370, 84–88. [Google Scholar] [CrossRef]

	



Gillespie, P.N.O.; Martsinovich, N. Origin of Charge Trapping in TiO2/Reduced Graphene Oxide Photocatalytic Composites: Insights from Theory. ACS Appl. Mater. Interfaces 2019, 11, 31909–31922. [Google Scholar] [CrossRef]

	



Saleem, H.; Haneef, M.; Abbasi, H.Y. Synthesis route of reduced graphene oxide via thermal reduction of chemically exfoliated graphene oxide. Mater. Chem. Phys. 2018, 204, 1–7. [Google Scholar] [CrossRef]

	



Díez-Betriu, X.; Álvarez-García, S.; Botas, C.; Álvarez, P.; Sánchez-Marcos, J.; Prieto, C.; Menéndez, R.; de Andrés, A. Raman spectroscopy for the study of reduction mechanisms and optimization of conductivity in graphene oxide thin films. J. Mater. Chem. C Mater. 2013, 1, 6905–6912. [Google Scholar] [CrossRef]

	



Stankovich, S.; Dikin, A.D.; Piner, R.D.; Kohlhaas, K.A.; Kleinhammes, A.; Jia, Y.; Wu, Y.; Nguyen, S.T.; Ruoff, R.S. Synthesis of graphene-based nanosheets via chemical reduction of exfoliated graphite oxide. Carbon N. Y. 2007, 45, 1558–1565. [Google Scholar] [CrossRef]

	



López-Díaz, D.; López Holgado, M.; García-Fierro, J.L.; Velázquez, M.M. Evolution of the Raman Spectrum with the Chemical Composition of Graphene Oxide. J. Phys. Chem. C 2017, 121, 20489–20497. [Google Scholar] [CrossRef]

	



Makuła, P.; Pacia, M.; Macyk, W. How To Correctly Determine the Band Gap Energy of Modified Semiconductor Photocatalysts Based on UV-Vis Spectra. J. Phys. Chem. Lett. 2018, 9, 6814–6817. [Google Scholar] [CrossRef]

	



Munk, P.; Kubelka, F. A Contribution to the Optics of Pigments. Z. Tech. Phys. 1931, 12, 593–601. [Google Scholar]

	



Lan, Z.A.; Zhang, G.; Wang, X. A facile synthesis of Br-modified g-C3N4 semiconductors for photoredox water splitting. Appl. Catal. B 2016, 192, 116–125. [Google Scholar] [CrossRef]

	



Zhang, H.; Lv, X.; Li, Y.; Wang, Y.; Li, J. P25-graphene composite as a high performance photocatalyst. ACS Nano 2010, 4, 380–386. [Google Scholar] [CrossRef] [PubMed]

	



Lee, J.; Choi, W. Photocatalytic Reactivity of Surface Platinized TiO2: Substrate Specificity and the Effect of Pt Oxidation State. J. Phys. Chem. 2005, 109, 7399–7406. [Google Scholar] [CrossRef]

	



Zeng, W.; Tao, X.; Lin, S.; Lee, C.; Shi, D.; Lam, K.; Huang, B.; Wang, Q.; Zhao, Y. Defect-engineered reduced graphene oxide sheets with high electric conductivity and controlled thermal conductivity for soft and flexible wearable thermoelectric generators. Nano Energy 2018, 54, 163–174. [Google Scholar] [CrossRef]

	



Wan, W.; Zhang, R.; Ma, M.; Zhou, Y. Monolithic aerogel photocatalysts: A review. J. Mater. Chem. A Mater. 2018, 6, 754–775. [Google Scholar] [CrossRef]

	



Guzman, F.; Chuang, S.S.C.; Yang, C. Role of methanol sacrificing reagent in the photocatalytic evolution of hydrogen. Ind. Eng. Chem. Res. 2013, 52, 61–65. [Google Scholar] [CrossRef]

	



Nomikos, G.N.; Panagiotopoulou, P.; Kondarides, D.I.; Verykios, X.E. Kinetic and mechanistic study of the photocatalytic reforming of methanol over Pt/TiO2 catalyst. Appl. Catal. B 2014, 146, 249–257. [Google Scholar] [CrossRef]

	



Shimura, K.; Yoshida, H. Heterogeneous photocatalytic hydrogen production from water and biomass derivatives. Energy Environ. Sci. 2011, 4, 2467–2481. [Google Scholar] [CrossRef]

	



Chen, W.T.; Dong, Y.; Yadav, P.; Aughterson, R.D.; Sun-Waterhouse, D.; Waterhouse, G.I.N. Effect of alcohol sacrificial agent on the performance of Cu/TiO2 photocatalysts for UV-driven hydrogen production. Appl. Catal. A Gen. 2020, 602, 117703. [Google Scholar] [CrossRef]

	



Chen, W.T.; Chan, A.; Sun-Waterhouse, D.; Llorca, J.; Idriss, H.; Waterhouse, G.I.N. Performance comparison of Ni/TiO2 and Au/TiO2 photocatalysts for H2 production in different alcohol-water mixtures. J. Catal. 2018, 367, 27–42. [Google Scholar] [CrossRef]

	



Pendolino, F.; Capurso, G.; Maddalena, A.; lo Russo, S. The structural change of graphene oxide in a methanol dispersion. RSC Adv. 2014, 4, 32914–32917. [Google Scholar] [CrossRef]

	



Curcó, J.; Giménez, D.; Addardak, A.; Cervera-March, S.; Esplugas, S. Effects of radiation absorption and catalyst concentration on the photocatalytic degradation of pollutants. Catal. Today 2002, 76, 177–188. [Google Scholar] [CrossRef]

	



Jiang, X.; Fu, X.; Zhang, L.; Meng, S.; Chen, S. Photocatalytic reforming of glycerol for H2 evolution on Pt/TiO2: Fundamental understanding the effect of co-catalyst Pt and the Pt deposition route. J. Mater. Chem. A Mater. 2015, 3, 2271–2282. [Google Scholar] [CrossRef]

	



Yang, J.; Wang, D.; Han, H.; Li, C. Roles of cocatalysts in photocatalysis and photoelectrocatalysis. Acc. Chem. Res. 2013, 46, 1900–1909. [Google Scholar] [CrossRef]

	



Communication from the Commission to the European Parliament, the Council, the European Economic and Social Committee and the Committee of the Regions, The European Green Deal. Available online: https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=COM%3A2019%3A640%3AFIN (accessed on 7 September 2022).

	



Lu, Y.; Ma, B.; Yang, Y.; Huang, E.; Ge, Z.; Zhang, T.; Zhang, S.; Li, L.; Guan, N.; Ma, Y.; et al. High activity of hot electrons from bulk 3D graphene materials for efficient photocatalytic hydrogen production. Nano Res. 2017, 10, 1662–1672. [Google Scholar] [CrossRef]

	



Naffati, N.; Sampaio, M.J.; Da Silva, E.S.; Nsib, M.F.; Arfaoui, Y.; Houas, A.; Faria, J.L.; Silva, C.G. Carbon-nanotube/TiO2 materials synthesized by a one-pot oxidation/hydrothermal route for the photocatalytic production of hydrogen from biomass derivatives. Mater. Sci. Semicond. Process. 2020, 115, 105098. [Google Scholar] [CrossRef]








[image: Gels 08 00719 g001 550] 





Figure 1. Scheme of the scCO2-assisted synthesis for Pt/TiO2@rGO aerogels. 
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Figure 2. Structural characterization of bare NPs and as-synthesized or reduced aerogel composite for the 1Pt/TiO2@GO (2:1) and 0.9Pt/TiO2@rGO (3:1) samples: (a) PXRD patterns, (b) Raman spectra, in which D and G bands are indicated with dashed lines, (c) FTIR spectra, and (d) N2 adsorption/desorption analysis of the reduced aerogel. 
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Figure 3. SEM images of samples: (a) 1Pt/TiO2@GO (2:1), and (b) 0.9Pt/TiO2@rGO (3:1), representative of the morphology of as-synthesized and reduced aerogels. 
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Figure 4. TEM images of the 0.9Pt/TiO2@rGO samples with NPs:rGO ratios: (a) 3:1 and (b) 9:1. 
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Figure 5. Optical characterization of bare NPs and reduced aerogel composites: (a) UV-VIS diffuse reflectance spectra, (b) band gap energy determined from the Tauc plot (the linear part of the plot is extrapolated to the x-axis), (c) photoluminescence spectra at an excitation wavelength of 320 nm, and (d) samples of xPt/TiO2@rGO (3:1) with different Pt ratios. 
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Figure 6. Scheme of the catalyst reactor setup and picture of the vessel involving the hand-made support holding the one-piece aerogel monolith. 
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Figure 7. H2 production rate at different experimental conditions: (a) using the non-reduced 1Pt/TiO2@GO (2:1) and reduced 0.9Pt/TiO2@rGO (3:1) aerogels (reaction conditions: 0.5 v/v methanol/water, 0.5 gNPsL−1, smashed aerogel), and (b) using the 0.9Pt/TiO2@rGO aerogel as a one-piece monolith (green) and smashed (purple) (reaction conditions: 0.5 v/v methanol/water, 2gNPsL−1). 
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Figure 8. H2 production rate in steady-state conditions (60 min) for 0.9Pt/TiO2@rGO (3:1) smashed aerogel: (a) influence of methanol concentration (2 gNPsL−1), and (b) influence of NP concentration (0.5 v/v methanol/water), in which results are expressed as the non-specific (µmolH2 h−1, blue) and specific (µmolH2 h−1gNPs−1, orange) production rates. 
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Figure 9. Specific H2 production rate for smashed aerogel samples: (a) xPt/TiO2@rGO (3:1) with different Pt content, and (b) 0.9Pt/TiO2@rGO with 3:1 and 9:1 NP:rGO ratios. Reaction conditions: 0.5 v/v methanol/water, 0.5 gNPsL−1. 
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