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Abstract

:

In this contribution, four different commercial TiO2 catalysts (P25, P90, PC105, and PC500) were screened for the photocatalytic production of hydrogen using ethanol as the sacrificial agent. The physico-chemical properties of the TiO2 powders were characterized by using different methods. The photocatalysts mainly vary in the ratio of anatase and rutile phases, and in the surface area. It was found that the photocatalytic activity is governed by the surface area of the photocatalyst. Pure TiO2,PC500 showed the best performance, and in comparison to P25, the activity was more than twenty times higher due to its high surface area of about 270 m2 g−1. For further improvement of the photocatalytic activity, platinum nanoparticles (PtNPs) were immobilized onto TiO2,PC500 using two methods: a colloidal approach and a photodeposition method. For the reduction of the platinum salt precursor in the colloidal approach, different green reducing agents were used in comparison to ascorbic acid. The obtained platinum nanoparticles using natural reductants showed a higher photocatalytic activity due to the formation of smaller nanoparticles, as proven by transmission electron microscopy (TEM). The highest activity was obtained when mangosteen was used as the green reducing agent. Compared to ascorbic acid as a classical reducing agent, the photocatalytic activity of the Pt@TiO2,PC500 prepared with mangosteen was about 2–3 times higher in comparison to other as-prepared photocatalysts. The Pt@TiO2,PC500 catalyst was further studied under different operating conditions, such as catalyst and sacrificial agent concentration.
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1. Introduction


Hydrogen is the most important clean energy source able to solve the increasing concern of the declining fossil fuel reserves and environmental pollution. Nowadays, most of the hydrogen is still generated through steam reforming and water electrolysis [1,2]. However, these processes are neither sustainable nor economical as they utilize nonrenewable resources or have enormous energy consumption. The direct conversion of solar energy as an abundant energy source into hydrogen via photocatalytic water splitting has attracted many kinds of research because of its sustainable nature [3,4,5,6]. In 1972, Akira Fujishima and Kenichi Honda, for the first time, performed artificial photosynthesis to produce chemical energy from light energy [7]. They generated hydrogen in a photoelectrochemical setup with titanium dioxide (TiO2) as the photocatalyst. TiO2 was capable of using light to promote the chemical reaction. After this groundbreaking discovery, photocatalysis became an important research field. It led to numerous new photocatalysts and methods to improve the performance of existing photocatalysts [8,9,10,11]. Although much work has been done in this field, the number of photocatalysts which can split water into hydrogen and oxygen in a single step is still limited to a few examples. The best-known example is (Ga1−xZnx)(N1−xOx), studied by Domen [12,13,14]. The major challenge is the synthesis of a catalyst that can fulfill the requirements of visible light absorption and utilization of the photo-generated electron–hole pairs for the water-splitting reaction without having the drawbacks of hole-quenching and backward reactions [15,16]. If small alcohols are used as sacrificial agents, e.g., methanol or ethanol, the efficiency for hydrogen production can be significantly increased [17,18]. The sacrificial agent is usually oxidized faster by the holes so that it replaces the challenging water oxidation step. A large number of photocatalysts are available to perform water reduction in the presence of sacrificial agents [19,20]. During the years, TiO2 became one of the most investigated semiconductor materials in photocatalysis, although it is only able to use UV light [21,22]. P25 is the most used type of TiO2, which is a mixture of two structures: anatase (82%) and rutile (18%). However, other types of commercially available TiO2 have been rarely investigated in photocatalysis. Therefore, the first goal of this contribution was to screen different types of TiO2 for the water reduction reaction and to identify the main TiO2 parameter that governs the photocatalytic activity. As it is known that for water reduction, platinum nanoparticles (PtNPs) are usually deposited onto the surface of the semiconductor to increase the activity, the second goal of this contribution was to study the PtNPs’ loading in more detail. Based on our earlier experience in the preparation of supported catalysts [23,24,25], a colloidal approach was used to deposit PtNPs onto the surface of TiO2. This approach was also compared with the photodeposition technique that is usually applied in photocatalysis for co-catalyst loading [26]. The immobilization route and experimental conditions have an enormous impact on the formation of PtNPs, as it has been reported by several researchers [27,28,29,30,31].



It was already shown by Schröder et al. for a carbon nitride photocatalyst that the colloidal approach for the immobilization of PtNPs results in a more active photocatalyst [32]. Recently, it was shown by Parapat et al. that green reductants in the colloidal approach outperform classical reducing agents in the preparation of PtNPs supported on alumina (Pt@Al2O3) used as catalysts for the heterogeneously catalyzed hydrogenation of α-methyl styrene (AMS) or levulinic acid (LA) [33]. To prepare a very active water reduction photocatalyst based on TiO2, the most active TiO2 photocatalyst powder from the screening experiments was further modified with PtNPs prepared using green reductants in the colloidal deposition method. In summary, this contribution focuses on the combination of material selection and co-catalyst deposition to obtain very active catalysts for photocatalytic water reduction.




2. Results and Discussion


2.1. Screening of TiO2 Catalysts


In photocatalysis, P25 is the most investigated type of TiO2. However, there are other types of TiO2 commercially available. To investigate if one of these types is more suitable for water reduction, four different TiO2 powders, namely P25, P90, PC105, and PC500, were screened for the water reduction reaction using ethanol as the sacrificial agent. In heterogenous photocatalysis, many parameters can influence the photocatalytic activity, and some of them are directly related to the semiconductor’s properties, e.g., surface area, bandgap energy, crystallinity, etc. An overview on how the photocatalytic activity is influenced is provided by Rajeshwar et al. [34]. The characteristic values of the investigated TiO2 photocatalysts are summarized in Table 1. Crystallite size (CS) and bandgap energy (BGE) were obtained from previous publications [35]. BGE is about (3.2 ± 0.1) eV, and UV light is required for photocatalytic experiments, which was provided by the 300 W Xe lamp. The used TiO2 photocatalysts have different compositions (between 80% and 100% anatase phase), as verified by the XRD (Supplementary Figure S3). However, the largest differences are in the surface area and crystallite size. The surface area changes from about 60 m2 g−1 for P25 to about 270 m2 g−1 for PC500. The largest TiO2 particles are obtained for P25 and PC105 (21.3 and 20.9 nm), followed by P90 (12.6 nm) and PC500 (6.0 nm). The characteristic data show that PC500 consists of pure anatase phase, has the highest surface area, and the smallest crystallite size. All these values should be beneficial toward photocatalytic hydrogen production.



There are differences in the hydrogen productivity, as expected. The lowest rate is observed for P25 (about 48 μmol g−1 h−1), and the highest rate is obtained for PC500 (about 1222 μmol g−1 h−1). The catalytic activity for all investigated titania catalysts is in the following order: PC500 > PC105 > P90 > P25. The hydrogen productivity is plotted vs. the surface area (Figure 1), and there is quite a good correlation between them. When the surface area increases by a factor of about 5, the activity increases by a factor of about 25. The surface area is crucial in catalysis because it provides better adsorption abilities for the reactants. Increased activity has been reported, e.g., by Amano et al. for the decomposition of acetaldehyde [36] or by Cheng et al. for the degradation of dyes [37]. Furthermore, improved hydrogen production from high surface area carbon nitride prepared via a sol-gel route is reported by Kailasam et al., that outperforms bulk carbon nitride [38]. For further evaluation, the H2 activity was normalized to the surface area, showing an over-proportional increase for PC500. If only the surface area is responsible for H2 productivity, a linear trend is expected, as shown by Amano et al. [36]. This is not the case, and therefore other TiO2 characteristics must be considered, too. It is assumed that here, the smaller crystallite size (6.0 nm) of PC500 is responsible for the over-proportional H2 productivity. A smaller crystallite size is better for the charge separation after irradiation and lowers the probability of charge recombination.



Even though a high surface area material is beneficial for photocatalysis in most cases, further modification of the photocatalyst is necessary. One technique is the modification of the photocatalyst using noble-metal nanoparticles as co-catalysts. The noble-metal co-catalyst can act as an electron trap and thus lower the electron–hole charge recombination [39].




2.2. Impact of Pt Immobilization


As TiO2,PC500 showed the highest value for hydrogen productivity, it was used in the further experiments. The main goal of the second step was the improvement of hydrogen productivity by using a co-catalyst. For this purpose, PtNPs were immobilized onto the surface of TiO2,PC500 as it is well-known that PtNPs are the most active co-catalyst for H2 production [40,41,42]. Two methods were used for the immobilization of PtNPs: (a) a colloidal approach and (b) photodeposition. Further, besides the deposition method, the reducing agent was also varied. Often, the metal salt precursor is simply reduced to metal nanoparticles using an excess of sodium borhydride or ascorbic acid. Here, the precursor is reduced using green reductants, e.g., grape seed, clove, or mangosteen. These reducing agents contain polyphenols and have been reported as efficient to produce active nanoparticles. Recently, Parapat et al. used the colloidal approach in combination with green reductants to prepare Pt@Al2O3 catalysts for the hydrogenation of α-methyl styrene [33]. The catalysts prepared using the green reductants were more active than the catalysts prepared with ascorbic acid. To follow the idea to produce a very active catalyst for water reduction based on TiO2, this method was adopted. The hydrogen productivity is shown in Figure 2.



As shown, the preparation conditions have an impact on the activity and hydrogen productivity of Pt@PC500. Related to the amount of used catalyst, the activities were in the following order: MS > CL > GS > PD > AA. The highest activity of about 10 mmol g−1 h−1 was obtained for the catalyst that used mangosteen as the reducing agent. The activity was about two times higher compared to ascorbic acid as the reducing agent and about seven times higher compared to pure PC500. In comparison to the pure PC500 powder, the individual properties of the prepared Pt@PC500 must be compared in detail to understand the differences in the photocatalytic activity. The first parameter that can be responsible is the Pt loading. A nominal Pt loading of 1 wt.% was aspired for all samples, but the real loading, determined by ICP-OES, was in the range of 0.3–0.5 wt.%. The highest loading of about 0.49 wt.% was obtained for Pt@PC500 prepared by PD (Table 2, Entry 2). The lowest loading of about 0.31 wt.% was determined for Pt@PC500 prepared via the colloidal approach with AA as the reducing agent (Table 2, Entry 3). The loading of Pt@PC500 prepared by the colloidal approach with the natural reductants GS, CL, and MS was about 0.37 wt.% (Table 2, Entry 4–6). The XRD spectra were recorded for Pt@PC500 (not shown), but no change was observed. Due to both the low Pt loading and small size of Pt nanoparticles, the Pt signal was not observed in XRD.



Non-quantitative loading of Pt for the two methods is known. The main reason is that in both cases, the nanoparticles are firstly produced in solution, and secondly deposited onto PC500. Therefore, the contact of the Pt precursor and the PC500 support material before starting the reduction is low. As shown, the H2 productivity does not only depend on the Pt loading. The highest value of about 10 mmol g−1 h−1 was obtained for MS as the reduction agent, which was not the highest loading among the produced catalysts. If hydrogen productivity is normalized to the amount of Pt, the following order of activity is obtained: MS > CL > GS > AA > PD. Still, the more active Pt@PC500 photocatalyst is produced by the colloidal approach using a green reductant. If only the total amount of immobilized Pt is responsible for the different activities, the H2 values (     mol   g    Pt   − 1        h    − 1    ) should be similar. As it is obvious from Table 2, the PtNPs which are produced using the green reductants as the reducing agent are used more efficiently than the PtNPs produced by photodeposition. Such a difference can only be explained by the individual properties of the produced nanoparticles, such as size, shape, and dispersion. To obtain more information about the nature of the produced PtNPs, TEM measurements were performed. Figure 3 shows a larger section of the Pt@PC500 photocatalysts produced. From these images, first, general information about the size and distribution of the PtNPs can be obtained.



As can be seen, there are clear differences in the PtNPs produced by photoreduction and the colloidal method with different reductants. The PtNPs produced by photoreduction are strongly agglomerated and form larger particles (Figure 3A,B). Further, they are not very homogenously distributed. The PtNPs produced by the colloidal method with ascorbic acid as the reductant are also large, however less agglomerated (Figure 3C). In comparison to the photoreduction, in this case, the PtNPs are better distributed. All the PtNPs obtained using the natural reductants in the colloidal deposition process are much smaller with good distribution, and show no agglomeration.



For further evaluation, particle size and particle size distribution of PtNPs were determined from TEM images using Digital Micrograph® from Gatan. The TEM images with considered PtNPs (marked as red circles) and the respective histograms are shown in Supplementary Figures S4–S8. Mean particle sizes and deviations are summarized in Table 3.



The particles’ sizes for the colloidal method using natural reductants (Table 3, Entry 3–5, and Supplementary Figures S6–S8) are in the range from 3 to 6 nm. In all cases, frequently larger particles are observed. In case of ascorbic acid as the reducing agent, the particles are about 9 nm (Table 3, Entry 2, and Supplementary Figure S5). For the photoreduction process, the determination of a mean particle size was not possible due to the strong agglomeration. Partially, isolated particles in the range of 3–5 nm are observed (not shown), but mostly, these particles agglomerate to big aggregates (Table 3, Entry 1, and Supplementary Figure S4). It has to be mentioned that TEM analysis of the samples is challenging due to the high surface area of the porous photocatalyst and the low loading with PtNPs.



For the same Pt deposition method, the characteristics of the PtNPs depend on the applied reducing agent. Here, ascorbic acid, clove, grape seed, and mangosteen were used to reduce the Pt-salt precursor. The reductants differ in purity and reduction potential. Ascorbic acid was applied as a pure substance, while the other three are extracts composed of different molecules. In clove extract, the main active compound is eugenol. For grape seed and mangosteen, the main active compounds are oligomeric pro-anthocyanidin complexes (OCPs) and mangostins (α and γ), respectively. The main active compounds of the reducing agents are summarized in Table 4 and the structures of the active compounds are shown in Supplementary Figure S9.



When comparing the observed activities for hydrogen production with the characteristics of the PtNPs, almost the same trend is observed. The activities (Table 2) are in the order MS > CL > GS > AA > PD. The determined particles’ sizes (Table 3) are in the following order: GS < MS < CL < AA < PD. In the case of photoreduction and reduction with ascorbic acid, the larger particle sizes or strong agglomeration are the reason for the lower hydrogen productivity. For the three natural reductants, GS, CL, and MS, the order does not fit. One reason could be the evaluation of the particles. In principle, many more particles are required for statistical analysis, but as mentioned, the particles are small, and the loading is very low. This makes the analysis very difficult. However, the main motivation was to show that the colloidal deposition method leads to photocatalysts with higher activity when natural reductants are used. The smaller size and better distribution of PtNPs can explain the better performance in comparison to AA and PD. The difference between MS, CL, and GS needs further evaluation. From Figure 3, it is assumed that MS (Figure 3F) shows a better distribution of the PtNPs, followed by CL (Figure 3D) and GS (Figure 3E). Different photocatalytic activity can also be due to a change in BGE, but from previous studies, it is known that co-catalyst immobilization by photodeposition or colloidal method have no impact on BGE [53].




2.3. Variation of Reaction Conditions


As Pt@PC500 prepared by the colloidal approach with mangosteen as the reducing agent showed the best performance for hydrogen evolution, it was further investigated at varying reaction condition parameters, such as catalyst and ethanol concentration. Catalyst concentration was varied in the range of 0.1 to 0.5 g L−1, and hydrogen productivity is shown in Figure 4.



The photocatalyst utilizes the photons to produce electron–hole pairs, and with increasing catalyst concentration, more hydrogen should be produced. As it is shown in Figure 4, the amount of hydrogen (mol h−1) increases by enhancing the catalyst concentration. However, the hydrogen production approaches a plateau at about 0.2 mmol h−1. If the amount of hydrogen is related to the amount of catalyst (mmol g−1 h−1), a decreasing trend is observed with increasing catalyst concentration. In detail, both curves in Figure 4 show that at higher catalyst concentrations, the catalyst is not used sufficiently anymore. The reason for this behavior is that in a suspension, additional effects, such as light scattering, play an important role. These effects dominate at higher concentrations and lower the catalyst’s performance. This also means that a higher amount of the catalyst is wasted, because it is not used for hydrogen production. As the catalyst has to utilize the photons to produce hydrogen, the catalyst concentration must be adjusted in such a way that the light is completely adsorbed by the photocatalyst suspension. To determine the optimal catalyst concentration for full light adsorption, catalyst suspensions having different concentrations were measured by a UV/Vis spectrometer. The degree of transmission indicating the light that passes the suspension is shown in Figure 5.



The light is mainly adsorbed in the UV range, and the degree of transmission decreases with the increasing catalyst concentration. The visual behavior of the suspensions is shown in Figure 5 (inset). The low concentrated suspensions are transparent, and the higher ones become cloudy. Light adsorption, considering the Lambert–Beer law, is also a function of the path length. The experiments in the UV/vis spectrometer were performed in a cuvette of 1 cm path length, and more than 90% of light was absorbed for a catalyst concentration of 0.25 g L−1. In a photoreactor, the path length is often much higher, and already, low catalyst concentrations are sufficient to absorb the photons. The path length of the used photoreactor was 3.5 cm; therefore, a catalyst concentration of 0.1 g L−1 is already high enough for complete light adsorption.



There are many sacrificial agents that can be used for photocatalytic hydrogen evolution. An overview is provided by Christoforidis and Fornasiero [54]. In this contribution, ethanol was used as the sacrificial agent, because it can be directly produced from renewables. The ethanol concentration was varied in the range from 0.1 to 10 vol.%, and hydrogen productivity is shown in Figure 6.



A slight increase in the hydrogen productivity, from 6.8 mmol g−1 h−1 for 0.1 vol.% to 10.1 mmol g−1 h−1 for 10 vol.%, was observed. At the lowest ethanol concentration (0.1 vol.%, 0.66 mmol), 0.26 mmol of H2 was produced. For the highest ethanol concentration (10 vol.%, 66 mmol), the total amount of hydrogen was 0.38 mmol. The comparison of ethanol concentration and H2 production can be used to estimate the time when a new sacrificial agent has to be added. During the initial screening of the TiO2 powders, we also investigated glucose (c = 3 mM) as a sacrificial agent. Glucose was selected because it can be produced from renewables much like ethanol, and additionally, it is cheaper than some of the reported sacrificial agents, e.g., triethanolamine. The same trend for the TiO2 powders was obtained with the highest activity for PC500, but this activity was about 75% lower compared to ethanol.



When performing H2 production with EtOH as the sacrificial agent, during irradiation with the full spectrum of the 300 W Xe lamp, besides hydrogen, other products such as CO, CO2, CH4, and C2H4, C2H6 can also be produced. For most of the experiments, the amount of hydrogen in the gas phase (in relation to all detected products) was about 90% or higher.





3. Experimental


3.1. Chemicals


The following chemicals/materials were used as purchased: Hexachloroplatinic(IV) acid hydrate (H2PtCl6·H2O, 8 wt% in H2O, Sigma-Aldrich, Hamburg, Germany) as a Pt precursor, ethanol (99%, SupraSolv, Sigma-Aldrich, Hamburg, Germany) as a sacrificial agent, platinum ICP standard (1000 mg/L, Sigma-Aldrich, Hamburg, Germany) for calibration of the ICP-OES instrument, P25 (Evonik Degussa, Munich, Germany), P90 (Evonik Degussa, Munich, Germany), PC105 (Millennium/CristalACTivTM, Cristal Global, France), and PC500 (Millennium/CristalACTivTM Cristal Global, France) as photocatalysts, and clove (CL, Supa Sidoarjo, Indonesia), mangosteen (MS, Mastin Borobudur, Indonesia), grape seed (GS, Glory Feel, Hamburg, Germany), and ascorbic acid (AA, >98%, Sigma-Aldrich, Hamburg, Germany) as reducing agents. All aqueous solutions were prepared from distilled water.




3.2. Colloidal Deposition


Platinum was deposited onto PC500 by a colloidal method, as described by Parapat et al. [23]. One solution (microemulsion 1) containing 7.5 g of cyclohexane, 17.5 g of butanol, 17.5 g of TX-100, and 7.5 g of the Pt precursor H2PtCl6·H2O was placed into a double-walled glass reactor and stirred at 25 °C. A second solution (microemulsion 2) containing 7.5 g of cyclohexane, 17.5 g of butanol, 17.5 g of TX-100, and 7.5 g of the reducing agent solution was slowly added. In case of AA, 1 g of AA was dissolved in 30 mL of water and 7.5 g of as-prepared aqueous solution was used to prepare the microemulsion. The other natural reductants (CL, MS, and GS) were obtained as powders and the active compounds had to be first extracted. For this, 1 g of CL, MS, or GS was added to 30 mL of water and heated up to 70 °C. The residual powder was removed by centrifugation and 7.5 g of the aqueous phase was used to prepare the microemulsion. After mixing both microemulsions, the solution was stirred for two hours to reduce the Pt precursor. Then, 2 g of PC500 was added. The reaction mixture was heated up to 55 °C and stirred for a further two hours. The reactor was then cooled down to 25 °C. The catalyst was separated by centrifugation (Biofuge stratus, Heraeus, Hanau, Germany, 8500 rpm, 15 min) and washed with distilled water and acetone. Finally, the catalyst was calcined for two hours at 300 °C. The as-prepared catalyst was labeled as PtX@PC500 (x = AA, CL, MS, or GR).




3.3. Photodeposition


For comparison, platinum nanoparticles as the co-catalyst was deposited onto PC500 by a photodeposition method: 525 mg of H2PtCl6·H2O solution was dissolved in 180 mL of distilled water and flushed with N2 for 10 min to remove the dissolved oxygen. Then, 2 g of PC500 powder was added under vigorous stirring. The suspension was irradiated using a 300 W Xenon lamp (L.O.T. Oriel Quantum Design. Germany) equipped with a 395 nm cut-off filter for two hours. Then, 20 mL of methanol was added to the suspension, and irradiation was continued for a further two hours. After irradiation, the catalyst was separated by centrifugation (Biofuge stratus, Heraeus, Hanau, Germany, 8500 rpm, 15 min) and washed with distilled water and acetone. Finally, the catalyst was calcined for two hours at 300 °C. The as-prepared catalyst was labeled as PtPD@PC500.




3.4. Catalyst Characterization


The indirect band-gap energies of the commercial TiO2 photocatalysts were obtained from diffuse reflectance UV/Vis absorption spectra, measured using a UV-vis spectrophotometer equipped with an integrating sphere (LAMBDA 650 UV/Vis with 150 mm integrating sphere, Perkin Elmer, USA). The Brunauer–Emmett–Teller (BET) surface area of the TiO2 photocatalysts was calculated from the nitrogen adsorption–desorption isotherms at 77 K, using the quadrasorb chemisorption system (Quantachrome, Boynton Beach, FL, USA). STEM analysis was performed on a probe-corrected JEM-ARM300F2 with a cold FEG emitter, from JEOL Ltd., Japan, operated at 300 kV and a camera length of 10 cm. The acquired and evaluated HAADF images represent a detection angle of 54–220 mrad. The image contrasts are mainly formed by Rutherford scattering and are correlated to the atomic number. The specimen was dispersed in ethanol and sonicated for 5 min. Finally, 3 µL of the dispersion was drop-casted onto a holey-carbon Cu-grid (300 mesh), and air-dried at room temperature. To dissolve the platinum nanoparticles, a microwave method (Discover SPeD, CEM, USA) was used. Calibration of the setup was performed with diluted solutions of a commercial standard platinum solution (1000 mg L−1, Sigma-Aldrich, Hamburg, Germany). To measure the transmission of TiO2 suspensions, a UV/Vis spectrometer (Lambda 35, Perkin Elmer, Akron, OH, USA) was used. Transmission was recorded between 200 and 800 nm using quartz glass cuvettes (d = 1 cm, V = 3 mL).




3.5. Photocatalytic Experiments


Screening experiments were performed in a double-walled glass reactor (V0 = 146 mL) connected to a thermostat that was set to 19 °C (Supplementary Figure S1): 40 mg of TiO2 was dispersed in 72 mL of distilled water and 8 mL of ethanol. The dispersion was flushed with N2 for 10 min before the irradiation. The irradiation was carried out with a 300 W Xe arc lamp (full spectrum) as the artificial light source. Irradiation was performed for three hours, and a sample of the head space was taken after the reaction and analyzed for hydrogen via gas chromatography (7890A, Agilent Technologies, Santa Clara, CA, USA, Carboxen-1000 column).



Further photocatalytic experiments were performed in a reactor with a defined irradiation area (Supplementary Figure S2), as shown by Schwarze et al. [55]. The catalyst (ccat = 0.1–0.5 g L−1) was placed into the reaction chamber (V0 = 51.3 mL), and the reactor was closed with the quartz glass window. The reactor was evacuated and flushed with argon three times, and 38 mL of the aqueous solution containing ethanol as the sacrificial agent (0–10 vol.%) was added under argon flow via an opening at the top. After turning the light source on, the pressure increase due to the formation of reaction gases was monitored. The reaction was performed at 30 °C. After the reaction, a sample of the headspace was taken and analyzed via gas chromatography. The hydrogen production (   H 2   ) was calculated from the volume percentage obtained from gas chromatography as follows:


   H 2  =   (  V 0  −  V L  ) ⋅  H 2      G C        m  C a t   ⋅  t R    ⋅  V m     



(1)







In Equation (1),    V 0    is the total volume of the reactor,    V L    is the volume of the liquid phase,    H 2    (  G C  ) is the concentration of    H 2    in the gas phase measured by GC,    m  c a t     is the mass of catalyst,    t R    is the reaction time, and    V m    is the molar volume of hydrogen at given temperature.





4. Conclusions


TiO2 is a cheap and stable photocatalyst that is available with different modifications. From the commercially available TiO2 catalysts that were investigated in this contribution for photocatalytic hydrogen production, PC500 showed the best photocatalytic performance. All materials were characterized in detail and the bandgap energy of the photocatalysts was about 3.2 eV in all cases, showing that the difference in photocatalytic activity is not due to the bandgap. From nitrogen adsorption–desorption measurements, a much higher surface area (about five times compared to P25) was measured for PC500 that can explain the higher photocatalytic activity. To improve hydrogen production with PC500, Pt nanoparticles were immobilized on its surface vie two different methods. When the Pt nanoparticles were prepared using a colloidal approach in combination with a green reducing agent, the activity of the Pt@PC500 photocatalyst was higher due to the smaller size of the nanoparticles. The best result was obtained using mangosteen as the reducing agent. To complete the investigations, the PtMS@PC500 photocatalyst was studied under different operating conditions. Ethanol concentration and catalyst concentration were varied. Finally, it can be concluded that for a sustainable use of the photocatalyst, its optimal concentration is required. When the catalyst concentration is too high, the impact of side effects such as light scattering or catalyst agglomeration will increase, which lowers the photocatalytic performance of the catalyst.
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Figure 1. Hydrogen productivity as a function of the BET surface area for different commercial TiO2 catalysts (cTiO2 = 0.56 g L−1, 300 W Xe lamp (full spectrum), and 10 vol.% ethanol). 
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Figure 2. Hydrogen productivity with Pt@PC500 (T = 30 °C, cPt@PC500 = 0.5 g L−1) prepared by photodeposition (PD), and the colloidal approach with different reductants (AA: ascorbic acid, GS: grape seed, CL: clove, MS: mangosteen) measured with a 300 W Xe lamp (full spectrum) and ethanol (10 vol.%) as the sacrificial agent. 
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Figure 3. STEM HAADF images of prepared Pt@PC500 photocatalysts through different reducing methods: photoreduction (A,B) and microemulsion with ascorbic acid (C), clove (D), grape seed (E), and mangosteen (F). 
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Figure 4. Hydrogen productivity with PtMS@PC500 (0.37 wt% Pt, T = 30 °C, t = 2 h, 300 W Xe lamp (full spectrum), and 10 vol.% ethanol). 
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Figure 5. Degree of transmission for Pt@PC500 suspensions measured by UV/vis spectrometer (dcuvette = 1 cm). 
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Figure 6. Hydrogen productivity with PtMS@PC500 (cPt@PC500 = 0.5 g L−1, 0.37 wt.% Pt, T = 30 °C, t = 2 h, 300 W Xe lamp (full spectrum)) for different ethanol concentrations (±10%). 






Figure 6. Hydrogen productivity with PtMS@PC500 (cPt@PC500 = 0.5 g L−1, 0.37 wt.% Pt, T = 30 °C, t = 2 h, 300 W Xe lamp (full spectrum)) for different ethanol concentrations (±10%).



[image: Catalysts 11 01027 g006]







[image: Table] 





Table 1. Characteristic values of commercial TiO2 catalysts (CS: crystallite size, SA: surface area, BGE: indirect bandgap energy), and H2 productivity (cTiO2 = 0.56 g·L−1, 300 W Xe full spectrum, 10 vol% ethanol).
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	TiO2
	CS

(nm)
	%Anatase
	BGE

(eV)
	SA

(m2 g−1)
	H2

(μmol g−1 h−1)
	H2/SA

(μmol m−2 h−1)





	P25
	21.3
	82
	3.19
	56
	48
	0.86



	P90
	12.6
	87
	3.20
	104
	118
	1.13



	PC105
	20.9
	100
	3.33
	80
	123
	1.54



	PC500
	6.0
	100
	3.28
	270
	1222
	4.52
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Table 2. Hydrogen productivity (±10%) for as-prepared Pt@PC500 photocatalysts (T = 30 °C, cPt@PC500 = 0.5 g L−1, 300 W Xe lamp (full spectrum), and 10 vol.% ethanol).
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	Entry
	Method
	Nominal Loading

(wt.%)
	ICP-OES Loading

(wt.%)
	SA

(m2 g−1)
	H2

   ( mmol    g cat  − 1      h  − 1   )   
	H2

   ( mol    g Pt  − 1      h  − 1   )   





	1
	without Pt
	-
	-
	270
	1.4
	-



	2
	PD
	1.0
	0.49
	275
	5.0
	1.0



	3
	AA
	1.0
	0.31
	239
	3.8
	1.2



	4
	CL
	1.0
	0.37
	305
	6.9
	1.9



	5
	GS
	1.0
	0.36
	247
	5.6
	1.5



	6
	MS
	1.0
	0.37
	309
	10.1
	2.7
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Table 3. Mean particle size (d) and deviation (σ) obtained from raw data (index: 1) and gauss fit (index: 2).
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	Entry
	Method
	NPtNPs

(-)
	    d 1    

(nm)
	σ1

(nm)
	    d 2    

(nm)
	σ2

(nm)





	1
	PD *
	22
	12.5 ± 1.3
	10
	-
	-



	2
	AA
	62
	8.8 ± 0.3
	2.5
	9.3 ± 0.5
	2.6



	3
	CL
	62
	5.4 ± 0.1
	1.1
	5.88 ± 0.02
	1.1



	4
	GS
	62
	4.2 ± 0.3
	2.6
	3.1 ± 0.6
	0.4



	5
	MS
	62
	5.1 ± 0.3
	2.2
	4.81 ± 0.11
	1.5







* Size of agglomerates.
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Table 4. Overview of active compounds in reducing agents and literature examples for application of active compounds in NP synthesis.
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	Entry
	Reducing Agent
	Active Compund
	Active Compound in NP Synthesis





	1
	AA
	AA
	Ag [43], Ag, Au [44], Cu [45]



	2
	CL
	Eugenol [46,47]
	Ag [46,47], Pt, Pd [48]



	3
	GS
	Oligomeric proanthocyanidin complexes (OCP) [49]
	Ag, Pd, Pt, Ru [33], Ag [43], Au [50]



	4
	MS
	Alpha-mangostin [51]
	Ag, Au, Pt [52]
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