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Abstract

:

The effect of Cu or Cu-Pt nanoparticles in TiO2 photocatalysts prepared by flame spray pyrolysis in one step was investigated in hydrogen production from methanol photo-steam reforming. Two series of titanium dioxide photocatalysts were prepared, containing either (i) Cu nanoparticles (0.05–0.5 wt%) or (ii) both Cu (0 to 0.5 wt%) and Pt (0.5 wt%) nanoparticles. In addition, three photocatalysts obtained either by grafting copper and/or by depositing platinum by wet methods on flame-made TiO2 were also investigated. High hydrogen production rates were attained with copper-containing photocatalysts, though their photoactivity decreased with increasing Cu loading, whereas the photocatalysts containing both Cu and Pt nanoparticles exhibit a bell-shaped photoactivity trend with increasing copper content, the highest hydrogen production rate being attained with the photocatalyst containing 0.05 wt% Cu.
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1. Introduction


The continued use of fossil fuels led to an increased greenhouse effect; thus, cleaner and renewable energy sources are urgently required. Hydrogen is considered the main alternative to fossil fuels and technologies based on hydrogen exploitation as an energy vector are already mature, such as fuel cells or internal hydrogen combustion engines [1,2]. Photocatalysis can provide a straightforward route to hydrogen production from water solutions, possibly converting solar light into chemical energy in the form of H-H bond.



Many photocatalysts have been proposed and tested in recent years, for both thermodynamically up-hill (e.g., hydrogen production from aqueous solutions) and down-hill reactions (photodegradation of organic pollutants), but titanium dioxide still remains the most widely investigated one, due to its advantageous physical and chemical properties [3,4]. One of its main drawbacks consists in the fast recombination of photoproduced electron-hole couples. This drawback can be overcome by modifying TiO2 with noble metal (Au, Ag, Pd, Pt) nanoparticles (NPs), which improve the separation of photoproduced charge carriers and, thus, the quantum efficiency of photocatalytic processes [5]. Furthermore, the rate of photocatalytic hydrogen production from water is largely increased by performing the reaction in the presence of organic compounds which scavenge the holes photoproduced in the semiconductor valence band (VB) more efficiently than water, making the reaction irreversible [6,7,8,9,10,11].



Aiming at increasing the photoactivity of titanium dioxide by modification with non-noble metals (e.g., Ni, Cu, Co), thus reducing the photocatalyst costs, Irie et al. [12] deposited copper on titanium dioxide powders by grafting. This led to successful visible light activation of the so obtained photocatalysts both in oxidation reactions (photodegradation of organic pollutants, e.g., 2-propanol) in the presence of O2 and in hydrogen production from water solutions under anaerobic conditions [13]. In fact, Cu2+ ions are able (i) to accept electrons from the conduction band (CB) of TiO2, since the redox potential of the Cu2+/Cu+ couple is more positive than the CB edge of TiO2; and (ii) to accept photoexcited electrons directly from the VB of TiO2, also under visible light irradiation. Both these electron transfer paths contribute to increase the separation of photoproduced charge carriers, with a consequent photoactivity improvement [10].



To further increase the photoactivity of TiO2, modification of the oxide surface by non-noble metals, such as copper or nickel, has been coupled with noble metal (i.e., Au, Pt, Ag) NPs deposition, attaining remarkable improvement in terms of photocatalytic hydrogen production rates and efficiency in solar light exploitation [14,15,16,17,18]. In this context, synergistic effects in photoactivity have been demonstrated in the case of copper-platinum co-modified TiO2 when small amounts of Cu were deposited together with Pt NPs, under both aerobic [19] and anaerobic conditions [20,21]. A strong synergistic effect between copper and platinum NPs deposited over TiO2 has been recently demonstrated in hydrogen production by methanol photo-steam reforming by our research group [22]. The NPs of the two metals were deposited on commercial titanium dioxide in subsequent steps, i.e., Cu(II) was pre-grafted on the oxide surface, followed by Pt NP deposition and chemical reduction.



In the present work, we investigate another, potentially less time consuming, synthetic route to produce Cu and Cu-Pt co-modified TiO2 photocatalysts in one step, i.e., flame spray pyrolysis (FSP), and report on the structural characterization of the so obtained materials in relation to their photoactivity in methanol photo-steam reforming. The FSP technique proved to be an effective method to synthesize TiO2 photocatalyst powders containing noble metal NPs with high anatase content and crystallinity, high surface area and excellent metal dispersion [23,24,25,26], which are particularly suitable for photocatalytic hydrogen production from water solutions. In addition, three photocatalysts obtained either by grafting copper and/or by depositing platinum by wet methods on FSP-made TiO2 were also investigated for comparison.




2. Results and Discussion


2.1. Photocatalyst Characterization


2.1.1. XRPD and BET Analyses


As shown in Figure 1, the X-ray powder diffraction (XRPD) pattern of pure titanium dioxide FP-T showed a biphasic crystalline composition (89% anatase, 11% rutile) with no evidence of brookite reflections; the mean crystallite size of the anatase phase was 14 nm (Table 1). The XRPD analysis of both FP-(X)Cu-T and FP-(X)Cu/Pt-T series indicate that the anatase crystallite mean size appear to increase with increasing copper content, as well as the rutile/anatase ratio, a phenomenon which has already been observed in previous studies [27]. Nevertheless, no reflections due to the metals or to copper oxides were detected, suggesting that they are finely dispersed in small NPs.



As reported in Table 1, the specific surface area (SSA) of the FP-(X)Cu-T series was only slightly higher than that of the FSP-made pure TiO2 (110 m2 g−1), while the whole FP-(X)Cu/Pt-T series showed a somewhat higher SSA with respect to the other samples, with the FP-(0.05)Cu/Pt-T photocatalyst possessing the highest SSA, i.e., 153 m2 g−1.




2.1.2. UV-VIS Absorption Properties


The ultraviolet-visible (UV-VIS) absorption spectra of the FP-(X)Cu-T series together with that of bare FP-T are collected in Figure 2a. First of all, reference FP-T sample shows an important absorption tail in the whole visible light range originated from the carbonaceous impurities typical of FSP-made samples [26,28,29]. In the presence of copper the absorption of the materials increases, all FP-(X)Cu-T samples showing an extra absorption contribution in the 400–500 nm region, to be ascribed to the direct interfacial charge transfer (IFCT) of electrons from the VB of TiO2 to Cu(II) surface species [12]. In addition, specific Cu(II) d-d transitions, evidenced by the absorption in the 700–800 nm region in the spectrum of FP-(0.5)Cu-T (see Figure 2b), confirm that the here employed single-step FSP synthesis of Cu-containing TiO2 stabilizes surface CuxO species, with copper in an oxidized state.



All Pt-containing TiO2 samples showed enhanced absorption with respect to the corresponding FP-(X)Cu-T photocatalysts (Figure 2c vs. Figure 2a), as clearly evidenced in Figure 2b, where the absorption spectrum of FP-(0.5)Cu/Pt-T is compared with that of FP-(0.5)Cu-T. However, the materials of the FP-(X)Cu/Pt-T series (characterized by a light grey color) showed a much lower absorption with respect to the Pt-Cu/TiO2 “hybrid” samples prepared by combining the FSP technique with alternative TiO2 surface modification routes implying post-deposition metal reduction (Figure 2c vs. Figure 2d). This indirectly confirms that, in FSP-made Pt/TiO2 samples, platinum is also mostly present in oxidized, rather than in metallic, form [30] and that post-deposition chemical reduction may promote the reduction of both metal co-catalysts into metallic NPs (Figure 2d). Importantly, hybrid materials with identical co-catalyst content showed the same optical absorption profiles, independently of their preparation sequence (see Pt/FP-(0.1)Cu-T and (0.1)Cu/FP-Pt-T in Figure 2d). Compared to such materials, (0.1)Cu/Pt-FP-T, prepared by directly contacting the two metal precursors with the FP-T powder in subsequent steps, absorbs less light in the visible range and shows a UV-VIS absorption spectrum comparable to that of the photocatalyst obtained by applying exactly the same two-step deposition procedure to commercial P25 [22].




2.1.3. XPS Analysis


X-Ray photoelectron spectroscopy (XPS) analysis (see for example Figure 3 and Table 2) confirms the presence of ca. 20 at% of carbon in FSP-made materials. The C 1s signal exhibits a band peaking at ca. 284.8 eV, which can be attributed to organic carbon, and a second peak at ca. 288 eV, ascribable to carbonaceous traces. The O 1s signal consists of a main peak at ca. 530.3 eV, originating from oxygen linked to titanium (Ti–O bonds) and a minor peak at ca. 532.5 eV compatible with oxygen in carbonate species, CO, CO2, and in physisorbed water. The Ti 2p doublet signal is almost identical for all samples (Figure 3), with the main peak at ca. 458.8 eV and the second one at 464.5 eV, both typical of Ti4+ in TiO2 [31]. The absence of shoulders at lower energy points to a negligible contribution of sub-stoichiometric titanium dioxide (TiO2−x) or of Ti–OH surface groups [32,33,34]. This is also confirmed by the O/Ti ratio greater than 2 (Table 2). No signals originated from platinum and copper photoemission could be detected, their intensity possibly being below the detection limit.




2.1.4. HRTEM Analysis


Transmission electron microscopy (TEM) investigation of FP-(0.0)Cu/Pt-T (Figure 4a) and of FP-(0.5)Cu/Pt-T confirms the typical morphology of the flame made powder consisting of micro-aggregates of spherical nanocrystals. The TiO2 particle size distribution obtained by counting 170 NPs (Figure 4b) is in the 4–28 nm range, with an average value of 11 nm and a standard deviation of 5 nm.



The high resolution TEM (HRTEM) image shown in Figure 4c confirms that the TiO2 NPs are monocrystalline and that their crystal structure corresponds to the anatase phase. Indeed, the plane distance calculated by FFT analysis of the nanocrystals appearing within the yellow frame in Figure 4c is 3.5 Å, corresponding to the d-spacing of the [101] plane of anatase.



Pt NPs can be revealed by scanning transmission electron spectroscopy—high angular annular dark field (STEM-HAADF) analysis as bright dots on the TiO2 surface because of its higher Z-contrast compared to the lighter Ti and O elements. However, Pt NPs can hardly be distinguished in Figure 4d (see for example the point indicated by the white arrow), in line with the fact that Pt is finely and homogeneously dispersed on the TiO2 surface in the form of approximately 1 nm sized NPs. The presence of Pt was confirmed by energy dispersive X-ray spectroscopy (EDX) analysis, giving a 0.4 wt% of Pt for FP-(0.0)Cu/Pt-T, in good agreement with its nominal 0.5 wt% content. Similarly, EDX analysis of the FP-(0.5)Cu/Pt-T (dispersed on a molybdenum grid to avoid artefact on the Cu signal) confirmed the 0.5 wt% Cu content and its homogeneous dispersion on TiO2.





2.2. Photocatalytic Activity


In the photocatalytic steam reforming of methanol the alcohol acts as an efficient hole scavenger, thus decreasing the electron-hole recombination rate and making conduction band electrons more readily available for H+ reduction. Hydrogen production is, thus, coupled with methanol oxidation up to CO2. Several intermediates, such as carbon monoxide, formic acid, or formaldehyde, are produced together with other side products, such as methane or ethane. H2, CO2, and CO accumulate at a constant rate in the closed recirculation system during the photocatalytic tests, according to pseudo-zero order kinetics.



The results obtained in methanol photosteam reforming photocatalytic tests are reported in Figure 5, in terms of hydrogen production rate, rH2, and selectivity to CO2 and CO, SCO2 and SCO, as in previous studies [35]. We note, first of all, that the higher rate of hydrogen production rH2 obtained with FP-T with respect to P25 TiO2 (3.6 vs. 2.7 mmol h−1 gcat−1) can be ascribed to the higher surface area and to the larger anatase content. On the other hand, these two reference samples behave in the same way regarding side-product formation, with similar selectivities towards carbon dioxide and monoxide (Figure 5). The rH2 values obtained with the photocatalysts of the FP-(X)Cu-T series were all around 7 mmol h−1 gcat−1, more than twice of those obtained with the bare materials, with a slightly decreasing rate with increasing copper loading. In addition to the beneficial effect on H2 production rate, the presence of Cu species on the TiO2 surface also influences the selectivity to CO in methanol photosteam reforming, the higher the amount of this metal, the lower being the selectivity to carbon monoxide. Thus, in the presence of copper as co-catalyst, preferential complete oxidation of methanol to carbon dioxide occurs, rather than to carbon monoxide, with a consequent higher rate of hydrogen production. In fact, full oxidation of one methanol molecule produces three H2 molecules, while incomplete methanol oxidation to carbon monoxide produces two molecules of hydrogen per methanol molecule [35].



With respect to the Cu/TiO2 photocatalysts obtained by grafting Cu on P25 TiO2 [22] the photocatalysts of the FP-(X)Cu-T series showed a lower selectivity towards CO and a higher rate of hydrogen production. Considering two photocatalysts with the same 0.1 wt% Cu nominal content, the hydrogen production rate obtained with the FSP-made one is almost double (6.9 vs. 3.8 mmol h−1 gcat−1), with a halved selectivity to CO (6.1% vs. 10.8%). This might be a consequence of the formation of small NPs of crystalline copper oxides during the FSP synthesis, acting as semiconductors and thus forming a heterojunction with TiO2, which improves the separation of the photoproduced charge couples [36]. In Cu/TiO2 photocatalysts produced by the grafting technique the oxidized copper species on the TiO2 surface are expected to be in amorphous form, as grafting is carried out at room temperature and, thus, their action mechanism, consisting of switching between the Cu2+ and Cu+ oxidation states, may be different [12].



The presence of Pt on the FP-(X)Cu/Pt-T photocatalysts led to much higher photoactivity in terms of hydrogen production rate with respect to pure TiO2 and to a ca. doubled photoactivity with respect to the FP-(X)Cu-T series. Platinum, due to its high work function (5.93 eV for the 111 crystal plane) [37], is a well-known, very efficient co-catalyst of TiO2, particularly contributing to increased H+ photocatalytic reduction leading to molecular hydrogen evolution [21,31,35,38,39]. As shown in Figure 5, the rate of photocatalytic hydrogen production obtained with the FSP-made Cu-Pt co-modified photocatalysts showed a bell-shaped trend, with the best performance in terms of rH2 (22.7 mmol h−1 gcat−1) being achieved with FP-(0.05)Cu/Pt-T, followed by the Pt-only containing sample FP-(0.0)Cu/Pt-T. Further increase of the copper content of the FSP-made photocatalysts had instead detrimental effects on the hydrogen production rate, with rH2 values lower than that obtained with copper-free FP-(0.0)Cu/Pt-T. The formation of an alloy between Cu and Pt during the FSP synthesis with the resulting decrease in the total work function of metal NPs and consequent decreased efficiency in H+ reduction in comparison to pure platinum NPs, may be at the origin of such a behavior [35]. At the same time, the increase of nominal Cu content employed during the FSP synthesis may promote the formation of larger copper oxide domains, implying reduced Cu-TiO2 interactions, which possibly determine a decrease of photocatalytic H2 evolution [40].



Anyway, with increasing copper content in the FSP-made Cu-Pt/TiO2 photocatalysts the selectivity towards carbon dioxide reached values up to 42% in the case of Cu- and Pt-containing photocatalysts, while the selectivity towards CO was significantly reduced. In fact, SCO dropped from 3.1% and 3.4% for FP-(0.0)Cu/Pt-T and FP-(0.5)Cu-T, respectively, to 1.0% for FP-(0.5)Cu/Pt-T.



Concerning the photoactivity achieved by the “hybrid” samples, as shown in Figure 6, a limited increase in rH2 up to 10.6 mmol h−1 gcat−1 was attained upon platinum deposition by the DP method (see Pt/FP-(0.1)Cu-T vs. FP-(0.1)Cu-T), as a consequence of the above mentioned positive role played by platinum NPs in favoring electron-hole separation. On the other hand, Pt/FP-(0.1)Cu-T exhibits a photoactivity very similar to that obtained with (0.1)Cu/FP-Pt-T, in terms of both hydrogen production rate and selectivity to by-products. The obtained rH2 value is lower than that attained with the corresponding unmodified photocatalyst, i.e., FP-(0.0)Cu/Pt-T, and points to a negative effect of copper grafting on the photoactivity of Pt-containing FSP-made TiO2. Surprisingly, (0.1)Cu/Pt-FP-T, obtained by Cu grafting followed by Pt deposition using the DP method on flame-made bare TiO2, exhibits a hydrogen production rate much higher than that of the other two “hybrid” samples, containing the same nominal amount of metals.



Differently from the results obtained in our previous work on Cu-Pt modified TiO2 photocatalysts prepared starting from commercial TiO2 [22], with the presently investigated FSP-made Cu and Pt-containing TiO2 photocatalysts no synergistic effect between the two metal co-catalysts was observed. In fact, with none of them a rH2 value was attained greater than the sum of those observed with the corresponding single metal (Pt or Cu)-modified TiO2 photocatalyst. Nevertheless, a limited improvement in photoactivity was observed for very low copper content, i.e., in the case of FP-(0.05)Cu/Pt-T.



Thus, FSP proves to be an effective way to synthesize single metal-containing TiO2-based photocatalysts, since both Cu-only and Pt-only containing FSP-made TiO2 samples showed very high photoactivity in hydrogen production, performing better than TiO2-based photocatalysts with analogous composition produced through wet-phase techniques, such as grafting of Cu or Pt deposition through the DP method.



Importantly, the beneficial effects induced in H2 production by combining Cu(II) grafting with Pt NPs deposition on the TiO2 surface by means of the DP procedure has been confirmed also in the case of bare FSP-made TiO2, i.e., not only for commercial P25 [22]. In fact, though implying a more time-consuming procedure, the mild modification conditions ensured by these wet-phase techniques may avoid the undesired formation of a Cu-Pt alloy, with the consequent stabilization of Cu nanoclusters, able to promote the transfer of photoexcited electrons from TiO2 towards Pt NPs, where H2 evolution occurs [22].





3. Materials and Methods


3.1. Synthesis of the Photocatalysts


Except for commercial P25 TiO2 from Degussa (Evonik, Essen, Germany), all investigated photocatalysts were home-prepared by FSP in a single step [41], employing a commercial FSP system (NPS10 Tethis S.p.A., Milano, Italy). The precursor solutions to be burned were prepared by mixing 25 mL of a 1.2 M titanium(IV)-tetraisopropoxide (TTIP) solution in xylene with a fixed volume (i.e., 5 mL) of a Pt-containing mother solution and/or variable volumes of a Cu-containing solution. This latter was prepared by dissolving 0.381 g of copper acetate monohydrate into 100 mL of propanoic acid. The Pt-containing mother solution was prepared by dissolving 0.135 g of hexachloroplatinic acid (30 wt% actual Pt content) into 50 mL of propanoic acid.



In order to maintain the combustion enthalpy constant in all synthesis, the xylene to propanoic acid volume ratio was, thus, kept constant (7:4) by diluting all solutions with 10 mL of xylene and with the required volume of propanoic acid, up to a 50 mL constant final volume.



The so-obtained solutions were injected into the burner at 4 mL min−1 by means of a syringe pump through a capillary tube and dispersed by pure oxygen (5.0 L min−1). The spray was ignited by a methane/oxygen flamelet ring surrounding the nozzle. The methane and oxygen flow rates were 1.0 L min−1 and 2.0 L min−1, respectively, and the pressure drop across the nozzle was kept constant at 2 bar. The powders were collected on glass fiber filters (Whatman, Maidstone, UK, model GF6, 257 mm in diameter) positioned 64 cm over the burner, on top of a steel vessel connected to a vacuum pump (Seco SV 1040C by Busch, Magden, Switzerland).



Two photocatalyst series were synthesized: the first series, labeled FP-(X)Cu-T, consisted of copper containing titanium dioxide powders; the second series, labeled FP-(X)Cu/Pt-T, consisted of platinum and copper containing powders. X corresponds to the Cu/Ti nominal weight percent ratio, ranging from 0 to 0.5, while the Pt/Ti nominal weight percent ratio in the second series was fixed at 0.5. Bare titanium dioxide containing no Cu and Pt NPs was also produced by FSP and named FP-T.



Three additional samples were prepared by combining different metal NPs deposition techniques. Sample (0.1)Cu/Pt-FP-T was obtained from FP-T, by grafting 0.1 wt% of copper [42] and 0.5 wt% of platinum by the deposition-precipitation (DP) method [43], in two consecutive steps. Sample (0.1)Cu/FP-Pt-T was obtained by grafting Cu on the surface of FP-(0.0)Cu/Pt-T, followed by the addition of an aqueous NaBH4 solution in slight excess. Sample Pt-FP-(0.1)Cu-T was obtained by DP of Pt NPs on FP-(0.1)Cu-T. Briefly, the grafting method [42] consists in drying under vigorous stirring and heating at 90 °C an aqueous suspension containing (Cu(NO3)2·3H2O) and the dispersed TiO2 powder. The DP technique [43] consists of stirring a heated aqueous suspension containing the starting photocatalyst and H2PtCl6 in the presence of urea to induce the precipitation of Pt NPs, followed by reduction of the so obtained powder with NaBH4 in an aqueous dispersion.



All chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA) and used as received.




3.2. Characterization of the Photocatalysts


XRPD analyses were performed using a Philips PW3020 powder diffractometer (PANalytical, Almelo, The Netherlands), operating at 40 kV and 40 mA and exploiting copper Kα radiation (λ = 1.54056 Å) as X-ray source. The diffractograms were recorded by scanning between 5° and 80° 2θ angles, with a 0.05° step. Phase quantitative analysis was made by the Rietveld refinement method [44], using Quanto software (Ver. 1.0, free licence software) [45]; the mean anatase crystallite size was calculated by applying the Scherrer equation [46], from the width of the most intense reflection at 2θ = 25.4°.



The BET specific surface area (SSA) was measured by N2 adsorption/desorption at liquid nitrogen temperature in a Micromeritics ASAP 2010 (Micromeritics, Norcross, GA, USA) apparatus after out-gassing in vacuo at 150 °C for 2 h. UV-VIS diffuse reflectance (R) analysis was performed with a Jasco V-670 spectrophotometer (Jasco, Easton, MD, USA) equipped with a PIN-757 integrating sphere, using barium sulfate as a reference. The results are presented as absorption (A) spectra (A = 1 − R).



XPS data were collected by a PHI-5500 Physical Electronics spectrometer (Physical Electronics, Chanhassen, MN, USA) equipped with an aluminum anode (Kα = 1486.6 eV) as the monochromatized source, operating at 200 W applied power, with a 58.7 eV pass energy, 0.5 eV energy step, and a 0.15 s step time. The vacuum level during the analyses was ca. 10−9 Torr and a neutralizer was used in order to avoid surface electrostatic charge accumulation on the nonconductive samples.



HRTEM analysis was carried out with a Zeiss LIBRA 200FE transmission electron microscope (Zeiss, Oberkochen, Germany), equipped with STEM—HAADF and EDX (Oxford X-Stream 2 and INCA software). The microscope has a 200 kV field emission gun-like source with an in-column second-generation omega filter for energy-selective spectroscopy. The sample was dispersed in isopropanol and then a drop of the suspension was deposited on a 300 mesh holey carbon copper or molybdenum grid.




3.3. Photocatalytic Tests


The photocatalytic activity in hydrogen production from methanol photo-steam reforming was tested in the already described stainless steel closed system [5], which was modified by substituting the Plexiglas photoreactor with a new stainless-steel photoreactor, with a front round hollow (4 mm thick and 63.5 mm in diameter), closed by a Pyrex glass window. The temperature of this new cell can be increased by means of four heating cartridges regulated by a thermocouple. The photocatalytic bed, placed in the front hollow of the photoreactor, was prepared by mixing 15 ± 2 mg of photocatalyst and 7.10 ± 0.05 g of 20–40 mesh (0.42–0.85 mm) quartz beads with few droplets of distilled water, followed by drying in an oven at 70 °C. Prior to any run, the whole system was purged in the dark with pure nitrogen at 110 mL min−1 for 40 min in order to remove any trace of oxygen. The temperature of the photoreactor was fixed at 40 °C and set at this value 30 min before the beginning of the experiment, with a heating rate of 10 °C min−1. Then the gas phase, saturated with methanol and water vapors by bubbling nitrogen into a 20 vol% methanol aqueous solution kept at 30 °C, was continuously recirculated at a constant rate (60 mL min−1) by means of a bellow pump for 15 min before starting the test. During the photocatalytic run, the gas flow was also set at 60 mL min−1. The absolute pressure inside the system, initially 1.2 bar, gradually increased during the run due to the accumulation of gas products. The light source, always switched on 30 min before the beginning of the run and placed at ca. 20 cm from the photoreactor, was a 300 W xenon arc lamp (LSH302, LOT-Oriel, Darmstadt, Germany), emitting in the 350–400 nm range. The light intensity on the photocatalyst was 0.31 W cm−2, as measured with an optical power meter (model PM200 by Thorlabs, Newton, NJ, USA) equipped with a thermal power sensor (Thorlabs S302C).



The gas-phase composition was analyzed on-line during irradiation by means of a gas chromatograph (GC, Agilent 6890N, by Agilent, Santa Clara, CA, USA) equipped with two capillary columns (HP-PlotU and Molesieve 5A), two detectors (thermo conductivity and flame ionization) and a Ni-catalyst system for CO2 and CO methanation. The instrument was preliminary calibrated for H2, CO2, CO, CH4, and H2CO analyses. The amount of formic acid produced during the photoreaction and accumulated in the aqueous solution was determined by ion chromatography at the end of the run, employing a Metrohm 761 Compact IC instrument (by Metrohm AG, Herisau, Switzerland), equipped with an anionic Metrosep A column.



The results of photocatalytic tests are reported as H2 production rate (rH2), obtained as the slope of the straight lines of the produced hydrogen amount (normalized per unit catalyst weight) vs. the irradiation time plots. The selectivity in hydrogen production was calculated from the rates of CO2 and CO formation (rCO2 and rCO), as the ratio between these latter and the rate of H2 production from methanol, by taking into account the stoichiometry of the CO2 and CO formation reactions [35].
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To ensure the reproducibility of the data, the photocatalytic tests were repeated at least twice with each sample, using the same photocatalytic bed; at the end of each run, the water/methanol solution in the flask was changed and the whole system was purged with N2 in the dark for 30 min prior to start a new run.





4. Conclusions


In conclusion, FSP proves to be an effective way to synthesize highly-performing single metal-containing TiO2-based photocatalysts for photocatalytic hydrogen production. However, the highest synergistic effect between the Cu and Pt co-catalysts was attained with photocatalysts prepared by wet-phase methods on bare FSP-made TiO2, i.e., Cu(II) grafting followed by Pt NP deposition.



Copper overloading (up to 0.5 wt%) of FSP-made photocatalysts is detrimental for H2 production rate, probably due to Cu-Pt alloying under the here employed harsh synthesis conditions. Nevertheless, the addition of very low amounts of copper (0.05 wt%) during the FSP synthesis of Pt/TiO2 guarantees a ca. 20% improvement of the overall photocatalytic hydrogen production, together with a lower selectivity towards the less desired carbon monoxide side-product.
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Figure 1. XRPD pattern of selected photocatalyst samples, with standard reference patterns of the anatase and rutile phases. 
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Figure 2. UV-VIS absorption spectra of (a) the FP-(X)Cu-T series; (b) FP-(0.5)Cu-T in comparison with FP-(0.5)Cu/Pt-T; (c) the FP-(X)Cu/Pt-T series and (d) the hybrid Pt and Cu co-modified TiO2 samples prepared by combining FSP with Cu grafting and/or Pt NP deposition through the DP route. 






Figure 2. UV-VIS absorption spectra of (a) the FP-(X)Cu-T series; (b) FP-(0.5)Cu-T in comparison with FP-(0.5)Cu/Pt-T; (c) the FP-(X)Cu/Pt-T series and (d) the hybrid Pt and Cu co-modified TiO2 samples prepared by combining FSP with Cu grafting and/or Pt NP deposition through the DP route.



[image: Catalysts 07 00301 g002]







[image: Catalysts 07 00301 g003 550] 





Figure 3. XPS spectra of the O 1s, Ti 2p, and C 1s regions for (a) FP-(0.0)Cu/Pt-T and (b) FP-(0.5)Cu/Pt-T. 
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Figure 4. (a) TEM; (b) TiO2 particle size distribution; (c) HRTEM; and (d) STEM-HAADF investigation of FP-(0.0)Cu/Pt-T. The green rectangle in (d) shows the acquisition area of the EDX spectrum. The white arrow points a surface Pt NP appearing as a bright dot due to the Z-contrast. 
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Figure 5. H2 production rate (left ordinate) and selectivity to CO2 and CO (right ordinate) obtained with Cu-containing TiO2 and Cu/Pt-containing TiO2 photocatalysts prepared by FSP in one step. 
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Figure 6. H2 production rate (left ordinate) and selectivity to CO2 and CO (right ordinate) obtained with photocatalysts prepared by combining different preparation techniques (see text). 
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Table 1. Crystal phase composition, average anatase particles diameter dA, and specific surface area SSA of the FSP-made photocatalysts.
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	Photocatalyst
	Anatase (%)
	Rutile (%)
	dA (nm)
	SSA (m2 g−1)





	FP-T
	88.6
	11.4
	13.9
	110



	FP-(0.05)Cu-T
	83.2
	16.8
	13.8
	116



	FP-(0.1)Cu-T
	91.8
	8.2
	14.3
	119



	FP-(0.5)Cu-T
	78.9
	21.1
	17.1
	115



	FP-(0.0)Cu/Pt-T
	87.3
	12.7
	14.0
	131



	FP-(0.05)Cu/Pt-T
	91.9
	8.1
	12.8
	153



	FP-(0.1)Cu/Pt-T
	87.7
	12.3
	13.4
	130



	FP-(0.2)Cu/Pt-T
	82.4
	17.6
	14.9
	127



	FP-(0.3)Cu/Pt-T
	83.5
	16.5
	14.9
	129



	FP-(0.5)Cu/Pt-T
	82.0
	18.0
	15.2
	121
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Table 2. Results of the XPS analysis for 3 selected FP-(X)Cu/Pt-T photocatalysts.
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Photocatalyst

	
Concentration (at%)

	
O/Ti Ratio




	
O 1s

	
Ti 2p

	
C 1s






	
FP-(0.0)Cu/Pt-T

	
55.4

	
23.5

	
19.7

	
2.36




	
FP-(0.05)Cu/Pt-T

	
54.6

	
23.1

	
21.0

	
2.36




	
FP-(0.5)Cu/Pt-T

	
53.5

	
22.2

	
23.4

	
2.41
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