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Abstract:

 The primary objective of the experiments was to investigate the differences in the photocatalytic performance when commercially available Aeroxide P25 TiO2 photocatalyst was deposited with differently sized Pt nanoparticles with identical platinum content (1 wt%). The noble metal deposition onto the TiO2 surface was achieved by in situ chemical reduction (CRIS) or by mixing chemically reduced Pt nanoparticle containing sols to the aqueous suspensions of the photocatalysts (sol-impregnated samples, CRSIM). Fine and low-scale control of the size of resulting Pt nanoparticles was obtained through variation of the trisodium citrate concentration during the syntheses. The reducing reagent was NaBH4. Photocatalytic activity of the samples and the reaction mechanism were examined during UV irradiation (λmax = 365 nm) in the presence of oxalic acid (50 mM) as a sacrificial hole scavenger component. The H2 evolution rates proved to be strongly dependent on the Pt particle size, as well as the irradiation time. A significant change of H2 formation rate during the oxalic acid transformation was observed which is unusual. It is probably regulated both by the decomposition rate of accumulated oxalic acid and the H+/H2 redox potential on the surface of the catalyst. The later potential is influenced by the concentration of the dissolved H2 gas in the reaction mixture.
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1. Introduction

Hydrogen is one of the cleanest energy sources on Earth. The field of heterogeneous photocatalysis can help convert the energy of sunlight to chemical energy via the production of H2 gas from water [1,2]. TiO2 photocatalysts can be excited within the UV spectral range, although in most cases bare titanias have low efficiency for photocatalytic water splitting. The overvoltage of H2 evolution and the recombination rate of electron-hole pairs can be lowered by depositing noble metal particles onto the surface of TiO2 [3]. In the literature Pd [4,5], Pt [6,7,8], Ru [9], Rh [4], Au [10,11] and Ag [12] are used to enhance the photocatalytic efficiency of H2 generation on TiO2. Noble metal particles can be deposited onto the catalyst’s surface by either sonochemical method [13], photoreduction [14,15,16], or chemical reduction (in liquid phase with e.g., hydrazine [17,18] or sodium borohydride [19,20]).

The size and amount of noble metal particles on the TiO2 surface are very important factors that can affect the overall activity of the catalyst. Larger quantities of metal particles on the titania can block the active sites and large number of metal deposits can decrease charge carrier space distance which leads to increased electron-hole recombination rates [5,21]. In most cases, noble metal content of 1 wt% [22,23,24] or below [25,26] is considered to be optimal. The size and dispersion of noble metal nanoparticles can determine the number of these particles per one TiO2 particle. Theoretically, larger Pt particles form fewer noble metal islands on TiO2 than smaller ones do if noble metal content is identical. The electrostatic effect of noble metal islands is limited to a group of nearby TiO2 particles. According to this phenomenon, smaller sized noble metal particles are desirable theoretically. However, if the deposit size is too small, it is hard to establish sufficient electrical contact for efficient charge transfer [27]. The size of noble metal nanoparticles can be gently controlled by adding surfactants to the metal precursor containing solution before the reduction process. The dimensions of the so forming nanoparticles are dependent upon the surfactant’s quality and concentration [28,29]. In regard to the important influence of metal nanoparticle size on the catalyst’s activity, developing an easily adjustable synthesis method with good reproducibility and using additives that can be readily removed after reduction are substantial steps to make the process economic. Noble metal nanoparticles below 10 nm deserve special attention in these experiments.

During the photocatalytic reactions, the presence of easily oxidizable organic compounds in the reaction mixture (instead of using only pure water) is desirable. These electron donors (so called sacrificial reagents) react irreversibly with the photoinduced holes resulting in suppressed electron-hole recombination rates. In numerous papers, different kinds of alcohols (especially methanol) are used as hole scavengers [30,31,32,33]. Some carboxylic acids also can act like effective hole scavengers, such as formic acid [34], chloroacetic acid [35] or oxalic acid [16]. The enhancement in H2 production also depends on the concentration of the sacrificial reagent. While there are numerous publications about enhancing the hydrogen evolution efficiency by depositing Au on TiO2, Pt loaded TiO2 might be a more efficient photocatalyst for H2 production due to its better ability to act as an electron trap as proved recently [36].



2. Experimental Section

1 wt% (mPt/mTiO2) Pt-modified TiO2 photocatalysts were prepared containing differently sized Pt nanoparticles. Particle size was gently adjustable by varying only one factor during the syntheses: the concentration of the surfactant. Thus, photocatalytic activities of these catalysts are well comparable according to the Pt particle size. Effect of the noble metal particle size on the photocatalytic H2 production was thoroughly investigated in the range of 2.5–4.5 nm.


2.1. Catalyst Preparation

Aeroxide P25 (Evonik Industries AG, Essen, Germany) TiO2 (Dav = 25.4 nm, 90% anatase and 10% rutile) was used as bare catalyst. All the syntheses and photocatalytic tests were carried out in Millipore MilliQ ultrapure water as medium. Pt nanoparticles were deposited onto the TiO2 surface by chemical reduction (CR) or photoreduction (PR) methods.


2.1.1. Chemical Reduction Method

During this synthesis method, different concentrations of trisodium citrate (2.50 × 10−4 M; 1.88 × 10−4 M; 1.25 × 10−4 M and 0.63 × 10−4 M) were used. Citrate anions, which help stabilize the Pt nanoparticles in the growing step after nucleation, provide good conditions for size focusing and synthesizing monodisperse noble metal nanoparticles. The reaction mixture was thermostated at 20 °C. Trisodium citrate was added to the TiO2 suspension (cTiO2 = 5 g/L), followed by H2PtCl6 (final concentration: 2.5 × 10−4 M). Finally, freshly prepared, ice-cold NaBH4 solution was added as a reducing agent (final concentration: 3 × 10−3 M). The suspension immediately turned grey. As the reduction took place in the presence of TiO2, this procedure was designated CRIS (chemical reduction, in situ). After 1 h the suspension was washed by centrifugation, re-suspending the particles in oxalic acid solution (5.0 × 10−2 M) to improve the sedimentation and to get rid of the chloride and sodium remnants. The final suspension was used freshly for photocatalytic test without any further processing.

Other portion of Pt-modified TiO2 catalysts were prepared by mixing the previously chemically reduced Pt sol with the TiO2 suspension (chemically reduced, sol-impregnated samples, CRSIM). The washing procedure was the same as for the in situ prepared Pt-TiO2.



2.1.2. Photoreduction Procedure

To promote the photoreduction of Pt(IV) ions, oxalic acid (OA) was added to the reaction mixture as hole-scavenger organic compound (PROA samples). UV photons excite the TiO2, the organic compound is oxidized by the holes, and at the same time Pt(IV) is reduced by the excited electrons.

TiO2 was suspended in water (5 g/L), and H2PtCl6 was added to achieve a concentration of 2.5 × 10−4 M (1 wt% Pt on TiO2), followed by the hole-scavenging organic compound (cOA = 5.0 × 10−2 M). The suspension was next subjected to UV irradiation for 2 h to allow photoreduction of the noble metal ions. Within 1–5 min, there was a characteristic color change, from white to gray, which indicated the formation of Pt nanoparticles. Then, the suspension was washed by centrifugation as described in Section 2.1.1. For the photocatalytic experiment, the redispersed catalyst was used immediately. During this synthesis method, the reduction process is much slower than in the case of chemical reduction; therefore, slightly bigger Pt nanoparticles are formed.




2.2. Characterization of the Catalysts


2.2.1. Spectrophotometry

The UV-VIS spectra of Pt sols were measured in 1 cm quartz cells in an Agilent 8453 diode array spectrophotometer (Agilent Technologies, Santa Clara, CA, USA), with Millipore MilliQ ultrapure water as blank reference.



2.2.2. Transmission Electron Microscopy (TEM)

The average size of the Pt nanoparticles deposited on Aeroxide P25 TiO2 was calculated according to TEM images recorded with a 200 kV Fei Tecnai G2 20 Xtwin instrument (FEI, Hillsboro, OR, USA). The catalyst samples were investigated immediately after preparation.



2.2.3. ICP Measurements

Concentration of Pt that may have been detached or dissolved from the surface was determined by ICP-MS spectrometry (Model 7700x, Agilent Technologies, Santa Clara, CA, USA), equipped with a Micromist nebulizer, Peltier-cooled spray chamber and an integrated autosampler (G3160B, Agilent). Prior their use, all labware (flasks, autosampler vials, etc.) were thoroughly cleaned using trace quality HNO3 (Suprapur, Merck KGaA, Darmstadt, Germany) and HCl. External calibration was used based on the signal from the 195Pt isotope, with a good linear fit (r2 = 0.9998). Standard solutions were diluted from Pt stock solution (ICP-MS standard, Certipur, Merck) using Millipore MilliQ quality deionized water.




2.3. H2 Production Measurements

The suspension of the freshly-prepared, washed catalyst in 50 mM oxalic acid solution was poured into a glass reactor (total volume: 150 mL), surrounded by ten 15 W UV lamps (λmax = 365 nm). The well-stirred suspension (ccatalyst = 1 g/L) was purged with N2 at a flow rate of 50 mL/min (in the majority of experiments) to ensure O2-free conditions. The reactor was connected through a PTFE tube to a Hewlett Packard 5890 gas chromatograph fitted with 5Å molecular sieve column and a thermal conductivity detector. Gas samples were taken with a 2 mL sampling valve, every 10 min in the first hour of the experiment and every 20 min in the second hour. The rate of H2 evolution was calculated with regard to the GC calibration (carried out with certified 5% H2:N2 gas) and the N2 flow rate.

The reactor was characterized by actinometric measurement according to the iron oxalate method (IA = 6.35 × 10−5 Einstein/sL).



2.4. UV Decomposition of Oxalic Acid

These experiments were carried out under the same conditions as H2 production measurements, but liquid samples were taken from the suspensions at predetermined intervals during the reaction, and the residual oxalic acid concentration was measured. After centrifugation and filtration with a Whatman Anotop 25 0.02 μm syringe filter, the HPLC measurements were performed on a Merck Hitachi device fitted with an L-4250 UV-VIS detector and a GROM Resin ZH 8 μm column.



2.5. Adsorption of Oxalic Acid on the Catalyst

Oxalic acid adsorption was investigated on bare and platinized TiO2. The applied oxalic acid concentrations were in the range of 0.1–50 mM. The 1 g/L suspensions were thermostated at 25 °C and stirred for 4 h in the dark. Then the samples were filtered using a Whatman Anotop 25 0.02 μm syringe filter and the residual oxalic acid concentration was determined by HPLC detailed in Section 2.4.




3. Results and Discussion


3.1. Reduction of Pt(IV)

Pt(IV) ions have a light absorption peak at ~258 nm [37]. This peak completely disappeared after the chemical reduction procedure, confirming that Pt(IV) ions were reduced to Pt(0) during the 1 h reaction time (Figure 1).

Figure 1. Absorption spectra of Pt(IV) solution and Pt sol reduced by NaBH4.
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It should be mentioned that with all procedures, the supernatants of Pt-TiO2 suspensions were colorless, which indicates that the Pt nanoparticles were all well stabilized on the surface of TiO2.



3.2. Size of the Pt Particles on TiO2

By measuring ~200 particles of Pt on each sample’s TEM images, the size of the noble metal nanoparticles appeared to be dependent on the stabilizing trisodium citrate concentration during the chemical reduction process. Larger average Pt nanoparticle size was obtained with lower stabilizer concentration. The size distribution of the formed Pt nanoparticles is shown in Figure 2. The Pt particles were mainly spherical.

Figure 2. Relative frequency of the formed Pt nanoparticles according to the particle size. The concentration of the stabilizing agent during the syntheses was varied in four equal steps between 2.5 × 10−4 M and 0.63 × 10−4 M. (a) in situ chemically reduced (CRIS) samples and (b) chemically reduced, sol impregnated (CRSIM) samples.
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3.3. Effect of Surface Pt Nanoparticles on the Oxalic Acid Adsorption

Oxalic acid is adsorbed on the TiO2 surface by dissociative adsorption [38]. The adsorption properties of oxalic acid were investigated on bare and Pt modified catalysts in 1 g/L suspensions at 25 °C. The bare Aeroxide P25 TiO2 adsorbed almost the same amount of oxalic acid on its surface than did the 1 wt% Pt-modified Aeroxide P25 (Figure 3).

Figure 3. Adsorption isotherms of oxalic acid on bare Aeroxide P25 (◊) and 1 wt% Pt-modified Aeroxide P25 (  [image: Materials 07 07022 i001]) TiO2 photocatalysts at 25.0 °C.
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At the initial oxalic acid concentration applied in the H2 production experiments (50 mM), all of the binding sites on the TiO2 surface were likely to be covered by oxalate ions (adsorbed amount is 3 mmol/g). It can be concluded that modifying the titania surface with 1 wt% Pt nanoparticles does not affect considerably the amount of binding sites on the TiO2 surface within experimental error.



3.4. Photocatalytic Experiments


3.4.1. H2 Production from Oxalic Acid Solution

H2 evolution was measured in the presence of 50 mM oxalic acid in N2-purged suspensions. Relatively high oxalic acid concentration was applied in order to keep the substrate concentration decrease negligible: during the measurement oxalic acid can decompose mostly to CO2 and H2 under O2-free conditions [16]. Moreover, the initial concentration of oxalic acid was at least 200 times higher than the citrate concentration used during the syntheses. However, most of the citrate ions were presumably washed out during centrifugation. There was a significant decrease in H2 production in the first 40 min of irradiation using any Pt-TiO2. After this period, the H2 production curves reached saturation level and the H2 evolution rate subsequently remained almost constant for the rest of the experiment with all Pt-modified TiO2 catalysts.

Some experiments were performed to find an explanation for this phenomenon. We investigated the possibility of the change in Pt nanoparticle size during the photocatalytic reaction. Comparing the average platinum particle size in TEM images before the experiment and after 2 h of UV-irradiation in oxalic acid solution, we determined that irradiating these catalysts does not affect considerably the average particle diameter and the size distribution of noble metal nanoparticles (Figure 4).

Figure 4. TEM images of Pt-TiO2 (Pt was stabilized with 2.5 × 10−4 M citrate during synthesis) (a) before (DPt, av = 2.5 nm) and (b) after 2 h of UV irradiation (DPt, av = 2.7 nm).
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Monitoring the platinum concentration in the solution phase by ICP measurement, we did not observe any significant Pt dissolution from the surface of the catalyst during the experiment (Table 1).

Table 1. Concentration of platinum in the supernatant (dissolved from TiO2 surface) as a function of irradiation time (total concentration of platinum in the suspension is 10,000 ppb).


	Irradiation time (min)
	cPt (ppb)





	0
	1.87



	10
	0.60



	20
	0.67



	40
	0.42



	60
	0.25



	80
	0.38



	120
	0.34










The platinum concentration in the solution phase was 1.87 ppb and remained below 1 ppb during irradiation which is less than 0.01% of the total platinum concentration in the suspension. Therefore, the disappearance of metallic platinum from the surface of catalyst is insignificant. However, changing the flow rate of purging gas had an important influence over the hydrogen formation at the first stage of experiments. The initial maximum of H2 evolution prolonged by increasing and disappeared by decreasing the flow rate of N2, as is shown in Figure 5.

Figure 5. Differences in initial H2 evolution rates according to the flow rate of the purging N2 gas (  [image: Materials 07 07022 i002] 25 cm3/min,  [image: Materials 07 07022 i001] 50 cm3/min,  [image: Materials 07 07022 i003] 138 cm3/min).
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It is theoretically plausible that at the first stage of hydrogen formation the reaction is regulated electrochemically by the redox potential of H-electrode formed by the hydrogen absorption-desorption rate in platinum [39]. With a higher N2 flow, the hydrogen absorption is limited, but at low flow rates, a steady state redox potential can set much faster. Thus, no initial peak in the hydrogen evolution curve was observed at 25 cm3/min N2 flow, while there is a prolate maximum curve when adjusting the carrier gas to higher flow rates.



3.4.2. Effect of Pt Particle Size on Photocatalytic H2 Generation

With each chemical reduction method, the highest steady state H2 evolution rates were achieved with the following catalysts: (i) the 1.25 × 10−4 M citrate stabilized Pt-TiO2 CRIS sample (DPt = 3.2 nm; rH2,steady = 7.21 μmol/min), (ii) the 1.88 × 10−4 M citrate stabilized Pt-TiO2 CRSIM sample (DPt = 3.5 nm; rH2,steady = 4.78 μmol/min). The correlation between the platinum particle size and the steady state or the initial maximal H2 evolution rates are demonstrated in Figure 6. The distribution of Pt particles on the TiO2 surface appeared to be more uniform in the samples synthesized by in situ chemical reduction method. As a result, CRIS samples had higher hydrogen producing capabilities than the sol-impregnated ones.

Figure 6. Comparison of H2 evolution rates (a) steady state and (b) maximal as a function of DPt on photoreduced (  [image: Materials 07 07022 i004]) and chemically reduced (CRIS (  [image: Materials 07 07022 i001]) and CRSIM (  [image: Materials 07 07022 i005])) Pt-TiO2 photocatalysts using 50 mM oxalic acid as sacrificial reagent.
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At DPt = 3.2 nm average particle size, there was a peak in photocatalytic activity. Smaller Pt nanoparticles are unfavorable, probably due to the loss in metallic character [40,41]. Using photoreduced Pt-TiO2 resulted in the lowest photocatalytic activity with the largest Pt nanoparticle size (DPt = 4.5 nm) on the surface. The average Pt particle size on each catalyst and the respective steady state and maximal H2 evolution rates are demonstrated in Table 2.

Table 2. Average Pt particle size on the prepared catalysts and the respective initial and steady state H2 evolution rates and apparent quantum yields using 50 mM oxalic acid as a sacrificial reagent.


	Sample
	DPt (nm)
	rH2, steady (μmol/min)
	AQY
	rH2, max (μmol/min)





	2.50 × 10−4 M citrate-Pt-TiO2 CRIS
	2.6
	5.40
	1.88%
	50.50



	1.88 × 10−4 M citrate-Pt-TiO2 CRIS
	3.0
	6.64
	2.32%
	73.54



	1.25 × 10−4 M citrate-Pt-TiO2 CRIS
	3.2
	7.21
	2.52%
	63.67



	0.63 × 10−4 M citrate-Pt-TiO2 CRIS
	3.8
	5.00
	1.75%
	39.60



	2.50 × 10−4 M citrate-Pt-TiO2 CRSIM
	2.5
	4.26
	1.49%
	59.54



	1.88 × 10−4 M citrate-Pt-TiO2 CRSIM
	3.5
	4.78
	1.67%
	60.25



	1.25 × 10−4 M citrate-Pt-TiO2 CRSIM
	3.7
	4.29
	1.50%
	57.24



	0.63 × 10−4 M citrate-Pt-TiO2 CRSIM
	4.0
	2.31
	0.81%
	21.04



	Photoreduced Pt-TiO2 PROA
	4.5
	2.11
	0.74%
	12.50












It was concluded that the most important parameter influencing the H2 production efficiency of Pt-TiO2 photocatalysts appeared to be the Pt nanoparticle size. As Pt clusters contain different numbers of atoms, the structure and surface bonding is changed which leads to different catalytic activities [42]. The optimal size of the Pt nanoparticles with the best distribution on the TiO2 surface was achieved with the CRIS method.

To investigate the long term stability of the best performing Pt-TiO2 catalyst, the suspension was irradiated for several hours. The H2 evolution rate was almost constant until 400 min, when the oxalic acid (cinitial = 50 mM) totally decomposed. After full mineralization of oxalic acid on the catalyst in about 7 h, the concentration of oxalic acid was re-adjusted to 50 mM in dark. The UV irradiation was restarted after 30 min of stirring and nitrogen purging, in order to provide enough time to achieve the adsorption equilibrium in dark. In the re-initiated reaction the H2 evolution rate was almost the same as at the beginning of the experiment with decrease of the reaction rate to the same level after 40 min (Figure 7). In another experiment, oxalic acid was also fully mineralized but the concentration was re-adjusted without switching off the lamps and without waiting for the hydrogen to completely purge out from the suspension and Pt as well. The initial H2 evolution rate was about 40% of the original one and it decreased to about the same steady state level that was observed in the first cycle. These results support the plausible hydrogen absorption mechanism and formation of H-electrode described above.

Figure 7. Long term irradiation of Pt-TiO2 in the presence of oxalic acid (initial concentration = 50 mM; oxalic acid concentration was re-adjusted after complete mineralization with (◊) and without (  [image: Materials 07 07022 i001]) equilibrating the suspension in dark).
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We also compared the results from our parallel study using Au modified titanias with our best performing Pt-TiO2 sample. In one case, the Au nanoparticles were almost the same size as Pt (DAu = 3.5 nm, DPt = 3.2 nm), while in another case, exactly the same chemical reduction method was used (DAu = 5.7 nm). The optimally sized Au-TiO2 catalyst showed an almost constant and (in the steady state) nearly double H2 evolution rate than in the case of the above mentioned best Pt-TiO2 photocatalyst. It is also noticeable that modifying Aeroxide P25 TiO2 with Au or Pt nanoparticles in almost the same size resulted in roughly the same H2 evolution rates in 50 mM oxalic acid solution (Figure 8).

Figure 8. Photocatalytic H2 evolution in the presence of oxalic acid using Pt-TiO2 (  [image: Materials 07 07022 i001]) and Au-TiO2 with similar average noble metal particle size (  [image: Materials 07 07022 i006]) or synthetized by the same chemical reduction method (  [image: Materials 07 07022 i007]).
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In case of Au modified catalysts, initial maximum in hydrogen formation was not observed, indicating no H+/H2 electrode formation on metallic Au deposited onto TiO2.







3.4.3. Decomposition of Oxalic Acid under Anaerobic Conditions

We investigated the correlation between the H2 production and the decomposition of oxalic acid under the same conditions. The residual oxalic acid concentration was determined by HPLC (Figure 9). For this experiment, we used the Pt-modified photocatalyst that performed the best in the H2 production measurements (DPt = 3.2 nm, CRIS sample). Correspondingly to the H2 evolution, the curve for oxalic acid decomposition is in accordance with hydrogen accumulation. The assumed sum reaction is:

Figure 9. Photocatalytic decomposition of oxalic acid in the solution phase (  [image: Materials 07 07022 i008]) and H2 production (  [image: Materials 07 07022 i001]) under UV irradiation and anaerobic conditions with Pt-P25 CRIS (DPt = 3.2 nm) photocatalyst.
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(COOH)2 → 2 CO2 + H2



(1)






After turning on the lamps, the decomposition and adsorption reaches an equilibrium state, so the H2 evolution becomes nearly constant. It is important to emphasize that the oxalic acid concentration was measured in the solution phase by HPLC, thus the decomposition of the adsorbed oxalic acid cannot be seen in this representation. It is plausible to think that at the beginning the total decomposition rate of oxalic acid chemisorbed on the surface is significantly higher than the decomposition rate in the solution phase. Therefore, the measured hydrogen evolution rate can be accordingly higher than the oxalic acid decomposition rate in the solution phase. At later stages, the decomposition rate of oxalic acid is nearly the same as the hydrogen evolution rate.





4. Conclusions

Differently sized Pt nanoparticles were synthetized onto Aeroxide P25 TiO2 by chemical reduction and by photoreduction with constant platinum content (1 wt%). We were able to finely control the size of Pt nanoparticles through the use of different concentrations of the stabilizing agent. Two developed chemical reduction methods (CRIS and CRSIM) were utilized and the efficiency of the catalysts for H2 production and the size distribution of surface Pt particles were also investigated. In UV-irradiated O2-free suspensions, the Pt-modified TiO2 catalysts showed high H2 production activities in the presence of oxalic acid. The photocatalytic activity proved to depend strongly on the average Pt particle diameter: there was an optimum in photocatalytic activity at ~3.2 nm average Pt nanoparticle size on the TiO2 surface.

In the majority of publications, platinum modified TiO2 photocatalysts are used for H2 production. However, comparing our best performing Pt-TiO2 catalyst with our previous experiments with Au-TiO2 prepared by similar chemical reduction method, the performance of Au-TiO2 catalysts (with same Au size or made by exactly the same procedure as Pt-TiO2) was as good as or even better than the Pt-TiO2 when oxalic acid was used as model compound.

The long-term usability of our best performing catalyst was also investigated: until the irradiated suspension contains any easily oxidizable organic compound (e.g., oxalic acid), H2 evolution rate remains nearly constant. Considering this result, these catalysts might be utilized effectively for H2 production without the loss of photocatalytic activity.

We also investigated the phenomenon of a significant decrease in H2 evolution rate at the first stage of experiments when oxalic acid was used as a model compound. It turned out that the formation of H-electrode on platinum might be the key reason of the limited H2 generation.






Acknowledgments

This work was supported financially by grants from the Swiss Contribution (SH/7/2/20), the Hungarian National Office of Research and Technology (OTKA Grant No. 78378), the János Bolyai Research Scholarship of the Hungarian Academy of Sciences and the European Regional Development Fund (TÁMOP-4.2.1/B-09/1/KONV-2010-0005).



Author Contributions

The present paper is based on the research work of Ákos Kmetykó and Viktória Gerse supervised by András Dombi, Klára Hernádi and Károly Mogyorósi. Characterization of the catalysts with transmission electron microscopy was carried out by Zoltán Kónya and Péter Pusztai.



Conflicts of Interest

The authors declare no conflict of interest.



References


	1. 
Carp, O.; Huisman, C.L.; Reller, A. Photoinduced reactivity of titanium dioxide. Prog. Solid State Chem. 2004, 32, 33–177. [Google Scholar] [CrossRef]

	2. 
Bolton, J.R. Solar photoreduction of hydrogen: A review. Sol. Energy 1996, 57, 37–50. [Google Scholar] [CrossRef]

	3. 
Rosseler, O.; Shankar, M.V.; Du, M.K.-L.; Schmidlin, L.; Keller, N.; Keller, V. Solar light photocatalytic hydrogen production from water over Pt and Au/TiO2(anatase/rutile) photocatalysts: Influence of noble metal and porogen promotion. J. Catal. 2010, 269, 179–190. [Google Scholar] [CrossRef]

	4. 
Yang, Y.; Chang, C.; Idriss, H. Photo-catalytic production of hydrogen form ethanol over M/TiO2 catalysts (M = Pd, Pt or Rh). Appl. Catal. B 2006, 67, 217–222. [Google Scholar] [CrossRef]

	5. 
Sakthivel, S.; Shankar, M.V.; Palanichamy, M.; Arabindoo, B.; Bahnemann, D.W.; Murugesan, V. Enhancement of photocatalytic activity by metal deposition: Characterisation and photonic efficiency of Pt, Au and Pd deposited on TiO2 catalyst. Water Res. 2004, 38, 3001–3008. [Google Scholar] [CrossRef] [PubMed]

	6. 
Chen, T.; Feng, Z.; Wu, G.; Shi, J.; Ma, G.; Ying, P.; Li, C. Mechanistic studies of photocatalytic reaction of methanol for hydrogen production on Pt/TiO2 by in situ fourier transform IR and time-resolved IR spectroscopy. J. Phys. Chem. C 2007, 111, 8005–8014. [Google Scholar] [CrossRef]

	7. 
Patsoura, A.; Kondarides, D.I.; Verykios, X.E. Enhancement of photoinduced hydrogen production from irradiated Pt/TiO2 suspensions with simultaneous degradation of azo-dyes. Appl. Catal. B 2006, 64, 171–179. [Google Scholar]

	8. 
Kim, W.; Tachikawa, T.; Kim, H.; Lakshminarasimhan, N.; Murugan, P.; Park, H.; Majima, T.; Choi, W. Visible light photocatalytic activities of nitrogen and platinum-doped TiO2: Synergistic effects of co-dopants. Appl. Catal. B 2014, 147, 642–650. [Google Scholar]

	9. 
Nada, A.; Barakat, M.; Hamed, H.; Mohamed, N.; Veziroglu, T. Studies on the photocatalytic hydrogen production using suspended modified photocatalysts. Int. J. Hydrog. Energy 2005, 30, 687–691. [Google Scholar] [CrossRef]

	10. 
Wu, G.; Chen, T.; Su, W.; Zhou, G.; Zong, X.; Lei, Z.; Li, C. H2 production with ultra-low CO selectivity via photocatalytic reforming of methanol on Au/TiO2 catalyst. Int. J. Hydrog. Energy 2008, 33, 1243–1251. [Google Scholar] [CrossRef]

	11. 
Dawson, A.; Kamat, P.V. Semiconductor-metal nanocomposites. Photoinduced fusion and photocatalysis of gold-capped TiO2 (TiO2/gold) nanoparticles. J. Phys. Chem. B 2001, 105, 960–966. [Google Scholar]

	12. 
Park, J.; Kang, M. Synthesis and characterization of AgxOAgxO, and hydrogen production from methanol photodecomposition over the mixture of AgxOAgxO and TiO2TiO2. Int. J. Hydrog. Energy 2007, 32, 4840–4846. [Google Scholar] [CrossRef]

	13. 
Mizukoshi, Y.; Makise, Y.; Shuto, T.; Hu, J.; Tominaga, A.; Shironita, S.; Tanabe, S. Immobilization of noble metal nanoparticles on the surface of TiO2 by the sonochemical method: Photocatalytic production of hydrogen from an aqueous solution of ethanol. Ultrason. Sonochem. 2007, 14, 387–392. [Google Scholar]

	14. 
Yang, J.C.; Kim, Y.C.; Shul, Y.G.; Shin, C.H.; Lee, T.K. Characterization of photoreduced Pt/TiO2 and decomposition of dichloroacetic acid over photoreduced Pt/TiO2 catalysts. Appl. Surf. Sci. 1997, 121, 525–529. [Google Scholar]

	15. 
Szabó-Bárdos, E.; Czili, H.; Horváth, A. Photocatalytic oxidation of oxalic acid enhanced by silver deposition on a TiO2 surface. J. Photochem. Photobiol. A 2003, 154, 195–201. [Google Scholar] [CrossRef]

	16. 
Mogyorósi, K.; Kmetykó, Á.; Czirbus, N.; Veréb, G.; Sipos, P.; Dombi, A. Comparison of the substrate dependent performance of Pt-, Au- and Ag-doped TiO2 photocatalysts in H2-production and in decomposition of various organics. React. Kinet. Catal. Lett. 2009, 98, 215–225. [Google Scholar] [CrossRef]

	17. 
Wojcieszak, R.; Zielinski, M.; Monteverdi, S.; Bettahar, M. Study of nickel nanoparticles supported on activated carbon prepared by aqueous hydrazine reduction. J. Colloid Interface Sci. 2006, 299, 238–248. [Google Scholar] [CrossRef] [PubMed]

	18. 
Chen, J.P.; Lim, L.L. Key factors in chemical reduction by hydrazine for recovery of precious metals. Chemosphere 2002, 49, 363–370. [Google Scholar] [CrossRef] [PubMed]

	19. 
He, P.; Zhu, X. Phospholipid-assisted synthesis of size-controlled gold nanoparticles. Mater. Res. Bull. 2007, 42, 1310–1315. [Google Scholar] [CrossRef]

	20. 
Singh, S.K.; Iizuka, Y.; Xu, Q. Nickel-palladium nanoparticle catalyzed hydrogen generation from hydrous hydrazine for chemical hydrogen storage. Int. J. Hydrog. Energy 2011, 36, 11794–11801. [Google Scholar] [CrossRef]

	21. 
Sadeghi, M.; Liu, W.; Zhang, T.-G.; Stavropoulos, P.; Levy, B. Role of photoinduced charge carrier separation distance in heterogeneous photocatalysis: Oxidative degradation of CH3OH vapor in contact with Pt/TiO2 and cofumed TiO2-Fe2O3. J. Phys. Chem. 1996, 100, 19466–19474. [Google Scholar] [CrossRef]

	22. 
Yi, H.; Peng, T.; Ke, D.; Ke, D.; Zan, L.; Yan, C. Photocatalytic H2 production from methanol aqueous solution over titania nanoparticles with mesostructures. Int. J. Hydrog. Energy 2008, 33, 672–678. [Google Scholar] [CrossRef]

	23. 
Zheng, X.-J.; Wei, L.-F.; Zhang, Z.-H.; Jiang, Q.-J.; Wei, Y.-J.; Xie, B.; Wei, M.-B. Research on photocatalytic H2 production from acetic acid solution by Pt/TiO2 nanoparticles under UV irradiation. Int. J. Hydrog. Energy 2009, 34, 9033–9041. [Google Scholar] [CrossRef]

	24. 
Iliev, V.; Tomova, D.; Bilyarska, L.; Tyuliev, G. Influence of the size of gold nanoparticles deposited on TiO2 upon the photocatalytic destruction of oxalic acid. J. Mol. Catal. A Chem. 2007, 263, 32–38. [Google Scholar] [CrossRef]

	25. 
Iliev, V.; Tomova, D.; Todorovska, R.; Oliver, D.; Petrov, L.; Todorovsky, D.; Uzunova-Bujnova, M. Photocatalytic properties of TiO2 modified with gold nanoparticles in the degradation of oxalic acid in aqueous solution. Appl. Catal. A 2006, 313, 115–121. [Google Scholar]

	26. 
Ikuma, Y.; Bessho, H. Effect of Pt concentration on the production of hydrogen by a TiO2TiO2 photocatalyst. Int. J. Hydrog. Energy 2007, 32, 2689–2692. [Google Scholar] [CrossRef]

	27. 
Teoh, W.; Madler, L.; Beydoun, D.; Pratsinis, S.; Amal, R. Direct (one-step) synthesis of and nanoparticles for photocatalytic mineralisation of sucrose. Chem. Eng. Sci. 2005, 60, 5852–5861. [Google Scholar] [CrossRef]

	28. 
Kim, C.; Lee, H. Shape effect of Pt nanocrystals on electrocatalytic hydrogenation. Catal. Commun. 2009, 11, 7–10. [Google Scholar] [CrossRef]

	29. 
Lin, C.-S.; Khan, M.R.; Lin, S.D. The preparation of Pt nanoparticles by methanol and citrate. J. Colloid Interface Sci. 2006, 299, 678–685. [Google Scholar] [CrossRef] [PubMed]

	30. 
Bamwenda, G.R.; Tsubota, S.; Nakamura, T.; Haruta, M. Photoassisted hydrogen production from a water-ethanol solution: A comparison of activities of Au-TiO2 and Pt-TiO2. J. Photochem. Photobiol. A 1995, 89, 177–189. [Google Scholar] [CrossRef]

	31. 
Chiarello, G.L.; Aguirre, M.H.; Selli, E. Hydrogen production by photocatalytic steam reforming of methanol on noble metal-modified TiO2. J. Catal. 2010, 273, 182–190. [Google Scholar] [CrossRef]

	32. 
Sreethawong, T.; Suzuki, Y.; Yoshikawa, S. Platinum-loaded mesoporous titania by single-step sol-gel process with surfactant template: Photocatalytic activity for hydrogen evolution. C. R. Chim. 2006, 9, 307–314. [Google Scholar] [CrossRef]

	33. 
Choi, H.; Kang, M. Hydrogen production from methanol/water decomposition in a liquid photosystem using the anatase structure of Cu loaded TiO2TiO2. Int. J. Hydrog. Energy 2007, 32, 3841–3848. [Google Scholar] [CrossRef]

	34. 
Chen, T.; Wu, G.; Feng, Z.; Hu, G.; Su, W.; Ying, P.; Li, C. In situ FT-IR study of photocatalytic decomposition of formic acid to hydrogen on Pt/TiO2 catalyst. Chin. J. Catal. 2008, 29, 105–107. [Google Scholar]

	35. 
Li, Y.; Xie, Y.; Peng, S.; Lu, G.; Li, S. Photocatalytic hydrogen generation in the presence of chloroacetic acids over Pt/TiO2. Chemosphere 2006, 63, 1312–1318. [Google Scholar]

	36. 
Naldoni, A.; D’Arienzo, M.; Altomare, M.; Marelli, M.; Scotti, R.; Morazzoni, F.; Selli, E.; Dal Santo, V. Pt and Au/TiO2 photocatalysts for methanol reforming: Role of metal nanoparticles in tuning charge trapping properties and photoefficiency. Appl. Catal. B 2013, 130–131, 239–248. [Google Scholar]

	37. 
Tang, Z.; Geng, D.; Lu, G. Size-controlled synthesis of colloidal platinum nanoparticles and their activity for the electrocatalytic oxidation of carbon monoxide. J. Colloid Interface Sci. 2005, 287, 159–166. [Google Scholar] [CrossRef] [PubMed]

	38. 
Roncaroli, F.; Blesa, M.A. Kinetics of adsorption of oxalic acid on different titanium dioxide samples. J. Colloid Interface Sci. 2011, 356, 227–233. [Google Scholar] [CrossRef] [PubMed]

	39. 
De Luca, L.; Donato, A.; Santangelo, S.; Faggio, G.; Messina, G.; Donato, N.; Neri, G. Hydrogen sensing characteristics of Pt/TiO2/MWCNTs composites. Int. J. Hydrog. Energy 2012, 37, 1842–1851. [Google Scholar]

	40. 
Chang, F.-W.; Yu, H.-Y.; Selva Roselin, L.; Yang, H.-C. Production of hydrogen via partial oxidation of methanol over Au/TiO2 catalysts. Appl. Catal. A 2005, 290, 138–147. [Google Scholar] [CrossRef]

	41. 
Fan, L.; Ichikuni, N.; Shimazu, S.; Uematsu, T. Preparation of Au/TiO2 catalysts by suspension spray reaction method and their catalytic property for CO oxidation. Appl. Catal. A 2003, 246, 87–95. [Google Scholar] [CrossRef]

	42. 
Jiang, D.-E.; Overbury, S.H.; Dai, S. Structures and energetics of Pt clusters on TiO2: Interplay between metal-metal bonds and metal-oxygen bonds. J. Phys. Chem. C 2012, 116, 21880–21885. [Google Scholar] [CrossRef]





© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution license (http://creativecommons.org/licenses/by/4.0/).







media/file4.png





nav.xhtml


  materials-07-07022


  
    		
      materials-07-07022
    


  




  





media/file11.png





media/file1.png
D,, =2.6 nm 0 D,,=3.0 nm

%

—_— e N
S W o W
| L L I

2 3 4 5 6 7 1 2 3 4 5 6 7
Dy, (nm) Dy (nm)
D,,=3.2 nm 40 D,,=3.8nm

|
% =
%
_ N W
<> =) > <>
| ! L L

3 4 5 6 7 1 2 3 4 5 6 7
Dy, (nm) D, (nm)
(a)
D,, =2.5nm 30 1 D,, =3.5nm
25 A

%
_—— N
S Mo no
TR S Rt

4 5 6 7 1 2 3 45 6 7
pe (NM) Dy (nm)
D,, =3.7 nm 25 4 D,.=4.0 nm
20 A
o 15 A
°\10-
S_
0_
4 5 6 7 1 2 3 4 5 6 7
pe (RM) D, (nm)





media/file16.png
—
w

Amount (mmol)
=

[ IR 4

20

*
+« ®
*
°
°
°
40 60 80

Irradiation time (min)

L 4

100

120





media/file2.png
n* (mol/g)

0.005
0.004
0.003
0.002

0.001

0.000 ’
0

0.02 0.03
¢, (mol/dm3)

0.04





media/file13.png
Iy, (nmol/min)

~
(=}

(=)
(=}

W
(=4

o
=)

[9%)
(=1

40 60 80
Irradiation time (min)

100

120





media/file7.png





media/file9.png
V)
v
< |
| | <t ~ |
*m £ n *
™ A 0l
£ o~
00 PO~ N.) .
* 1 m ¢
e\ |
—
. . 0 T T T

Dy (nm)

f T T T
S (=4 (=4 (=4 S (=4 (= S
>] [ e w < en [o\] Al < o [ =] ) - en N —

a @
(urmygownd) “Pe “Hy (uru/pow) ¥ Hy





media/file10.png





media/file5.png





media/file15.png





media/file12.png
Iy, (nmol/min)

o
=)

w
o

Elapsed time (min)

<
Oxalic acid concentration was
readjusted to 50 mM
<o
*
*>
*
¢ * & o o %
RPN . 40t
40 80 120 160 200 240 280 320 360 400 440 480 520





media/file3.png





media/file0.png
Absorbance (AU)

DN W W e
(=} W (=} wn [=}

W

P(IV)

——Before reduction
After reduction

285

335
Wavelength (nm)

385





media/file17.png





media/file14.png





media/file8.png





media/file6.png
Iy, (mmol/min)

20.0

10.0

20 30 40
Irradiation time (min)





