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Introduction

Recently, after photocatalyst was discovered by Fujishima & Honda [1], photocatalytic decomposition of water is intensively studied by different research groups. Up to now, outstanding photocatalysts for water decomposition were known as ones with polymer structure doped metals thereon [2], tunnel structure, ion-exchangeable layered niobate, ion-exchangeable layered perovskites, etc with different efficiencies for water splitting [3].

Pure TiO2 and metal doped TiO2 have been also investigated for photocatalytic decomposition of water [3-4]. However, gel-derived TiO2-SiO2 mixed oxides have not been studied yet though intensively done in environmental cleaning [5-7]. In this study one focused on type of TiO2-SiO2 photocatalyst prepared by one-stage, two stage and modified two-stage synthesis route to investigate the optimal interaction between SiO2 and TiO2 as well as take advantages of the outstanding characteristics of TiO2 such as high stability against photocorrosion, favorable band-gap energy for photocatalytic decomposition of water.

Experimental

Fig. 1 showed the schematic diagram of method 1, 2, 3, and 4 in which method 1 presented for one-stage synthesis route (Sample1), method 2 depicted two-stage one (Sample 2), and method 3 (Sample 3) and 4 (Sample 4) performed modified two-stage synthesis route. With modified method 2 (Sample 2.1), the preparation procedures in method 2 were repeated except for molecular ratio H2O(total) : (TEOS + TTIP) : HCl = 5 : 1 : 0.09. Gel-derived catalysts were characterized by using BET, X-ray diffraction and FT-IR.

Water decomposition experiment was carried out in a closed reactor containing diluted water (700 ml) and photocatalyst (1.5 g). They were mixed well using a magnetic stirrer and irradiated by a high-pressure Hg lamp (450 W) in the presence of gaseous N2 at 1 atm. The evolved gases were analyzed with GC (TCD, molecular sieve 5A, N2 carrier gas).

Results and discussion

Structural properties of catalysts prepared by different methods at calcination temperature 750oC were showed in Fig. 3a and 3b and the influence of calcination temperature on structural properties of catalyst depicted in Fig. 6a and 6b.

For the evaluation of the FT-IR results the relative intensity of absorbency was determined by semi-quantitative estimate of the Ti-O-Si connectivity in which four major bands (800, 960, 1080, and 1200 cm-1) were deconvoluted into Gaussian curves and the ratio of deconvoluted peak areas of the (Si-O-Ti) band at ca. 960 cm-1 to the (Si-O-Si) band at ca. 1200 cm-1 can be calculated thereafter.

Figure 2 showed the hydrogen formation over TiO2-SiO2 prepared by various methods. In this figure it was found that Sample 2-750 has activity for water splitting nearly double more than others.

From the Fig. 3a and 3b, Sample 1 was observed with the highest BET surface area. Whereas the highest Ti-O-Si contribution (STi-O-Si/SSi-O-Si​) was found on Sample 4 that was indicated as the catalyst with the lowest surface area. The maximum pore volume value was observed on Sample 1 known as the catalyst with the lowest Ti-O-Si contribution. As a result, the possible explanation cannot be attributable to only the relative intensity of absorbency of the Ti-O-Si bond in each catalyst even though Ti-O-Si linkage has been considered as a prior factor in determining the activity of TiO2-SiO2 mixed oxides [6 and the references therein]. Accordingly, one suggested that Ti-O-Si connectivity favors the activity of catalyst to some extent at which one called as the key condition. This condition can be considered as the optimum combination of structural and chemical properties of catalyst. Out of the optimal combination, the activity of catalyst will be decreased irregularly. Additionally, it was also found from the figure 3a that the gap between BET surface area value and Ti-O-Si contribution of Sample 2 is smallest compared to Sample 1, 3 and 4. Meanwhile, the smallest gap of pore size and pore volume was observed on Sample 1 and the order of gap value is Sample 2 < Sample 3 < Sample 4 (figure 3b). The gaps of Sample 2 and 3 were nearly the same, but the BET surface area as well as Ti-O-Si contribution of Sample 2 was slightly higher than Sample 3. From this comparison, it is believed that the compensation of the characteristics of TiO2-SiO2 mixed oxides favors the activity thereof.

Based on the preparation procedures of Method 1, 2, 3, and 4 showed in Fig. 1, it was found that the two-stage synthesis route (with prehydrolysis) favored the formation of Ti-O-Si linkage as well as the activity of TiO2-SiO2 mixed oxide for water decomposition in comparison with one-stage hydrolysis route. Furthermore, among the two-stage synthesis processes including Method 2, 3, and 4, Method 2 was indicated as the most optimal one. Consequently, it was believed that the procedure in which the mixing order of metal alkoxides was particularly indicated also took a crucial role in determining the activity of catalysts.

So far, it was determined that P-25 (with around 100% TiO2) was nearly inactive for water decomposition in aqueous solution. Fe 5 wt% doped TiO2 (prepared by another research group) was better than TiO2 alone, but it was still not good compared to SiO2-TiO2 photocatalysts. The maximum activity was obtained over SiO2-TiO2 prepared by method 2.1 and it was 1.39 µmol/h of hydrogen evolution (figure 4). P-25 or pure TiO2 becomes inactive for splitting water in aqueous solution which agreed with the result studied by Linsebigler et al [8]. A possible explanation of the best activity of Sample 2.1 also cannot be attributed to only Ti-O-Si contribution. From the table 1, it was found that BET surface area of Sample 2.1-750 was significantly higher than Sample 2-750. In addition, pore size of Sample 2.1 was observed larger than Sample 2 and, especially, pore volume of Sample 2.1 was over twice more than Sample 2. Whereas, the Ti-O-Si contribution was opposite. Accordingly, optimum combination of chemical structure and properties was again considered as the factor determining the activity of catalyst.

Figure 5 depicted the influence of calcination temperature upon the rate of hydrogen evolution over catalyst Sample 2.1. It was found that the catalyst at calcination temperature of 750oC was the maximum for amount of hydrogen production. Rate of hydrogen evolution increased from nearly 0 to 1.39 µmol/h corresponding from calcination temperature of 600oC to 750oC. Meanwhile, from 750 to 900oC rate of hydrogen evolution slightly decreased, 1.39 µmol/h and 1.14 µmol/h respectively. The result is attributable to the change of catalyst structure caused by calcination. From the figure 6a, it was indicated that Ti-O-Si contribution and BET surface area are nearly unchanged up to 750oC and significantly decrease at 900oC thereafter which confirmed the thermal stability of specific surface area and Ti-O-Si linkage of TiO2-SiO2 mixed oxides up to 750oC . Whereas, the pore size gradually increases from calcination temperature of 600 to 900oC and the pore volume was found in the opposite trend. Consequently, it was found in the figure 6b that the gap between pore size and pore volume of Sample 2.1-750 is nearly zero compared to Sample 2.1-600 and Sample 2.1-900. The gap value between BET surface area and Ti-O-Si contribution was determined almost the same on Sample 2.1-600 and Sample 2.1-750 while it slightly increased on Sample 2.1-900. From such comparisons, it was believed that the best activity of Sample 2.1-750 is also contributed to the compensation of structural properties.

The following conclusions can be drawn from the results of the report herein:

The initial study of photocatalytic decomposition of water over TiO2-SiO2 mixed oxides determined that such mixed oxides have outstanding characteristics compared to pure TiO2 which is consistent with previous studies in environmental cleaning.

The thermal stability of specific surface area, Ti-O-Si linkage and pore volume of TiO2-SiO2 mixed oxides was indicated up to 750oC. The optimal calcination temperature and molecular ratio of alkoxides : H2O : HCl for the best activity of catalyst prepared by sol-gel method so far were 750oC and 1 : 5 : 0.09, respectively.

It is suggested that the activity of TiO2-SiO2 mixed oxides for photocatalytic decomposition of water should not so simple be attributable to Ti-O-Si contribution but associated with the compensation of structural characteristics thereof . Out of such a optimum combination, the activity of catalyst will be decreased irregularly. Further studies are necessary to elucidate the relationship in detail between the compensation and the activity of TiO2-SiO2 mixed oxides.

It was believed that not only hydrolysis route (one-stage or two-stage synthesis route) but also the mixing order of metal alkoxides took an essential role in determining the activity of gel-derived TiO2-SiO2 mixed oxides.
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Fig. 2.   Rate of H2 evolution over various types of preparation procedures.
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Fig. 3a. BET surface area and Ti-O-Si contribution of various types of catalysts.
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Fig. 3b.  Pore volume and pore size of various types of catalysts.





Fig. 5.  Rate of H2 evolution over V2.1 at various calcination temperatures.





Fig. 4.  Rate of H2 evolution over various types of catalysts.
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Fig. 6a. 	BET surface area and Ti-O-Si contribution of V2.1 at various calcination temperatures.
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Fig. 6b.  Pore volume and pore size of V2.1 at various calcination temperatures.
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Fig. 1.  Schematic diagram of Method 1, 2, 3 and 4
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