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Abstract:

 The photocatalyst composite coatings on alumina (Al2O3) balls had been prepared by mechanical coating technique (MCT) with titanium (Ti) powder, adding a certain content of chromium (Cr) powder and a subsequent oxidation process. The effect of oxidation conditions and adding Cr on the composite coatings of chromium-titanium dioxide (Cr-TiO2) was investigated. The results show Cr-TiO2 coatings are with mixed-phase of anatase and rutile under different oxidation conditions, and the mass fraction of the rutile phase (XR) has been obviously increased when under 973 K. The SEM images indicate that adding Cr could significantly accelerate the growth of surface structures, especially at 1073 K. The photocatalytic activity of Cr-TiO2 coatings firstly increases, then decreases, with the addition of Cr. Compared with that of two other oxidation conditions, the enhancement on photocatalytic activity by adding Cr under visible light is relatively higher, especially at 973 K for 10 h.
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1. Introduction


TiO2 has been considered as one of the most promising photocatalysts for the potential material in environment purification, sterilization, self-cleaning surfaces, and hydrogen generation due to its high photocatalytic activity, excellent chemical stability, non-toxicity, and low cost [1,2,3]. However, the photoreaction efficiency of TiO2 is severely limited to its wider band gap (>3 eV) capable of absorbing only UV radiation [4,5,6]. Therefore, much effort has been devoted to shifting the absorption of TiO2 from UV to the visible light range. Cr has attracted numerous attention emerging significant characteristics as an acceptor dopant in the band gap to absorb the photons of the solar spectrum, which allows photons with some lower energy and exhibit a higher photocatalytic activity under visible light [7,8,9,10]. Choudhury et al. reported the absorption of TiO2 doped with different amounts of Cr shifted to the visible region due to the substantially-narrowed band gap [9]. In addition, the photocatalytic activity of metal oxide-TiO2 catalysts is another way for the purpose of improving TiO2 photocatalytic activity, by increasing the charge separation and extending the energy range of photoexcitation [10].



On the other hand, the mixed-phase is another way to increase the charge transfer of electrons and holes between the phases of anatase and rutile, to which much attention has been paid [11,12,13,14]. Yan et al. synthesized the TiO2 with different content of anatase and studied the relationship between photocatalytic activity and synergistic effect of anatase and rutile [11]. He et al. fabricated the TiO2 with the 3D flower-like structure containing different ratio of anatase and rutile, and found the photocatalytic activity show best, when the ratio is 80:20 [12].



In this work, photocatalyst composite coatings of Cr-TiO2 were prepared by MCT with Ti powder adding a certain content of Cr powder and subsequent oxidation process. The crystal structure and microstructure of the photocatalyst composite coatings were investigated. The effect of oxidation conditions on crystal structure and photocatalytic activity under UV and visible light was examined and discussed.




2. Experimental


2.1. Fabrication


Ti powder (purity of 99.1%, average diameter of 30 μm, Osaka Titanium technologies, Kishiwada, Japan) and Cr powder (purity of 98.0%, average diameter of 10 μm, Nilaco, Tokyo, Japan) were used as the coating materials. Al2O3 balls (purity of 93.0%, average diameter of 1 mm, Nikkato, Sakai, Japan) were used as the substrates. A planetary ball mill (Type: P6, Fritsch, Idar-Oberstein, Germany) was employed to perform the mechanical coating operation. The rotation speed of the planetary ball mill was set at 480 rpm for 10 h with a 10-min milling operation and a following 2 min cooling interval to prevent the bowl from overheating. After the operation of MCT, the composite coatings on Al2O3 balls were oxidized at the temperatures of 1073 K for 3 h, and 973 K for 3 and 10 h, using an electric furnace in air, then cooled to room temperature in the furnace [15].




2.2. Characterization


The prepared samples were labeled as follows. “M10-xCr” indicates that the samples prepared by mixed Ti and Cr powder, with x being the mass fraction of Cr by MCT at 480 rpm for 10 h. “M10-xCr-y K/z h” are the oxidized samples of “M10-xCr”, oxidation at the temperature of y K for z h. X-ray diffraction (XRD, JDX-3530, JEOL, Tokyo, Japan) with Cu-Kα radiation at 30 kV and 20 mA was used to determine the compositions and crystal structures. The surface morphologies and cross-sectional microstructures of the samples were observed by scanning electron microscopy (SEM, JSM-5300, JEOL, Tokyo, Japan). Ultraviolet-visible (UV-VIS) absorption spectra of the M10-xCr-973 K/10 h samples was measured by a UV-VIS spectrophotometer (MSV-370, JASCO, Tokyo, Japan) with a wavelength range of 370–700 nm.




2.3. Photocatalytic Activity


Evaluation method of photocatalytic activity was referenced to Japanese industrial standard (JIS R 1703-2 2014). First, the prepared samples firstly dried under UV light (FL20S BLB, Toshiba, Tokyo, Japan) for 24 h, and adsorption of methylene blue (MB) solution (20 μmol/L, 35 mL) was carried out in the dark for 18 h. After these treatments, the photocatalytic activity was evaluated by measuring the degradation rate of MB solution (C0: 10 μmol/L, 35 mL) at room temperature. The photocatalytic activity test under UV had been detail reported in our previous work [15]. On the other hand, the photocatalytic activity test under visible light was carried out by the light source (irradiance of 5000 lux) with two 20 W fluorescent lamps (NEC FL20SSW/18). A suitable cut-off filter (L42, Hoya Candeo Optronics Co., Toda, Japan) was used to ensure that only visible light (λ > 420 nm) could reach the samples. The degradation rate constant k (nmol·L−1·min−1) of MB solution concentration versus irradiation time was calculated by the least squares method with the data. In order to clearly show the photocatalytic activity of samples, here use R value to describe the difference of the degradation rate constants k. R is calculated by this equation:


R = ksample − kMB



(1)




where kMB is to describe the degradation rate constants of MB solution without samples.





3. Results and Discussion


3.1. Appearance and Phase Evolution of Photocatalyst Composite Coatings


The M10-xCr samples show metallic color, which is same to that of Ti coatings [16]. In contrast, the M10-xCr-y K/z h samples appear various colors, which are brown to light-black at 973 K for 3 h, and light-blue to yellow at 1073 K for 3 h, then light-black to dark-blue at 973 K for 10 h, as shown in Figure 1. With adding Cr, the color of the samples obviously changes at each oxidation condition. The color change of photocatalyst composite coatings hints that the Cr had effected on the oxygen vacancies, which produces the color centers of Ti3+ in the TiO2 [17,18].


Figure 1. The appearance photograph of the samples. (a) M10-xCr-973 K/3 h; (b) M10-xCr-1073 K/3 h; (c) M10-xCr-973 K/10 h.
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Figure 2 shows the XRD patterns of the samples; the diffraction peaks are consistent with the values in the standard card (JCPDS, No. 21-1276 and 89-4921). No characteristic peak of chromium oxide has been found, which hints either doped Cr was incorporated in the crystalline structure of the TiO2, or the chromium oxide was highly dispersed and its size was too small to be detected. The same results have been reported by many references [19,20,21]. The relatively higher diffraction peaks of anatase are detected from the M10-xCr-973 K/3 h, and the peaks of rutile become to be higher, with increasing the oxidation temperature to 1073 K or extending the oxidation time to 10 h. The effect on the phase transformation by adding Cr is relatively slight, along the red lines in Figure 2. The change becomes obvious until the content of Cr reaches 0.3%, as shown in Table 1, which is calculated from the respective peak intensities using the following equation [22]:


XR (%) = (1 − (1 + 1.26 IR/IA)−1) × 100



(2)




where IR and IA are X-ray intensities of the rutile (110) and anatase (004) peaks, respectively. The change of XR is significant, especially at the temperature of 973 K. The phase transformation from anatase to rutile with the present of Cr has been reported by many studies [23,24,25]. The reason could be considered to be a consequence of the Cr into the TiO2 lattice. When the low content of Cr substitutes for Ti4+ in the TiO2, the lattice could keep the crystal structure, thus, the XR does not change too much with 0.025% and 0.05% of Cr. While the content of Cr up to 0.3%, high content of Cr would cause the formation of more oxygen vacancies, which could accelerate the phase transformation from anatase to rutile to better accommodate the excess of Cr into the TiO2 lattice [24,25].


Figure 2. XRD patterns of the samples. (a) M10-xCr-973 K/3 h; (b) M10-xCr-1073 K/3 h; (c) M10-xCr-973 K/10 h.
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Table 1. XR of M10-xCr-y K/z h samples.



	
x

	
y/z




	
973 K/3 h

	
103 K/3 h

	
973 K/10 h






	
0

	
0.5

	
0.91

	
0.6




	
0.025

	
0.49

	
0.9

	
0.66




	
0.05

	
0.54

	
0.9

	
0.67




	
0.3

	
0.6

	
0.96

	
0.8














As far as we know, the phase transformation between anatase and rutile is a metastable-to-stable transformation and the phase transformation temperature range is wide, due to the fabrication process, the shape/size of photocatalyst materials [14,26,27,28]. When increased the oxidation temperature from 973 K to 1073 K for 3 h, the XR obviously changes from anatase to rutile; when the oxidation time is extended from 3 h to 10 h at 973 K, the XR does not change much, compared with increasing the temperature. According to the Gibbs’ free energy for the two phases (anatase and rutile), the energy difference ΔG between phase of anatase and rutile at 973 K and 1073 K are about 2761 J·mol−1 and 2137 J·mol−1, respectively, calculated by the equations [29], while the effect of extending oxidation time (3 h to 50 h) or adding Cr would accelerate the process of crystal growth or phase transformation [30,31]. Considering these three factors based on the above results, the effect on phase transformation and crystal growth by the oxidation temperature is more direct than that of oxidation time or adding Cr.




3.2. Microstructure Evolution of Photocatalyst Composite Coatings


Figure 3 shows the surface structure evolution of M10-xCr-973 K/3 h samples. With increasing the content of adding Cr, the point-like structure increases in number and grows larger. When increasing the Cr up to 0.3%, the point-like structure significantly grows and almost covers the surface. The evolution of M10-xCr-1073 K/3 h samples is shown in Figure 4, compared with increasing the temperature. The microstructure becomes needle-like, and grows to be plate-like along the needle with the increasing content of Cr. When extending the oxidation time to 10 h at 973 K, Figure 5 shows the significant change of surface microstructure, and the size of point-like structures become too large, in the case of adding 0.3% Cr. Considering the changes of surface microstructure and phase transformation, one could draw the conclusion that the phase transformation from anatase to rutile has been effected by the crystal size [31,32]. During each oxidation condition, Cr could accelerate the phase transformation from anatase to rutile, and affect the growth of crystal size, especially at suitable temperature of 973 K [25,30]. However, comprehensive comparison of Figure 3, Figure 4 and Figure 5, the effect of oxidation temperature on the change of microstructure is more significant than that of oxidation time or the content of adding Cr, as the ΔG is too high at 1073 K.


Figure 3. SEM images of surfaces of M10-xCr-973 K/3 h samples. (a) 0%; (b) 0.025%; (c) 0.05%; (d) 0.3%.
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Figure 4. SEM images of surfaces of M10-xCr-1073 K/3 h samples. (a) 0%; (b) 0.025%; (c) 0.05%; (d) 0.3%.
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Figure 5. SEM images of surfaces of M10-xCr-973 K/10 h samples. (a) 0%; (b) 0.025%; (c) 0.05%; (d) 0.3%.
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Figure 6 shows the cross-sections of the microstructure of M10-xCr-973 K/10 h samples. The oxidized layer grows from about 2 μm (without adding Cr) to be about 5 μm (adding 0.3% Cr), which indicates that the Cr could accelerate the crystal growth, confirmed with the evolution of the surface and cross-section’s microstructure.


Figure 6. SEM images of cross-sections of M10-xCr-973 K/10 h samples. (a) 0%; (b) 0.025%; (c) 0.05%; (d) 0.3%.
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3.3. Photocatalytic Activity of Photocatalyst Composite Coatings


The photocatalytic activity of the samples has been investigated by degradation of MB solution under UV and visible light, as shown in Figure 7. The trend of photocatalytic activity firstly increases and then decreases with adding Cr, under different oxidation conditions. When changing the oxidation temperature (Figure 7b) or the oxidation time (Figure 7c), the photocatalytic activity firstly increases, then decreases, when adding a higher content of Cr. The MB-occupied accessible surface area of TiO2 coatings is excited to generate hydroxyl radical and superoxide radical that both decomposed the adsorbed MB solution [33,34]. The structurally-defective morphology of Cr-TiO2 coatings is affected with adding Cr, as reported by references [35,36]. The structurally-defective morphology is an important role to affect the photocatalytic activity of Cr-TiO2 coatings [37].


Figure 7. Degradation rate constant of M10-xCr-yK samples. (a) 973 K for 3 h; (b) 1073 K for 3 h; (c) 973 K for 10 h.
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On the other hand, the mixed-phase of anatase and rutile has a synergistic effect on enhancing the photocatalytic activity of TiO2 [11,13]. As anatase interweaves with rutile, the electron-hole recombination could be hindered by the charge transfer of electrons and holes between the phases. When XR is lower, the charge transfer would be limited, as a low content of rutile phase could not effectively enhance the photocatalytic activity [23]. However, too much rutile phase would absorb much of the energy from the light, which would also inhibit the activity, as the photocatalytic activity of rutile phase is lower than that of anatase phase [38,39,40]. Apart from the synergistic effect of the mixed-phase, another possible reason for the enhancement of photocatalytic activity is that a certain amount of Ti3+ surface states or cation vacancies have been formed to maintain the electroneutrality by Cr3+ substituting Ti4+ [41]. Moreover, with higher content of Cr, the excess Cr would be oxidized to form oxide, which would serve as the recombination site to suppress the charge transfer, and the photocatalytic activity shows a substantial decrease, with the addition of 0.3% Cr [42].



The UV-Vis spectra of M10-xCr-973 K/10 h samples in the range of 350–700 nm and their indirect transitions are shown in Figure 8 [11]. With the addition of Cr, the absorption range hardly changes until the content of adding Cr reaches 0.3%, which means that the change of band gap is very small, expect when adding 0.3% Cr. This indicates that Cr powder hardly doped the TiO2, or the effect on the absorption in the visible region is slight when adding a low content of Cr powder, which is different from being doped with Cr cations. This may relate to the effective doping role of Cr powder being limited. Considering the surface microstructure, the size dependent is another factor to cause this change of band gap [43], especially that the microstructure size becomes larger when adding up to 0.3% Cr.


Figure 8. (a) UV-Vis absorption spectra; and (b) the plots of the transformed Kubelka-Munk function versus the energy of light over the M10-xCr-973 K/10 h samples.
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4. Conclusions


The composite photocatalyst coatings of Cr-TiO2 have been successfully prepared by MCT and a subsequent oxidation process. The effect of oxidation temperature on phase transformation and crystal growth is more direct than that of oxidation time and adding Cr. With adding Cr, the structure of crystal grows in number and becomes larger, under each oxidation condition. The trend of photocatalytic activity firstly increases and then decreases with adding Cr, under each oxidation condition. It hints at the relationship among photocatalytic activity and the synergistic effect of mixed-phase of anatase and rutile, and compared with that of two other oxidation conditions, the enhancement on photocatalytic activity under visible light is relatively higher at 973 K for 10 h.
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