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Abstract

:

The deposition of photocatalytic TiO2 coatings with plasma spraying is attractive for large-scale applications due to its low cost and simplicity, but it is still a challenge to obtain a TiO2 coating with high anatase content. The solidification pathway of inflight melted particles was investigated in the present paper, and TiO2 coatings with enhanced photocatalytic activity were obtained without a significant loss of the microhardness. The coating microstructure, phase composition, and crystallite size were investigated by scanning electron microscopy (SEM) and X-ray diffraction (XRD). Photocatalytic performance was evaluated by decomposing an aqueous solution of methylene blue. Results showed that the anatase content in TiO2 coating was augmented to 19.9% from 4%, and the time constant of the activity was increased to 0.0046 h−1 from 0.0017 h−1.
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1. Introduction


Titanium dioxide (TiO2) has been extensively investigated due to its high photocatalytic activity [1,2]. There are three normal crystal phases for TiO2 material: brookite, anatase, and rutile. Under atmosphere pressure and temperature, rutile is the stable phase. Calcined at the temperature about 573 to 1073 K, anatase and brookite will irreversibly transform into rutile. However, the photocatalytic activity of rutile is lower than that of anatase due to an increased electron-hole recombination rate [3,4].



The deposition of TiO2 coating well attached on the surface of a substrate can be more efficient and as compared to TiO2 P25 powder or similar products, owing to the easy recovery of the photocatalyst from the water [5]. Several methods have been reported to prepare TiO2 coatings, including vapor deposition [6,7], electrophoretic deposition [8,9], sol-gel [10], and thermal spraying [11]. In comparison to other methods, thermal spraying has several highlighted features to make it particularly attractive, which include flexibility and high efficiency.



Unfortunately, during the thermal spraying of a plasma jet with a temperature of 14,000 K, the powder feedstock is melted. These molten particles are then driven to deposit on a substrate. Compared with initial feedstock powders, the anatase transformation to rutile is clearly observed in sprayed coatings. Even given P25/20 TiO2 granulated nanopowders as the starting powder, an anatase content of only 1.7%–5% were obtained in the coatings [12]. Then, retaining the metastable anatase phase in thermally sprayed TiO2 coatings becomes a great challenge.



Bozorgtabar et al. [12] demonstrated that photocatalytic activity was strongly related to the process conditions of thermal spraying. Thus, Colmenares-Angulo et al. [13] adjusted spraying conditions to reduce the heat input, and expected to reduce the transformation of anatase TiO2 to rutile. Ctibor et al. [14] reported that most of the reduced phases were formed in TiO2 coatings. The stoichiometry was further found to be a function of process parameters. Zhang et al. [15] reported that oxygen vacancies at the surface remarkably prolonged the life of the photon-generated carrier. Thus, it significantly increased the activity. However, others have recently observed that oxygen vacancies caused a significant raise to the charge carrier recombination and resulted into a depressed photocatalytic activity [16].



Herein, modifying the solidification pathway of inflight melted particles was investigated by injecting distilled water into the plasma jet rather than adjusting the spray conditions, and photocatalytic TiO2 coatings with enhanced activity were obtained. The elaborated coating microstructure was mainly characterized by SEM, while phase composition and crystallite size were investigated by XRD. Finally, the photocatalytic activity of the proposed TiO2 coatings was evaluated by decomposing an aqueous solution of methylene blue.




2. Experimental


2.1. Atmospheric Plasma Spraying


An atmospheric plasma spraying system (MF-P1000, GTV, Luckenbach, Germany) was used to deposit TiO2 coatings. A carrier gas with a flow rate of 3.5 L/min radially injected feedstock powder into the plasma jet, while distilled water was radially injected into the plasma jet through a nozzle with average diameter of 0.3 mm by a suspension feeder (GTV, Luckenbach, Germany). The powder injector was 8.0 mm apart from the gun outlet, while the solution injector was 15.0 mm away from the gun outlet. Three typical coatings were obtained with different feeding parameters. As seen in Table 1, the speed of the feed disc regulated the mass of the feedstock powder injected into the plasma jet, and the flow rate controlled the mass of distilled water injected into the jet.



Micron-sized commercial TiO2 powders (−45 + 15 μm, Sunspraying Science and Technology Co. Ltd., Beijing, China) were adopted as feedstock powders (Figure 1). Stainless steel plates (30 mm in diameter, STS316) were employed as substrates. Prior to the deposition, the substrates were cleaned with ethanol to remove contaminants, followed by blasting with Al2O3 abrasives.




2.2. Coating Characterization


Scanning electron microscopy (SEM, Nova-Nona-430, Thermo Fisher Scientific, Waltham, MA, USA) was utilized to investigate the microstructure of TiO2 coatings. A UV-Vis spectrophotometer (HP8453, Agilent, Santa Clara, CA, USA) was used to record spectra in the wavelength range of 250 to 750 nm. Microhardness was obtained with a load of 100 g for 10 s using Vickers (2100B, Instron Tukon, Shanghai, China), and the value was averaged from five indents per specimen.



An X-ray diffractometer (XRD, D8-Advance, Bruker, Billerica, MA, USA) equipped with copper radiation X-ray was employed to assess the phase composition of the proposed coatings. The 2θ was acquired in the range of 20° to 90° with a 0.05° step size. The anatase content was simply determined by the use of the relationship given by Berger-Keller et al. [17]. Meanwhile, crystallite size was calculated using the Scherrer formula [18].




2.3. Photocatalytic Activity


The photocatalytic behavior of the TiO2 coatings was assessed from decomposing methylene blue (MB) in a home-made setup. The coated samples were immersed in a glass reactor containing 50 mL of MB solution (5 ppm), and then illuminated with a UV-lamp (λ = 370 nm, I = 2.5 mW/cm2). The concentration of MB was determined at certain intervals by measuring the solution absorbance with a UV-visible spectrometer at 664 nm wavelength, which was the maximum absorption peak of MB.





3. Results and Discussion


3.1. Crystal Structure and Phase Composition


The crystal structure and phase composition of as-deposited coatings were mainly analyzed by XRD. Figure 2 illustrates the patterns, where the dominant phase is rutile. The minor phase is anatase. It is interesting that there is some preferred orientation in XRD patterns. This may be resulted from the lamellar structure of as-deposited TiO2 coatings stacked by flat granules, but it should be investigated further. Additionally, Ti8O15 phases are observed in all of as-prepared samples, which is consistent with other works [13,19]. For TiO2 coatings sprayed by thermal plasma, Magneli phases were widely reported [20]. This is mainly ascribed to the reduction of TiO2, which results from the high temperature of the thermal plasma jet. There may be other reduced phases, but the analysis is inconclusive because the crystallite size is very small.



As shown in Figure 2, the peak intensity of 2θ = 25.25° (101) becomes stronger as distilled water is injected into the plasma jet. The XRD results illustrate that the total amount of anatase phase is increased by modifying the solidification pathway. Moreover, the anatase content and crystallite size are calculated by the Berger-Keller relationship and Scherrer formula, respectively. The results are demonstrated in Table 2.



At atmospheric pressure, anatase and brookite are two metastable phases. They can transform to rutile at the temperature range of 573–1073 K. However, from a thermodynamics view, the nucleation from the melt could be modified by the temperature and quenching rate [12]. Though anatase is a metastable phase, it preferentially solidifies with a high quenching rate due to its lower surface energy in comparison to rutile (γAnatase = 0.38 J·m−2, γRutli = 0.93 J·m−2) [11,21].



During the plasma spraying process, the plasma temperature is higher than 14,000 K. The speed can reach about 500 m/s [22]. TiO2 particles are fully heated by the plasma jet. Consequently, these molten particles with high temperature deposit on the substrate. As the solidification temperature is close to the melting point of TiO2, the particles are apt to nucleate into stable rutile. Therefore, the rutile phase (96%) in the coating is obtained, and the crystallite size is 73 nm.



However, when distilled water is injected into the plasma jet, the stream is fragmented into smaller drops and then evaporated. The evaporation of the droplet solvent can carry off a great deal of heat from melted particles, and those quenching particles with moderate temperature are deposited on the substrate. Thus, the particles solidify with the temperature lower than the melting point of TiO2 and generate the anatase phase. As a result, the anatase content is 11% and 19.9% for TiO2-12-30 and TiO2-20-30, and the crystallite size is 22.21 and 19.9 nm.




3.2. Morphology Characterization


The photocatalytic performance of TiO2 coatings is directly correlated to phase compositions and microstructural characteristics. Thus, the morphology and microstructure of TiO2 coatings are investigated by SEM. The surface micrographs of TiO2 coatings are shown in Figure 3. It can be observed that there is no significant discrepancy among these coated samples. They are all composed of fully molten areas and insufficient molten areas; the latter exhibit a rough surface. During the spraying process, the plasma jet of high enthalpy heats the injected particles and accelerates the melting to form solidified droplets (or splats) onto the substrate. Meanwhile, small voids are observed in coating surface. This is mainly ascribed to un-melted particles. As a result, the pores and roughness can increase the reaction area between the catalyzer and the solution during the degradation of the MB dye.



The corresponding cross-sections are illustrated in Figure 3 as well. Along with the morphology, those coatings all exhibit lamella structure. Meanwhile, the TiO2 coatings are firmly bonded to the stainless steel substrates, and there is no crack at the interface. For the TiO2-12-0 coating, some voids are observed, which may be resulted from the relaxation of the thermal stress of inter-laminar or incomplete contact between the plates and un-melted particles. When modifying the solidification pathway, the cross-section of the TiO2-12-30 coating becomes fine and the porosity decreases obviously. On the other hand, the coating of TiO2-20-30 presents a rough and porous cross-section that is caused by the lower melting point of the particles.



In addition, the thicknesses of TiO2-12-0, TiO2-12-30, and TiO2-20-30 are about 150, 180, and 200 μm, respectively. The increased thicknesses of TiO2-20-30 can be ascribed to the augmented speed of the feed disc (from 1.2 to 2.0 rpm). As the speed increases, more TiO2 particles are injected into the plasma jet and take part in the coating deposition. However, it is interesting that the thickness of TiO2-12-30 also becomes thicker when compared with TiO2-12-0, because the speed of feed disc is 1.2 rpm. The results imply that distilled water injected into the plasma jet can not only modify the solidification pathway of inflight melted TiO2 particles, but also can increase the deposition efficiency. Further study will be carried out to clarify this in future.




3.3. Microhardness


Functional coatings need sufficient mechanical properties and desired microstructures, while among the mechanical properties, the microhardness plays an important role on the long-term stability. Therefore, the influence of modifying the solidification pathway on the microhardness of TiO2 coatings was reviewed.



The value of HV100 is 1148.27 for the TiO2-12-0 coating. When adopting the modification, HV100 of the TiO2-12-30 coating changes to 1137.8. This implies that there is no different discrepancy to the microhardness. With the modification, distilled water with a flow rate of 30 mL/min is radially injected into the plasma jet. The evaporation of water decreases the temperature of the plasma jet. However, the solution injector is 15.0 mm away from the gun outlet, which is located downstream of the powder injector, and thus the optimized injection does not violently affect the molten status of TiO2 particles except those in the solidification pathway. Therefore, it does not cause a significant change to the microhardness.



However, the HV100 value slightly decreases to 1064.04 in the TiO2-20-30 coating. The reason for this can be ascribed to the molten status of TiO2 particles. As the speed of the feed disc increases from 1.2 to 2.0 rpm, more TiO2 particles are injected into the plasma jet core. The temperature of the plasma jet already becomes lower with the modification of the solidification pathway, compared with TiO2-12-0. Then, the heat energy shared by a single TiO2 particle further decreases as more TiO2 particles exist in the plasma jet, and some particles impact the substrate as un-melted or partially melted particles. As clarified in Figure 3(c2), this results in a rough and porous cross-section. Consequently, it slightly reduces the microhardness.




3.4. Photocatalytic Properties


The UV-Vis diffuse reflectance spectra of TiO2 coatings were firstly recorded in the wavelength range of 250–750 nm. The results are illustrated in Figure 4. All coatings have an absorbance edge in the range of 390–400 nm, which is characteristic of semiconductor coatings. The absorbance edge is ascribed to the charge transfer from the valence band to the conduction band. For TiO2 materials, the valence band is largely caused by 2p orbitals of the oxide anions, and the conduction band is constituted with 3d t2g orbitals of the Ti4+ cations [23]. These charge carriers present high reactive activity and can act with different paths. One is the recombination of electron-hole pairs without taking part in the degradation. The other involves gathering at the surface, and reacting with the pollutant [24]. In comparison, all of the spectra show similar curve shapes without new spectrum phenomena. Although the solidification pathway is modified, no notable shift to longer or shorter wavelengths was observed in the TiO2-12-30 and TiO2-20-30 coatings. Perhaps the main reason for this is that the rutile phase still dominates in both coatings, though the anatase content increases.



The photocatalytic performances are shown in Figure 5. All coatings present different degrees of activity in decomposing methylene blue with the irritation of UV light. The coating of TiO2-12-0 shows depressed photocatalytic activity. This is consistent with other works [12,13]. Without modifying the solidification pathway, the anatase content in this coating is as low as 4%. For the TiO2-12-30 and TiO2-20-30 coatings, they both exhibit a significant increase in photocatalytic activity. Obviously, the enhanced activity is ascribed to the augmented anatase content in both TiO2 coatings because they present similar structure. As the TiO2-20-30 coating has a higher anatase content than TiO2-12-30, it presents higher activity.



Furthermore, the variation in MB concentration with irradiation time is coincident with Langmuir-Hinshelwood model. The kinetics equation can be depicted by −ln C/C0 = kt, where C and C0 are the measured concentration of MB and the initial concentration, respectively, and k is the time constant of the activity (h−1). By a first-order fitting of the exponential term to the time t, the values of k are obtained for all coatings and summarized in Table 2. As presented in Table 2, the k value for the TiO2-12-30 or TiO2-20-30 coating is higher than that of the TiO2-12-0 coating, as the former is deposited with the modification of the solidification pathway. As clarified by the equation, the bigger value of k implies a higher photocatalytic activity.





4. Conclusions


Distilled water was injected into the plasma jet to modify the solidification pathway of inflight melted TiO2 particles rather than adjusting the spray conditions. Results showed that the anatase phase was nucleated from melted TiO2 particles under a high cooling rate due to its lower surface energy comparing to the rutile phase, and photocatalytic TiO2 coatings with enhanced activity were obtained. Finally, the anatase content in TiO2 coatings was augmented to 19.9% from 4%, and the time constant of the activity was increased to 0.0046 h−1 from 0.0017 h−1. In addition, the modification of the solidification pathway did not remarkably cause the loss of coating microhardness.
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Figure 1. (a) SEM morphology and (b) XRD pattern of feedstock powders. 
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Figure 2. XRD patterns of TiO2 coatings: (a) TiO2-12-0, (b) TiO2-12-30, and (c) TiO2-20-30. 
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Figure 3. SEM images of TiO2 coatings: (a1–a3) TiO2-12-0, (b1–b3) TiO2-12-30, and (c1–c3) TiO2-20-30. 
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Figure 4. UV-Vis reflectance spectra of TiO2 coatings: (a) TiO2-12-0, (b) TiO2-12-30, and (c) TiO2-20-30. 
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Figure 5. Photocatalytic activity in decomposing methylene blue of TiO2 coatings: (a) TiO2-12-0, (b) TiO2-12-30, and (c) TiO2-20-30. 
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Table 1. The details of plasma spraying parameters for TiO2 coatings.
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Spraying Parameters

	
Samples




	
TiO2-12-0

	
TiO2-12-30

	
TiO2-20-30






	
Spraying current (A)

	
650

	
650

	
650




	
Spraying voltage (V)

	
69

	
69

	
69




	
Primary gas Ar (L/min)

	
40

	
40

	
40




	
Secondary gas H2 (L/min)

	
10

	
10

	
10




	
Speed of feed disc (rpm)

	
1.2

	
1.2

	
2.0




	
Spraying distance (mm)

	
100

	
100

	
100




	
Flow rate (mL/min)

	
0

	
30

	
30











[image: Table] 





Table 2. Phase compositions and crystallites size of TiO2 coatings.
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Items

	
Samples




	
TiO2-12-0

	
TiO2-12-30

	
TiO2-20-30






	
Anatase (Vol %)

	
4.0

	
11.0

	
19.8




	
Anatase crystallites average size (nm)

	
30.4

	
22.2

	
19.9




	
Rutile crystallites average size (nm)

	
73.0

	
40.2

	
27.0




	
Rate constant (h−1)

	
0.0017

	
0.0045

	
0.0046




	
R2

	
0.9965

	
0.9966

	
0.9894












© 2017 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 (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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