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Abstract. 
ZnSe nanorod films grown on fused quartz glass substrates via a simple two-step synthesis protocol were demonstrated to be environmentally safe and effective recyclable photocatalysts. These films showed greatly enhanced photocatalytic activity compared to pulsed laser deposition ZnSe films in the degradation of methyl orange dye solutions. The well-crystalized ZnSe nanorods had a length of 15 µm and a diameter of 200 nm and were densely grown on the substrate. The morphology, crystal structure, crystal phase, and photophysical properties of the ZnSe nanorod films were investigated using field-emission scanning electron microscopy (FE-SEM), UV-Vis spectroscopy, X-ray diffraction (XRD), transmission electron microscopy (TEM), and high resolution transmission electron microscopy (HRTEM).



1. Introduction
The interest in fabricating of one-dimensional (1D) ZnSe nanostructures such as nanorods [1], nanobelts [2], nanowires [3], and nanoneedles [4] has increased over the decades partly due to their potential uses as active components in the preparation of blue-ultraviolet photodetectors [2], light-emitting diodes [5], photo-voltaic solar cells [6], and more. In addition, possible quantum confinement effects and the large specific surface area of 1D ZnSe nanostructures have driven investigations of photocatalytic activity [7, 8]. Unfortunately, nanostructured photocatalysts are prone to aggregation (decreasing the photoactive surface area) and are difficult to collect for reuse, so studies on the renewable photocatalytic properties of 1D ZnSe nanostructure photocatalysts are rarely performed [6, 9, 10]. However, supporting the photocatalytic materials with a rigid substrate enables practical photocatalytic application [11, 12].
There are various methods available for the fabrication of 1D ZnSe nanostructures films, solvothermal method [13], template method [14], atomic layer deposition (ALD) [15], molecular beam epitaxy (MBE) [16], and metal-organic vapor phase epitaxy (MOVPE) [5, 17, 18]. However, these methods generally (a) require extremely conditions, (b) can easily become contaminated, and (c) are difficult to control.
In the presented work, we present a simple two-step synthesis protocol for the fabrication of a ZnSe nanorod films. The first step is a pulsed laser deposition (PLD) of a ZnSe thin film, and the second step is an ultrasonic-assisted thermal treatment to promote ZnSe nanorod growth. This method is very simple and effective and enables the production of impurity-free ZnSe nanorod films. Considering cost for mass production, we used fused quartz glass as the substrate in this study. Furthermore, we used the ZnSe nanorod films as a recyclable photocatalysts. As a comparison, the photocatalytic activities of the ZnSe nanorod film and the ZnSe film in response to ultraviolet excitation light were examined.
2. Experiment
2.1. Preparation of ZnSe Nanorod Films and ZnSe Film
ZnSe crystal (high purity, 99.99%) was used as a source material for the pulsed laser deposition of ZnSe films on fused quartz glass substrates. Before deposition of thin film, the fused quartz glass substrates were ultrasonically cleaned sequentially in acetone and alcohol and washed in running deionized (DI) water for 10 min and then dried in air. In order to guarantee film uniformity, the fused quartz glass substrates were clamped on a rotatable mounting plate. During deposition, the vacuum chamber was evacuated to a pressure below 1 × 10−7 Torr by a mechanical pump and a molecular. Then the fused quartz glass substrate was heated up to 450°C. The target was ablated by a titanium doped sapphire regenerative amplified mode-locked femtosecond laser (Coherent Inc., with a center wavelength of 800 nm, pulse width of ~45 fs and 1 kHz repetition rate). The laser fluence focused on the target was 0.16 J/cm2. The deposition time was 30 min and the distance between target and substrate was 8.0 cm. At the first process, we get the ZnSe film. After that stage, one of the well prepared ZnSe films was put into a temperature-controlled water (deionized water) bath having a constant temperature of 60°C and executed with ultrasonic-processing continuously in the thermal treatment process. During the ZnSe nanorod films formation process, the films were taken out to be analyzed at various durations. After the two-step synthesis route, we get the ZnSe nanorod films.
2.2. Photocatalytic Experiments
The photocatalytic activity of ZnSe nanorod films and ZnSe film with identical mass (1.47 mg) of ZnSe on fused quartz glass substrates was investigated using methyl orange (MO) dye (5 × 10−5 M). The samples were immersed into 5 mL of the MO dye solution and irradiated with ultraviolet light (UV) at room temperature. Using a power meter, the incident light intensity was measured to be 5 mW cm−2. Also the photoluminescence intensity was used to evaluate the variation of the MO’s concentration. It was determined by a Hitachi F-4500 fluorescence spectrophotometer.
2.3. Characterization of the ZnSe Nanorod Films and ZnSe Film
Field-emission scanning electron microscopy (FESEM) images were obtained with a field-emission microscope (Hitachi SU-8220, acceleration voltage 3 kV). The optical transmission of the film was recorded at room temperature in the wavelength range of 400–1100 nm using Hitachi F-4500 fluorescence spectrophotometer. X-ray powder diffraction (XRD) patterns were collected by a Japan Rigaku D/max-rB X-ray diffractometer with Cu Kα radiation (λ = 0.154178 nm), operated at 80 mA and 40 kV. Hitachi H-800 transmission electron microscope was used to observe transmission electron microscopy (TEM) image; it was working at an acceleration voltage of 200 kV.
3. Results and Discussion
Figure 1 shows SEM images of the ZnSe films following ultrasonic-assisted thermal treatment for different time length. As shown in Figure 1(a), the original ZnSe film prepared using the PLD method had a relatively dense and smooth surface texture. However, there were large particles on the film surface indicative of the PLD technique [19]. A likely nucleation and growth mechanism is that as the ultrasonic-assisted thermal treatment time increased, the ZnSe nucleated. The prepared nanoparticles found their preferred deposition site because the liquid surface had a large accommodation coefficient. Rapid crystal growth took place when stable ZnSe nuclei were formed. Interaction forces between atoms in different nanoparticles induced translational and rotational movement, driving the nanoparticles into different locations and orientations for aggregation [3, 20]. As a result, nanorods began to grow on the ZnSe film as shown in Figure 1(b). The inset SEM image from Figure 1(b) shows that the nanorods clearly grew from a point, and Figure 1(c) shows that these rods lengthened as time passed. As shown in Figure 1(d), randomly oriented ZnSe nanorods densely covered the ZnSe film at the final stage. The network-like nanorod structure has a high surface-to-volume ratio and interconnected open pores, which can remarkably enhance photodegradation. The average length and diameter of the nanorods were approximately 15 μm and 200 nm, respectively. A schematic of the ZnSe nanorod film formation process is shown in Figure 2.
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Figure 1: SEM images of (a) ZnSe film prepared using the pulsed laser deposition method. (b), (c), and (d) are the ZnSe film after ultrasonic-assisted thermal treatment for 4 h, 8 h, and 12 h, respectively. The inset of (b) is an enlarged image detailing the nanorods growth.






	
	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
		
			
		
		
		
		
		
			
		
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
		
	


Figure 2: Schematic of the ZnSe nanorod film formation process.


The surface morphology transformation of the ZnSe film following the ultrasonic-assisted thermal treatment can be characterized through the change of optical transmission. Figure 3(a) shows the optical transmission of the ZnSe film as a function of wavelength. The four lines correspond to the ZnSe film following ultrasonic-assisted thermal treatment at time intervals 0 h, 4 h, 8 h, and 12 h, respectively. The thickness of the original PLD ZnSe film can be calculated by fitting the transmission data of spectrum (a) to the following equation [21]: where  is the index of refractive,  is the film thickness,  is the interference order, and  is the wavelength. The indexes  and  were used to label the corresponding parameters (e.g., wavelength and refractive index) of neighbor peaks (maximum value). The results show that the thickness of the original PLD ZnSe film was approximately 1.21 μm. Comparing these four spectra, the interference peaks in (a) and (b) indicate that the PLD ZnSe film was relatively uniform at the initial stage. As ultrasonic-assisted thermal treatment time increased, the ZnSe film optical transmission decreased, and the interference peaks in the spectrum gradually disappeared. Also as shown in Figure 3(b), the films are becoming darker with increasing anneal time. That is because the ZnSe nanorods began to grow and the density of the nanorods increased. These changes resulted in the absorption coefficient of ZnSe nanorods film increased and then lead to the decrease of the optical transmission.
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Figure 3: (a) Optical transmission of ZnSe film prepared using the PLD method and the ZnSe film after ultrasonic-assisted thermal treatment for 4 h, 8 h, and 12 h, respectively. (b) The photos behind are the corresponding ZnSe film treatment for 0 h, 4 h, 8 h, and 12 h.


Figure 4 shows the structural characterization of the ZnSe film prepared using the PLD method and the samples following ultrasonic-assisted thermal treatment for 4 h, 8 h and 12 h. Compare the four XRD patterns; there were three dominant diffraction peaks. The highest intensity reflection peak was at 2θ = 27.71 (111), and another two small intensity peaks were at 2θ = 45.92 (220) and 54.22 (311). Also, one small peak at 2θ = 26.3 (100) was observed. It is possible that some hexagonal phase (JCPDS 15–105) ZnSe is present in the four films along with the cubical phase (JCPDS 37–1463) ZnSe. This may be a result of the relatively low growth temperature used during the PLD ZnSe film fabrication process. Some researchers have reported that, at growth temperatures lower than 475°C, ZnSe hexagonal crystallites will show cubic ZnSe films [22]. In the four XRD patterns, no other diffraction peaks were found, indicating that the ZnSe film and ZnSe nanorod film were free of crystalline impurities.




	
	
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
	


Figure 4: XRD patterns of (a) ZnSe film prepared using the PLD method. (b), (c), and (d) are the XRD patterns of the ZnSe film after ultrasonic-assisted thermal treatment for 4 h, 8 h, and 12 h, respectively.


ZnSe nanorods were taken from the film and further investigated using TEM, as shown in Figure 5(a). Clearly, the ZnSe nanorod is relatively uniform. More information was derived from the HRTEM image and selected-area electron-diffraction (SAED) pattern and shown in Figure 5(b). The results demonstrate that the ZnSe nanorods on the film were well crystalized, with an internal atomic lattice spacing of 0.33 nm and 0.20 nm corresponding to the (111) and (220) planes of cubic ZnSe, respectively. Additionally, the growth direction of the nanorods was determined to be . The SEM elemental mapping, shown in Figures 5(c)–5(f), further confirmed the formation of the ZnSe nanorods.




	
	
		
			
		
		
			
				
		
			
		
	


(a)




	
	
		
			
		
		
			
		
		
			
				
			
		
		
			
				
					
			
		
		
			
				
					
			
		
		
			
				
					
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
		
			
		
			
		
			
		
			
		
			
	


(b)




	
	
		
			
		
		
		
			
		
			
	


(c)




	
	
		
			
		
		
		
			
		
	


(d)




	
	
		
			
		
		
		
			
	


(e)




	
	
		
			
		
		
		
		
			
	


(f)
Figure 5: (a) TEM morphology and (b) HRTEM images of ZnSe nanorods taken from the film. The inset in (b) is the corresponding SAED pattern. (c)–(f) are images of the ZnSe nanorods using dark-field SEM and EDS elemental mapping (scale bars, 200 nm).


Organic dyes are widely used to color products in the textile, plating, and printing industries. Many dyes can form highly toxic complexes with heavy metal ions in wastewater and pollute water resources [23, 24]. Photocatalytic degradation is considered one of the most efficient and economical methods for water purification.
The photocatalytic activity of the ZnSe nanorod film (following 12 h of ultrasonic-assisted thermal treatment) and the ZnSe film was examined through the degradation of methyl orange (MO) dye in aqueous solution (5 × 10−5 M) at various time durations. The ZnSe nanorod film and ZnSe film were immersed in the MO dye solution and irradiated with UV light under the same conditions. As shown in Figures 6(a) and 6(b), the photocatalytic degradation process was detected using Hitachi F-4500 fluorescence spectrophotometer. The characteristic absorption of the MO dye at λ = 462 nm was selected to monitor the photocatalytic degradation process. As illustrated in Figures 6(a) and 6(b), roughly 60% of the MO dye decomposed after exposure to 3 h of UV light in the presence of the ZnSe nanorod film. Roughly 18% of the MO dye decomposed after exposure to 3 h under UV light in the presence of the ZnSe film. The variation of MO dye relative concentration with respect to irradiation time is shown in Figure 6(c). The control experiments indicated that the degradation of the MO dye was negligible without UV light irradiation or without photocatalysts. It was found that the degradation efficiency in the presence of the ZnSe film was low. On the contrary, the ZnSe nanorod film showed strong adsorptive capacities and comparable photocatalytic activities. This high photocatalytic activity of ZnSe nanorod film might be the result of the larger specific surface area, which allows more MO dye molecules to attach to the surface and may help to increase the charge-transfer rate [25].
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(d)
Figure 6: Absorption spectrum of the MO dye solution in the presence of the ZnSe nanorod film (12 h) (a) and the ZnSe film (b) under ultraviolet light irradiation for various time durations. (c) Photodegradation curves of the MO dye solution under ultraviolet light in the presence of the ZnSe nanorod film (12 h), the ZnSe film, and no catalyst and under no ultraviolet light but in the presence of the ZnSe nanorod film (12 h). (d) Degradation change as a function of irradiation time (1.5 h and 3.0 h) over 5 cycles. The initial concentration  was taken to be the same as in (a).


The reusability of the ZnSe nanorod film was also studied. The absorbance spectra of the MO dye solution in the presence of the ZnSe nanorod film with irradiation for 1.5 h and 3.0 h were recorded. After each examination, the ZnSe nanorod film was immersed into a fresh MO dye solution of the same concentration for another cycle of the photocatalytic experiments. This process was repeated 5 times. The results are given in Figure 6(d) and demonstrate that ZnSe nanorod films can be used as a very effective, environmentally safe, and convenient recyclable photocatalyst. A slight decrease in the degradation rate was observed and may be attributed to the unavoidable loss of ZnSe nanorods into solution during the experiment.
4. Conclusion
In summary, ZnSe nanorod films were successfully synthesized using a simple two-step synthesis protocol. Dense and randomly oriented ZnSe nanorods with diameters of 200 nm and lengths of 15 μm were grown on the fused quartz glass substrates. HRTEM, XRD, and EDS patterns confirm the composition and crystalline structure of the ZnSe nanorod film. These ZnSe nanorod films were demonstrated as very effective, environmentally safe, and convenient recyclable photocatalysts under ultraviolet light.
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