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Abstract. 
ZnO and Al doped ZnO films were produced by spray pyrolysis. The films were characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM), UV-vis spectroscopy, and photoluminescence. Their photocatalytic activity was evaluated by the decomposition of the methyl orange dye using different light sources: ultraviolet light, artificial white light, and direct sunlight. The films were also tested under darkness for comparison. The ZnO films were able to degrade the test pollutant under UV and sunlight in more than a 60% after 180 min of irradiation and a scarce degradation was obtained using white light. However, the Al doped ZnO films presented a very high degradation rate not only under UV and sunlight (100% degradation), but also under white light (90% degradation after the same irradiation time). An unexpected high degradation was also obtained in the dark, which indicates that a nonphotonic process is taking place parallel to the photocatalytic process. This can be due to the extra electrons—provided by the aluminum atoms—that migrate to the surface and produce 
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 radicals favoring the decomposition process even in the dark. The high activity achieved by the ZnO: Al films under natural conditions can be potentially applied to water treatment processes.


1.  Introduction
Metal oxide photocatalysts are being considered as an effective alternative to decompose toxic organic pollutants in waste water [1]. TiO2 and ZnO are two examples of efficient photocatalyst; nevertheless, both of them are activated only under UV light due to their large band gap of 3.2 eV [2, 3]. The big challenge of the last few years has been to extend the photocatalytic activity of these semiconductors to the visible region of the solar spectrum, since solar energy is the most desired light source for a clean and efficient photocatalytic system. If this goal is achieved, the use of photocatalysts for environmental remediation will be even more important and will contribute to the reduction of the excessive use of nonrenewable energy sources. The principal way to address the problem of extending the spectral range in which the photocatalyst can absorb light has been introducing electrically active dopants in these oxide semiconductors. For the case of photocatalysts in the form of fine powders or nanoparticles, good photocatalytic activity under visible light has been obtained by doping TiO2 with metal or nonmetal atoms like nitrogen, carbon, iron, manganese, and cobalt among others [4–12]. In the case of zinc oxide, which is an alternative photocatalyst to TiO2, with a similar band gap but with lower cost [13], it has been demonstrated that ZnO powders or nanoparticles doped with atoms such as Mn, N, Fe, W, La, and Ag possess also very good photocatalytic properties under visible light [14–20]. For water treatment application the powder and nanoparticles represent a drawback, as further separation steps are needed after the degradation process. This is the motivation to obtain supported ZnO in the form of thin films or membranes that can be removed easily after the water treatment. For instance, Liu and coworkers synthesized hierarchical CuO/ZnO membranes able to degrade different dyes [21]. In a previous work, we demonstrated that aluminum doped zinc oxide in the form of thin film highly increase the photocatalytic activity of pure ZnO under UV light [22]. As it was pointed out in that work, one important advantage of using this material in the form of thin film, instead of fine powders or nanoparticles, is the elimination of filtration and separation steps after the dye removal. In that work, we observed that the activity enhancement under UV light can be due to factors such as the surface structure, the doping concentration, and the electronic distribution. However, it is important to study the mechanisms that allow the activation of the material with lower energy, in order to have an efficient ecological photocatalyst. In the present work we investigated the photocatalytic response, extended to the visible region, of ZnO: Al films using different illumination sources (sunlight and white light) compared to its activity under UV light. We also report an unexpected activity of the doped samples in the dark. A correlation of the photocatalytic activity with other physical properties, such as the band gap and photoluminescence emission, is explored.

2.  Experimental Setup
Pure and aluminum doped ZnO films were deposited by the pneumatic spray pyrolysis technique using a 0.2 M aqueous solution of zinc acetate dihydrate (Zn(CH3COO)2·2H2O, Sigma-Aldrich, 98%). Aluminum chloride hexahydrate (AlCl3·6H2O, Sigma-Aldrich, 99%) was added as a source of aluminum, in an (Al)/(Zn) atomic ratio of 0.25 to the previous solution. The films were grown at a substrate temperature of 500°C on pyrex glass substrates of 
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 inches; two of these substrates were placed in each film deposition and constitute one sample as they were introduced back inside the vial for the photocatalytic tests. The gas and solution flow rates were fixed at 8 L/min and 14.6 mL/min respectively, as previously determined [22]. Four identical, samples of pure and Al doped ZnO were deposited, in order to perform the photocatalytic experiments under different illumination conditions simultaneously. The films were characterized by X-ray diffraction (XRD) (Bruker D8) using the Cu Kα 1 wavelength (1.54056 Å), scanning electron microscopy (SEM) (Leica Cambridge 400) with an energy dispersed spectroscopy device (EDS) for chemical composition analysis, profilometry (Sloan DekTak IIA), and photoluminescence (SPEX FluoroMax). 
The photocatalytic efficiency of the films was evaluated by monitoring the discoloration of a methyl orange (MO) solution (Sigma-Aldrich, 85% purity) with a concentration of 10−5 M, at the maximum absorption wavelength using a UV-vis spectrophotometer (Perkin Elmer Lambda 35). Each pair of samples (doped and undoped ZnO films) was exposed to different illumination sources: (i) ultraviolet light (UV) lamp of 9 W and emission centered at 380 nm; (ii) direct exposure to sunlight (the experiments were performed in mostly sunny days but regardless the small changes in the weather conditions of Mexico City at the geographical coordinates: 
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 = 19° 21′ N, 
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 = 99° 09′ W); (iii) artificial white light (WL) of a 9 W lamp (cool light type) with a broad emission in the visible spectrum from 400 to 650 nm. The fourth pair of samples was kept in the dark as control (the samples were stored in a box and kept in a dark room). The emission spectra of the illumination sources were measured with a spectrofluorometer (SPEX FluoroMax) and are shown in Figure 1. The absorption spectra of the methyl orange solution were measured after each 30 minutes of illumination up to 3 hours. The degradation percentage of the dye was obtained with the absorbance maxima ratio of the methyl orange before 
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Figure 1: Emission spectra of the different illumination sources: (a) ultraviolet light (UV), (b) white light (WL), and (c) sunlight (inset).


3. Results
3.1. Microstructure and Composition
The characteristics of pure and Al doped films were analyzed in detail in a previous work [22]. It was observed that the deposition conditions have a great influence on the morphological characteristics of the films. Particularly, the surface topography is largely modified under certain temperature and flow rates conditions, and it also depends on the aluminum concentration in the precursor solution, as it can be appreciated in the SEM images inserted in Figure 2. It was also observed that the crystal structure was the wurtzite hexagonal phase of ZnO for all the samples (according to the International Centre for Diffraction Data, ICDD, database file 01-036-1451), with a preferential orientation along the (002) direction that increases with the aluminum concentration (Figure 2). No other phases or compounds were detected. However, the EDS analysis revealed the incorporation of the aluminum into the zinc oxide lattice, which is in a lower proportion than the aluminum added to the solution, as shown in Table 1. In addition, XPS analysis shows (Figure 3) that theincorporation of Alreduces the concentration of Zn in the ZnO: Al films, which is indicative that Al atoms substitute Zn atoms in the ZnO lattice. 
Table 1: Composition of the films and their average thickness and roughness.
	

	Sample name	Al/Zn in solution (at %)	Al/Zn in the film (at %)	Thickness (nm)	Roughness (nm)
	

	ZnO	0	0	1114	65
	ZnO : Al	25	0.12	2151	430
	





	
		
	
	
		
	
	
		
			
		
	


	
		
	
	
		
	
	
		
			
		
	




















	


	
	
	


	
	
	


	
	
	


	
	
	


	
	
	
	


	
	
	
	


	
	
	
	


	
	
	
	


	
	
	
	























	



	



	
	
	
	
	


	
	
	


	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


	
	
	


	
	
	
	
	


	
	
	
	
	


	
	
	
	
	


	
	
	
	
	


	
	
	
	
	


	
	
	
	
	


	
	
	
	
	


	
	
	
	
	


	
	
	


	
	
	


	
		
		
	


	
		
		
	


	
		
		
	


	
		
		
	


	
		
		
	


	
		
		
	


	
		
		
	


	
		
		
	


	
		
	
	
		
	
	
		
	
	
		
	
	
		
	


	
		
			
		
			
		
			
	


	
		
			
				
			
				
			
				
		
	


	
		
			
		
			
		
			
	

Figure 2: XRD patterns of pure (a) and Al doped (b) ZnO films. The insert shows the SEM images of their corresponding surfaces. 




	
	
	


	
	
	


	
	
	


	
	
	


	
	


	
	


	
	














































	
	


	
		
	
		


	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	























































	
		
			
			
			
			
			
			
			
			
			
		
	


	
		
			
			
			
			
			
			
			
			
		
	


	
		
			
			
			
			
			
			
			
			
			
		
	


	
		
			
			
			
			
			
			
			
			
		
	


	
		
			
			
			
			
			
			
			
			
		
	


	
		
			
			
			
			
		
	


	
		
			
			
			
			
		
	


	
		
			
			
			
			
		
	


	
		
			
			
			
			
		
	


	
	
	
	


	
	
	
	
	

Figure 3: XPS spectra of the pure and Al doped ZnO films. The presence of aluminum decreased the concentration of Zn, indicating that Al is a substitutional impurity.


The thickness and roughness of the films were measured and their average values are presented in Table 1. As it was said before, the incorporation of aluminum into the ZnO film produces morphological changes, but also the deposition rate is modified, so different thicknesses are obtained for similar flow rates.
3.2. Photocatalytic Activity
The degradation of the methyl orange solution was measured using the pure and doped ZnO films under the three mentioned illumination sources. Figure 4(a) shows a picture taken of the different samples exposed to sunlight after 2 hours. It is also shown a control sample without film that was irradiated and measured as well. No degradation of the methyl orange (MO) control sample was observed, but it is clearly seen that the complete discoloration of the dye is achieved faster for the sample doped with Al than for the pure ZnO film (Figure 4(b)).
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(d)
Figure 4:  (a) Picture of the samples after 2 hours of exposure to sunlight. The control sample is the MO dye without film. The other two recipients contain the semiconductor film inside. (b) Degradation percentage and (c) kinetics of reaction of ZnO (filled symbols) and ZnO: Al (open symbols) under different illuminations: dark (black), artificial white light (green), ultraviolet light (purple), and sunlight (orange). (d) Rate of reaction of the ZnO and ZnO: Al films under different illumination sources and darkness for comparison.


To obtain the kinetics of the reactions, the natural logarithm of the maximum of absorption was obtained for each measurement and plotted as a function of time, as shown in Figure 4(c). The data follow a linear relation indicating a first-order reaction, as established by the Langmuir-Hinshelwood model [23]. The samples with aluminum showed the highest photocatalytic response. Surprisingly, this response was not only under illumination but also in the dark. Any effect was observed for the pure ZnO films under artificial white light or darkness; they could degrade the dye only under UV and sunlight. This is evidence that the aluminum impurities modify the original compound. The rates of reaction of every sample were calculated by the slope of the fitted lines in Figure 4(c) and are shown in Figure 4(d), where it is clearly seen that the activity of the doped films is more than 3 times greater than for the pure ZnO films under UV and sunlight illumination. In addition, a very high activity is observed for the ZnO: Al film in the dark. This indicates the existence of an alternative process that degrades the dye without light. This material offers a great alternative to purify water even at latitudes where low sunlight radiation is received. 
In order to study the reproducibility and the reusability of the films, a complete set of new samples was fabricated and tested in photocatalysis. The repeated films provided similar results under the same conditions. In addition, the samples that were reused in the photocatalytic tests showed a small diminution of the activity (around 10%) that was more evident in the pure ZnO samples. 
3.3. Optical Properties
Although the films are relatively thick and their optical transparency is thus, low, their optical transmission spectra were recorded to obtain the absorption coefficient 
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 and analyze the optical band gap of the films. To calculate the direct optical band gap of ZnO and ZnO: Al films the Tauc model was used as follows:
								
	
 		
 			
				(
				2
				)
			
 		
	

	
		
			
				
				𝛼
				ℎ
				𝜈
				=
				𝐴
				ℎ
				𝜈
				−
				𝐸
			

			

				𝑔
			

			

				
			

			

				𝑛
			

			

				,
			

		
	

							where
	
		
			

				𝐴
			

		
	
 is a constant,
	
		
			

				ℎ
			

		
	
 is Planck’s constant, 
	
		
			

				𝜈
			

		
	
 is the photon frequency, 
	
		
			

				𝐸
			

			

				𝑔
			

		
	
 is the optical ban gap, and 
	
		
			
				𝑛
				=
				1
				/
				2
			

		
	
 for direct band gap semiconductors. A plot of  
	
		
			
				(
				𝛼
				ℎ
				𝜈
				)
			

			

				2
			

		
	
against the photon energy 
	
		
			
				ℎ
				𝜈
			

		
	
 is shown in Figure 5. The extrapolation of the linear part of the curve to zero gives the value of the optical band gap. The results show that the band gap is slightly higher for the doped films 
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. This increase in the ZnO band gap when aluminum is introduced is consistent with other works [24, 25] and may be due to the occupation of the lowest levels in the conduction band by the electrons of the impurity atoms and produce a direct transition with higher energy [26, 27]. 


	


	
	
	


	
	
	


	
	
	


	


	
	
	


	
	
	


	
	
	


	
	
	


	
	
	
	












































	
		
	
	
		
	
	
	
		
	
		
	
		
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		


	
		
	
	
		
	
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		


	
		
	
	
		
	
	
		


	
		
	
	
		
	
	
		




	
	
	




	
	
	
	
	
	


	
		
	
	
		
		
		
	
	
		
	
	
		
	


	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
			
		
	


	
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
			
		
	


	
		
			
			
		
		
			
			
			
			
		
	

Figure 5: Determination of the band gap of ZnO and ZnO: Al films.


The optical band gap values coincide with those obtained by room temperature photoluminescence spectra, shown in Figure 6. The spectra have a narrow peak centered at 383 and 381 nm (UV emission) for ZnO and ZnO: Al, respectively, which correspond to the band to band transitions (of 3.24 and 3.25 eV in each case), and a broad band centered around 500 nm called green emission. The green emission is attributed to structural defects in the crystalline lattice, although the type of defects responsible of this visible emission is not fully understood [28]. For the pure ZnO film, both peaks have the same intensity, indicating a similar probability of occurrence. However, for the doped film the intensity of the high energy peak increases and the green emission peak decreases. This indicates a higher band to band recombination rate and a diminution of the radiative transitions due to defects. Sharma et al. found that Al in ZnO matrix promotes the oxygen diffusion through the ZnO lattice, leading to the suppression of oxygen vacancies 
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 and the creation of oxygen interstitial (Oi) defects [29]. The work of Y. Liu et al. also coincides with this idea and they proposed a distribution model of the oxygen vacancies, the excess oxygen and the aluminum atoms in the ZnO grains that can explain the green and orange luminescence of ZnO: Al films [28]. Following these ideas, we can say that the incorporation of Al favors the oxygen diffusion and neutralizes some of the intrinsic oxygen vacancies of ZnO, as represented in Figure 7. This results in the diminution of the visible emission band of the doped samples. Furthermore, Mahmood et al. reported that Oi has a low energy of formation under oxidizing conditions [30], so it is easy to find this type of defect in our films, as they were grown under ambient conditions. However, we consider that the excess oxygen is not in a very large concentration because we do not observe a red shift of the green emission peak. This excess oxygen may be neutralizing some of the 
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 concentration in our samples may be high, giving only a slight diminution of the intensity of this peak.


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	


	
		
		
		
	






























































































	
		
	
	
		
	
	
		




	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	



	
		
			
		
			
		
			
	


	
		
		
		
	


	
		
		
		
		
		
		
	

Figure 6: Normalized photoluminescence of ZnO and ZnO: Al films.




































































	
	
	
	
	
	
	
	
	
	
	
	
	


	
	
	
	
	
	
	
	
	
	
	
	


	
	
	


	
	
	
	
	
	


	
		
			
		
			
		
	


	
		
			
				
			
				
			
		
	


	
		
			
				
			
				
			
		
	


	
		
		
	
	
		
	
	
		
	

Figure 7: Schematic representation of defects in ZnO and ZnO: Al films. The red arrows indicate the diffusion of excess oxygen to the ZnO grain due to the presence of Al atoms.


The PL study of ZnO and ZnO: Al films can help us to understand the photocatalytic activity of the films. First, we can see that the undoped film has already a large amount of structural defects that introduce electronic levels within the band gap. These levels facilitate the electron transport from the valence band to the conduction band and can explain the weak activity under white light illumination. On the other hand, the Al doped ZnO films, in addition to the intrinsic defects—such as 
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—also have Al atoms that provide an extra electron, which contributes to the reduction of the O2 dissolved in the aqueous medium and form the superoxide radical 
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, which in turn contribute to the formation of hydrogen peroxide on the semiconductor surface [20]. All these radicals produce the decomposition of the dye. This is the reason for the significant increase of the photocatalytic activity. However, the degradation of the dye without any light in presence of the ZnO: Al films could be attributed to high mobility of the extra electrons provided by the Al atoms, that migrate to the surface of the semiconductor and start the formation of 
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 radicals (it should be pointed out that ZnO: Al has been used as transparent conductive oxide due to its high free carrier concentration and mobility [31, 32]). Considering the change in morphology of the doped films, that present higher roughness and more contact area, the number of reactions that can take place also increases, producing a high discoloration of the dye even without light.
4. Conclusions
The present work compared the photocatalytic activity of pure and aluminum doped ZnO films under white light, sunlight, and UV illumination. ZnO films showed good degradation efficiency under UV and sunlight and barely degraded using white light. However, the Al doped ZnO films not only increased three times the photocatalytic activity of ZnO under UV and sunlight, but also degraded the dye under white light and even in the dark. The degradation of the dye using white light is explained due to the intrinsic defects (such as 
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) in ZnO matrix that facilitates the charge transport between bands. This charge transport is enhanced by the aluminum atoms that provide an extra electron, which is able to migrate to the semiconductor surface even without needing a photon. The electron migration can start the formation of radicals that decompose the dye molecules, explaining the unexpected activity without illumination. The photocatalytic ability of the ZnO: Al films allows the development of a low cost, high efficiency, and environmentally friendly material for water treatment applications using sunlight.
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