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Abstract

:

Photocatalysis is proven to be the most efficient and environmentally friendly method for the degradation of organic pollutants in water purification. To meet the requirement of large-scale water treatment, there are two important points: One is the lifetime and chemical stability of the photocatalyst material, especially in the complex and harsh aqueous conditions. The other is the ease of synthesis of such photocatalysts with specific nano-morphology. In this work, two common photocatalyst materials, zinc oxide (ZnO) and titanium dioxide (TiO2), are selected to form more sustainable photocatalysts with high chemical stability. This involves the combination of both TiO2 and ZnO in a two-step simple synthesis method. It appears advantageous to exploit the conformal deposition of atomic layer deposition (ALD) to achieve nanometer-thick TiO2 coating on ZnO nanowires (NWs) with a high aspect ratio, which are firmly anchored to a substrate and exhibit a large specific surface area. The high chemical stability of the ALD TiO2 coating has been investigated in detail and proven to be effective under both strong acid and strong alkaline aqueous solutions. In addition, photocatalysis experiments with organic dyes show that via this simple two-step synthesis method, the produced ZnO/TiO2 tandem photocatalysts does indeed exhibit improved chemical stability in a harsh environment, while allowing efficient photodegradation.
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1. Introduction


The combined effects of the growing human population, climate change, and increasing pollution are placing significant pressures on water resources. Water scarcity is steadily rising and has now become an urgent global issue. Thus, the development of new hygienically friendly water purification technologies has become urgent in order to ensure the sustainability of humanity’s water supplies. One of the more sustainable solutions for water purification is the photocatalytic process, a non-selective organic pollutant degradation technique using solely solar energy and requiring a wide-bandgap semiconductor photocatalyst, such as ZnO [1,2] or TiO2 [3,4], whose raw materials are abundant in nature and low-cost, and both have excellent photocatalytic properties. Both of these photocatalysts have been separately applied in water treatment research studies targeting wastewater with different organic pollutants [5,6]. However, in the real situation of water treatment, there are two main problems, resulting in the limitation of its development and large-scale application. One is the presence of an effluent that contains more complex pollutants and comprises a harsh aqueous condition, such as a strong acid or alkali solution environment. At the same time, the ease of synthesis of photocatalysts with a specific nano-morphology is another limitation for high-quality and large-scale water treatment applications.



The first problem has already been observed in many ZnO photocatalyst studies, wherein corrosion can cause damage to ZnO nanowires (NWs) during the photocatalysis process, thereby shortening their lifetime and decreasing device efficiency [7]. In addition, it has been reported that ZnO NWs can be damaged in harsh environments, such as in acidic or alkaline solutions [8]. In comparison, TiO2 has a better corrosion resistance performance than ZnO, which is thus one possible solution for water treatment, especially in harsh conditions.



Another problem comes with the complicated synthesis of a specific nanostructured photocatalysts. Normally, to increase the contact opportunity between the photocatalyst and the organic pollutant molecules to enable their degradation, and thus improve the photocatalytic efficiency of the device, photocatalysts are often employed in nanostructured form, such as nanoparticles [9], nanorods [10], or nanowires [11]. Nanostructured photocatalysts can be used by direct dispersion in water, such as with a powder [12]. However, once the purification is complete, the separation of the photocatalytic particles and purified water is far from easy, and it often requires further filtration of the effluents, adding significant time and energy costs, and reducing the yield of the water treatment process. To avoid those additional steps, an alternative solution is to rely on a surface substrate supporting nanowire arrays with a high surface-to-volume ratio. This strategy has been frequently used and proven as an efficiency-enhanced photocatalyst [13]. Compared to TiO2, whose NWs are usually synthesized in free form and dispersed in a growth solution, substrate-supported ZnO NW arrays can be easily synthesized onto a surface by chemical bath deposition such as a hydrothermal method. Such an alternative appears as a more environmentally friendly growth solution [14] and leads to ZnO NWs that are firmly anchored to the substrate, hence significantly reducing the risk of the detachment of the nanostructures to the surrounding environment. This is one of the reasons why ZnO NWs have drawn the attention of the research community, not only for their photocatalytic properties but also for their superior performances in different application fields, such as piezoelectric energy harvesting [15], photovoltaic solar cells [16], and chemical sensors [17,18].



Therefore, the targeted technical solution for effective water purification needs to simultaneously meet the following two conditions: (i) robust chemical resistance in the photocatalysts is needed to increase its lifetime; (ii) simple synthesis of the photocatalysts, which can be achieved on a solid substrate while maintaining a high surface-to-volume ratio, so as to achieve an effective chemical reaction rate. To meet all these requirements, a thin protective TiO2 coating applied by atomic layer deposition onto the simple hydrothermally synthesized ZnO NWs could be straightforward, since atomic layer deposition (ALD) can produce conformal nanometer-thick coatings on all kinds of surfaces [19]. Several studies have reported that such an ALD TiO2 coating can be successfully applied to ZnO nanoparticles [20,21] and ZnO nanocrystallite [22] for different applications, such as dye-sensitized solar cells [23] and solar-powered hydrogen gas harvesters [24]. For this reason, we expect a TiO2/ZnO tandem photocatalyst to have robust chemical resistance under harsh conditions, while maintaining its high photocatalytic performance.



In this work, a TiO2/ZnO tandem photocatalyst is used for its high aspect ratio, together with its considerable chemical stability under strong-pH aqueous conditions, which is crucial in water purification applications. The structure and morphology of the original ZnO NW samples with different TiO2 coating thicknesses are compared before and after exposure to a solution with pH limit values, using high-resolution scanning electron microscopy (HR-SEM). The chemical compositions of the different TiO2-ZnO tandems and their uniformity are assessed using energy-dispersive X-ray (EDX) analysis integrated into the HR-SEM system. Finally, the photodegradation of organic dye under UV light illumination using TiO2-coated ZnO NWs is investigated for different TiO2 coating thicknesses, with a focus on efficiency and chemical stability.




2. Results and Discussion


2.1. Characterization Results


After synthesis, EDX analysis was used to characterize ALD TiO2-coated ZnO NW samples with different coating thicknesses, including 0 nm (bare ZnO NWs), 2 nm, 5 nm, and 10 nm. By focusing on a given position of the sample, the morphology and nanostructure as well as the composition of the sample can be obtained simultaneously at different positions. As shown in Figure 1, the EDX analysis with HR-SEM was carried out at three different positions on the ZnO NWs: bottom (●), middle (⯀), and top (▲). The observation points were 30 nm diameter spots on the sample’s surface. By comparing the chemical composition at these three different heights, the conformity of the TiO2 coating on ZnO NWs can be checked.



The schematic descriptions of the ZnO NWs with TiO2 coating in ideal cases with different thickness values are shown in Figure 1a1,b1,c1. For each thickness of the coating, since the purpose of the ALD coating on ZnO NW is to obtain a uniform film, we expect that all samples cover with the same thickness from top to bottom. However, the SEM characterization showed slightly different results than expected. From the SEM images shown in Figure 1a3,b3,c3, one can clearly see that the average diameter of bare ZnO NW is about 40 ± 10 nm, and the width of ZnO NWs gradually increases as the TiO2 coating thickness increases from 2 to 10 nm. A comparison with bare ZnO NWs shows that the 2 nm ALD TiO2 coating maintains the NWs’ high surface-to-volume ratio and good conformity. However, as the TiO2 coating thickness increases, it starts accumulating at the top of the ZnO NWs. The schematic descriptions of more realistic cases are shown in Figure 1a2,b2,c2. In order to compare the conformity and quality of different ALD TiO2 coatings, a coating coefficient R is defined in Equation (1), which is the ratio between the titanium and zinc atomic percentages for a given sample at a given position, where the titanium and zinc are provided by ALD TiO2 coating and ZnO NWs, respectively. For example, when one measures the bare ZnO NWs, the value of R should be 0.


  R =    number   of   Ti   atoms     number   of   Zn   atoms    × 100 %  



(1)







Then, the coating coefficient R is calculated at three different heights for all samples. The coating coefficient R of 2 nm and 5 nm TiO2-coated ZnO NWs samples remains essentially unchanged from the bottom to the top position, at around 6.5 and 13, respectively. This shows that the ALD TiO2 coatings cover the entire ZnO NW uniformly from bottom to top, as illustrated schematically in Figure 1a2,b2. The cross-section view SEM image of 5 nm TiO2-coated ZnO NWs shows their very similar behavior to 2 nm TiO2-coated ZnO NWs, which also indicates uniform coating (Figure S1, Supporting Information). When the coating thickness reaches 10 nm, the coating coefficient R from the bottom to the top is 16, 17, and 22, respectively. The R value at the top position is much larger than the R values at the middle and bottom, which confirms the morphological difference observed by HR-SEM of the sample shown in Figure 1c4. In addition, the EDX spectra of the samples with 2 nm, 5 nm and 10 nm TiO2 coatings are also presented in Figure 1d. To avoid the confusion caused by other elements attached to the sample during the measurement process, the spectra were normalized and only compared with the K-line for quantifying Zn and Ti, instead of the L-line. Zn Kα and Ti Kα peaks were present at about 8.63 keV and 4.508 keV, respectively. At these two positions, one can clearly see that the quantity of the Ti increases as the coating thickness increases, while the quantity of the Zn remains the same. By comparing the R value shown in Figure 1e, we see that as the TiO2 coating thickness increases, the ALD TiO2 coating starts to accumulate on the top of the ZnO NWs, which also reduces the uniformity of the coating in the middle and bottom positions.




2.2. Stability in Harsh Chemical Conditions


After characterization, an experiment was conducted to evaluate the stability of the TiO2/ZnO tandem photocatalysts under harsh aqueous conditions with different pH values. Sulfuric acid and sodium hydroxide were diluted in distilled (DI) water to prepare solutions from pH 3 to pH 11. Each sample was submitted to the pH solution bath for 30 min at room temperature and then rinsed with DI water three times to remove the residual pH solution. Severe damage was observed on a bare ZnO nanostructure at pH values lower than 4 and higher than 10. Thus, for the following study, pH 3 and pH 11 are chosen as harsh chemical conditions to compare the chemical corrosion resistance of bare ZnO NWs and TiO2-coated ZnO NWs.



After exposure to the pH solution, SEM examination of each sample was carried out to compare the morphologies of samples with different TiO2 coating thicknesses. The effect of the pH aqueous solution on TiO2-coated ZnO NWs also has been tested from pH 3 to pH 11 (See details in Figure S2, Supporting Information). As shown in Figure 2a2, significant damage to the nanostructure of bare ZnO NWs is observed after exposure to a pH 3 solution bath. With the increase in the ALD TiO2 coating’s thickness, there is an obvious protective effect. With a 2 nm TiO2 coating, parts of the samples can survive the acid solution. For samples with 5 nm and 10 nm TiO2 coating, this protective effect of the TiO2 coating is steadily improved, and almost all samples can withstand a pH 3 solution bath. In the alkaline solution test, the sample was less affected and damaged than in the acidic solution, and even the exposed non-coated ZnO NWs maintained their pristine nanostructure after treatment in a solution at pH 11.



In Figure 3a–c, three SEM images of the same sample under different magnifications are shown along with a schematic to illustrate the protective effect of the ALD TiO2 coating on ZnO NWs. The whole sequence illustrates what happens in a specific region of the sample that is exposed to mechanical damage (Figure 3d). In those specific damaged regions only, the NWs are broken, and consequently, there is no more protective TiO2 coating on the topmost part of the broken NWs. This lack of protective TiO2 coating caused the ZnO NWs to react with the acid solution, eventually resulting in the complete dissolution of the ZnO NWs’ core. Only the ALD TiO2 shells were left, which appear translucent on the left side of Figure 3c. In contrast, in the absence of mechanical damage (right side of Figure 3c and other regions of the sample, except those with stripes), all the ZnO NWs protected by a fully conformal coating remained intact, and appear opaque in the SEM image.




2.3. Photodegradation of Organic Dye for Water Purification


UV-Vis spectroscopy was used to evaluate the photodegradation efficiency of the organic dye MB (Certistain®, SigmaAldrich, Burlington, MA, USA), which is one of the most common pollutants in industrial wastewater [25], and the process of the photodegradation experiment was basically the same as in our previous research [26,27]. The evolution of the MB concentration has been assessed by absorption spectroscopy at 665 nm, corresponding to the strongest absorption peak. The photodegradation efficiency at each sampling time is expressed by Equation (2):


  η =  |     A 0  −  A t     A 0     |  × 100 %    



(2)




where A0 and At are the intensities of the absorption peaks of the original solution and the treated solution (in arbitrary units) after UV exposure, and the photocatalysis process was suspended during the sampling. The recorded spectra are given in Figure S3 of the Supporting Information.



As shown in Figure 4a, the best photodegradation efficiency of MB was obtained with samples of bare ZnO NWs. Almost 100% degradation was achieved using such bare ZnO NWs in less than 120 min, while the samples with TiO2 ALD coatings showed slower degradation kinetics and required longer reaction times to achieve the 100% degradation of MB. To evaluate the kinetic degradation loss, a characteristic time constant τ has been defined, as the time needed to achieve 63.2% degradation efficiency (η = 1 − 1/e). As the thickness of the TiO2 coating on the ZnO NWs increased from 0 (bare ZnO NWs) to 10 nm, the characteristic time constant τ also increased, to values of 43, 83, 106, and 91 min, respectively. This indicates that the ALD TiO2 coating on ZnO NWs is very useful for ensuring chemical robustness; it also has the side effect of weakening and limiting the degradation process.



In fact, the catalytic activity of ZnO catalysts is slightly higher than that of TiO2. Even though the bandgaps of titanium and zinc oxide are very similar, the mobility of the charge carriers of ZnO is higher (by a factor of 100) than that of TiO2 [28,29]. At the same time, the decreasing of the effective surface-to-volume ratio could also be another reason behind the reduction in TiO2-coated ZnO photodegradation efficiency. In addition, the formation of the ZnO-TiO2 interface may prevent the separation of charge carriers, thereby increasing the electron–hole recombination rate and hence affecting the photocatalytic activity. However, as the thickness of the ALD increased, the photodegradation efficiency was shown to exhibit a slight increase. This can be explained as TiO2 is another well-known photocatalysis material that also contributes to the degradation of the MB. The band gap measurements of the samples also confirm the contribution of the 10 nm TiO2 coating to ZnO NWs (Figure S4, Supporting Information). In fact, the results show that the band gaps of the ZnO NWs, as well as the 2 nm and 5 nm TiO2-coated ZnO NWs, remained almost unchanged, at around 3.18 eV, whereas the band gaps of the 10 nm TiO2-coated ZnO NWs were around 3.21 eV. After 180 min of reaction, the degradation rate of MB reached 100%, 97.24%, 89.02%, and 92.20% for 0 nm, 2 nm, 5 nm, and 10 nm, respectively.



Since the ALD TiO2-coated ZnO NWs have some weakening effect on the degradation efficiency, we explored another strategy to further increase the photodegradation efficiency of the TiO2-coated ZnO NWs. It has been already proven that in the photocatalysis process, oxygen vacancies can be used as important adsorption and active sites, thereby affecting the efficiency of photodegradation [30]. Depending on the different methods, the oxygen vacancies formed at different positions have different effects on electric charge separation [31,32]. Considering that the photocatalysis degradation is almost entirely a surface chemical reaction process, annealing at 500 °C under vacuum for 1 h was applied to the samples in order to increase the surface oxygen vacancy. From Figure 4b1,b2, compared with before vacuum-annealing, increases in the tiny pore structure of the exposed ZnO nanowires can be observed, and these are probably formed by the oxygen vacancy under the vacuum conditions. However, when vacuum-annealing was applied to the 2 nm TiO2-coated ZnO NWs samples, as shown in Figure 4b3,b4, there is no obvious increase in the tiny pore structure of the samples. In Figure 4c, one can see the photodegradation efficiency of the samples with different TiO2 coating thicknesses before and after annealing. The ZnO NWs samples coated with 2 nm and 5 nm TiO2 exhibit better photodegradation efficiencies after annealing, of 100% and 98.83%. In order to evaluate the formation of defects in the sample, the photoluminescence spectrum was recorded before and after vacuum-annealing (Figure S5, Supporting Information), which shows a good agreement with the increase in oxygen vacancy defects benefiting from the vacuum-annealing process. The introduction of surface oxygen vacancies can not only form a defect state under the conduction band of the photocatalyst to reduce the bandgap and increase the absorption of visible light, but it can also serve as a trapping center for photogenerated electrons in order to inhibit the recombination of photogenerated electron–hole pairs, thereby improving the photocatalytic [33]. For the bare ZnO NWs sample, the dynamic degradation efficiency was slightly lower than previously. This difference might be due to the different processes of oxygen vacancy formation. When the concentration of oxygen vacancies is greater than a given threshold, the oxygen vacancies behave as charge recombination centers, and reduce the mobility of free charges and photocatalytic activity [34].





3. Experimental Section


3.1. Sample Fabrication and pH Solution Preparation


All the photocatalyst samples were synthesized in a simple 2-step method. Firstly, the ZnO NWs samples were prepared via a hydrothermal synthesis method slightly adapted from our previous works [14].



Then, a uniform and conformal coating of TiO2 can be deposited on the ZnO samples via a precise chemical vapor deposition process at 300 °C. A first titanium tetrachloride (TiCl4) precursor was injected into the reactor for 0.2 s. This was intended to be adsorbed by the sample’s surface until saturation. Then, the reactor was purged with nitrogen (N2) gas long enough to remove any trace of titanium tetrachloride. A purge duration of 6 s was used. Next, water was injected into the reactor for 0.2 s to start the self-limiting reaction with the titanium tetrachloride. Finally, the reactor was purged again with nitrogen for 6 s to finish the first deposition cycle. This cycle was repeated to reach the targeted TiO2 thickness. The sample information is listed in Table 1.



To test the protective effect of the ALD TiO2 coating in both acid and alkaline aqueous environments, a series of aqueous solutions with different pH values was prepared to simulate harsh aqueous conditions. Sulfuric acid and sodium hydroxide were diluted into the DI water to prepare solutions with different pH values from pH 3 to pH 11. Each sample was submitted to the pH solution bath for 30 min at room temperature and then rinsed with DI water three times to remove the residual pH solution.




3.2. Characterization and Photodegradation Experiment


For characterization, EDX analysis (HR-SEM) was used to characterize ALD TiO2-coated ZnO NW samples using a Zeiss Merlin Field Emission Scanning Electron Microscope operating at 5 kV (Oberkochen, Germany).



For the photodegradation experiment, MB (methylene blue) was dissolved in deionized water at a concentration of 10 µmol L−1. The dye solution was then placed beneath a UV light (Hamamatsu LC8, Janpan, 4500 mW/cm2, λ = 365 nm) with a vertical incidence, and the distance between the surface of the solution and the light source was 10 cm; therefore, the received irradiation on the solution surface was about 35 mW/cm2, measured by a UV light meter (Lutron, Taiwan, UV-340A). Photodegradation was carried out in dynamic mode, i.e., under slight magnetic stirring to enhance the mass transport in the solution [27]. The photodegradation efficiency was recorded via the decrease in the absorbance of the solution over time, which was measured via UV-Vis spectroscopy (Lambda 35, Perkin Elmer, Waltham, MA, USA).





4. Conclusions


In summary, an investigation is reported on a simple two-step synthesis method that can provide high-aspect ratio TiO2/ZnO tandem photocatalysts, with the aim of enhancing their lifetime and chemical stability under harsh aqueous solution pH conditions, with applications mainly in water purification. It is demonstrated that the ALD TiO2 coating offers a sustainable protective layer thanks to its good conformity on the ZnO NWs’ surface, even with a thin TiO2 coating. With the help of EDX analysis via HR-SEM measurements, this study also revealed that as the coating thickness increases, the coating starts to accumulate on the top surface of the ZnO NWs, which limits the conformal coating on the middle and bottom positions, leading to an optimal value of around 5 nm for the TiO2 coating. There is no doubt that even for pH 3 solutions, the ALD TiO2 coating has a significant protective effect on ZnO NWs; in particular, when there are no mechanical defects in the coating, the protected ZnO NWs remain intact. The photodegradation efficiency of different thicknesses of TiO2-coated ZnO NWs has also been tested, whereby the TiO2-coated ZnO NWs were shown to undergo a slight reduction when the TiO2 coating thickness increased, compared to bare ZnO NWs. We finally proved that this degradation efficiency reduction can be minimized by simple vacuumannealing. Although more research is needed to reveal the photocatalytic mechanism of TiO2-coated ZnO NWs, our findings will provide a good reference for researchers interested in using ZnO NWs for practical applications.
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Figure 1. Characterization of TiO2-coated ZnO NWs. (a1,b1,c1) Schematic descriptions of the ZnO NWs with TiO2 coating in ideal cases with different thickness values and (a2,b2,c2) more realistic schematic descriptions. (a3,b3,c3) Cross-section SEM images showing the morphologies as well as the 3 different measurement positions from bottom to top. (a4,b4,c4) Top-view SEM images. (d) EDX spectra of the top position recorded on the 2 nm, 5 nm, and 10 nm TiO2-coated ZnO NW samples. (e) The histogram of the Ti/Zn atomic ratio for different positions, bottom, middle, and top, on each of the 3 samples. 
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Figure 2. SEM images of the effect of TiO2 coating thickness on ZnO NWs in strong acid/alkaline aqueous solutions. 
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Figure 3. (a–c) Zoomed SEM views of 10 nm ALD TiO2 coating on ZnO NWs after bathing in pH 3 aqueous solution for 30 min. (d) A schematic of the protective effect of the TiO2 coating. 
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Figure 4. (a) Comparison of the photodegradation efficiency of MB among the different TiO2 coating thicknesses from 0 to 10 nm. (b) The SEM photos of the ZnO NWs before (b1) and after vacuum-annealing (b2), 2 nm TiO2-coated ZnO NWs before (b3) and after vacuum-annealing (b4). (c1–c4) Comparison of photodegradation efficiency of different samples before and after vacuum-annealing. 
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Table 1. Sample information.
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	Sample ID
	Sample Content
	pH Solution Treatment





	a1
	ZnO NWs
	No treatment



	a2
	ZnO NWs
	pH 3



	a3
	ZnO NWs
	pH 5



	a4
	ZnO NWs
	pH 9



	a5
	ZnO NWs
	pH 11



	a6
	ZnO NWs + 2 nm ALD TiO2
	No treatment



	a7
	ZnO NWs + 2 nm ALD TiO2
	pH 3



	a8
	ZnO NWs + 2 nm ALD TiO2
	pH 11



	a9
	ZnO NWs + 5 nm ALD TiO2
	No treatment



	a10
	ZnO NWs + 5 nm ALD TiO2
	pH 3



	a11
	ZnO NWs + 5 nm ALD TiO2
	pH 11



	a12
	ZnO NWs + 10 nm ALD TiO2
	No treatment



	a13
	ZnO NWs + 10 nm ALD TiO2
	pH 3



	a14
	ZnO NWs + 10 nm ALD TiO2
	pH 5



	a15
	ZnO NWs + 10 nm ALD TiO2
	pH 9



	a16
	ZnO NWs + 10 nm ALD TiO2
	pH 11
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