

  jcs-04-00049




jcs-04-00049







J. Compos. Sci. 2020, 4(2), 49; doi:10.3390/jcs4020049




Article



Synthesis of N-Doped ZnO Nanocomposites for Sunlight Photocatalytic Degradation of Textile Dye Pollutants



Rowshon Kabir, Md. Abu Khalid Saifullah, Abrar Zadeed Ahmed, Shah Md. Masum and Md. Ashraful Islam Molla *[image: Orcid]





Department of Applied Chemistry & Chemical Engineering, Faculty of Engineering & Technology, University of Dhaka, Dhaka 1000, Bangladesh









*



Correspondence: ashraful.acce@du.ac.bd







Received: 27 March 2020 / Accepted: 4 May 2020 / Published: 8 May 2020



Abstract

:

Undoped and N-doped ZnO nanocomposites are produced by a simple and low-cost mechanochemical method. The characterizations of all nanocomposites are examined by X-ray diffraction (XRD), Fourier transform-infrared (FT-IR), scanning electron microscopy (SEM) and UV-Vis-NIR spectroscopy. The XRD measurements show that the crystal sizes of undoped and N-doped ZnO nanocomposites are ~29 and ~28 nm, respectively. The UV-Vis-NIR spectroscopy results illustrate that the transmittance of the 7 wt% N/ZnO in the visible and infrared region is a bit higher than the undoped ZnO. The photocatalytic activity of undoped and N-doped ZnO nanocomposites is investigated for the degradation of Methylene Blue (MB) and Rhodamine B (RhB) aqueous solution with direct sunlight irradiation. The photocatalytic degradation percentages with 7 wt% N/ZnO for 5 and 10 mg/L MB dye solution are found to be 93.70% and 98.11%, respectively, whereas 78.40% and 89.15% degradation percentages are found with undoped ZnO, after 3 h sunlight irradiation. Under the same conditions, the photocatalytic degradation value of RhB dye (10 mg/L) solution is measured to be 86.21% for 7 wt% N/ZnO and 64.75% for undoped ZnO. The N-doped ZnO nanocomposites are found to exhibit enhanced photocatalytic performance for both dyes’ degradation under sunlight irradiation in comparison with the undoped ZnO. Therefore, the photocatalytic degradation treatment of wastewater including dye pollutants with sunlight is an easy and simple technique, and cost-effective.
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1. Introduction


Semiconductor photocatalysts have been employed to degrade organic dye pollutants because of their intrinsic properties [1]. Apart from various semiconductors, zinc oxide (ZnO) is one kind of the important semiconductor photocatalysts because of its unique advantages, such as low price, high photocatalytic activity, stability and nontoxicity [2]. ZnO is considered to be the first choice semiconductor photocatalyst due to its large quantum efficiency [3]. It can be applied for adsorption, solar cells, field emission devices, lithium-ion batteries, pressure transducers and photocatalysis [4,5,6]. Several studies have reported the effectiveness of ZnO for photocatalytic degradation of organic compounds such as textile dye [7]. Photocatalytic degradation of the toxic dyes using solar energy has attracted considerable interest for environmental protection [8]. However, owing to the large energy band gap (3.3 eV), ZnO can be only activated under UV light radiation [9]. Hence, to harvest more solar energy for photocatalysis, it is urgent to reduce the band gap of the ZnO. Doping with nonmetals can be considered as a feasible approach to improve its utilization of solar energy and charge separation efficiency [10,11]. Among nonmetal dopants, nitrogen (N) is emerging as a key dopant element in different semiconductor oxides [12]. It is reported that the N atoms doping effectively improves the light absorption of ZnO in the visible range [13]. Klingshirn et al. have proved that N impurities act as shallow acceptors in ZnO thin films and bulk crystals [14].



Different methods have been developed to synthesize N-doped ZnO (N/ZnO) including the sol-gel process [15], hydrothermal process [16], wet chemical process [17], chemical vapor deposition [18], mechanochemical process [19] and high-energy milling [20]. The combustion reaction is a simple method for synthesizing N-doped ZnO which does not involve complicated, strictly controlled conditions and special equipment [21]. N/ZnO has been proven to be a good photocatalyst in the degradation of various organic dyes [22]. Prabakaran et al. have synthesized N/ZnO nanocomposites using a hydrothermal method and studied the photocatalytic degradation of methylene blue under UV and visible light [23]. Sudrajat et al. have prepared N/ZnO nanoparticles through a combustion reaction and investigated their application on the degradation of methylene blue [7]. Ma et al. have fabricated the N/ZnO photocatalysts via a simple heat-treatment and studied the photocatalytic activity [24].



The main purpose of this paper is to synthesize N-doped ZnO through a mechanochemical combustion reaction. Different weight percentages of urea have been used as a dopant source due to its low cost and easy handling. Furthermore, the photocatalytic ability of N-doped ZnO samples has been evaluated for the degradation of methylene blue (MB) and rhodamine B (RhB) under sunlight.




2. Materials and Methods


2.1. Chemicals


The samples were synthesized using zinc acetate dihydrate (Zn(CH3COO)2·2H2O), oxalic acid dihydrate (COOH)2·2H2O) and urea (H4N2CO). Methylene blue (C16H18ClN3S) and Rhodamine B (C28H31ClN2O3) dye were employed in the photocatalytic degradation experiment. All of the chemicals were obtained from Merck (Darmstadt, Germany). All of the analytical grade chemicals were used without any purification. Deionized water was used for the preparation of solutions.




2.2. Synthesis Method


The controlled combustion method was used to synthesise the doped and N-undoped ZnO nanocomposites. Firstly 2.195 g of zinc oxalate dihydrate and 2.521 g of acetic acid were taken in an agitate mortar and ground for 10 min to produce Zn(CH3COO)2·2H2O and (COOH)2·2H2O paste. The existence of acetic acid was observed by the presence of its typical smell. Then, for the doped ones, urea was added as a source of nitrogen and the grinding process continued for a further 10 min to obtain the precursor. The undoped and N-doped ZnO crystallites were obtained by calcination of the precursors at a temperature of 500 °C for 3 h under atmospheric conditions [25].




2.3. Characterization


The diffraction patterns of the as-synthesized samples were collected using a powder X-ray diffractometer (XRD, Ultima IV, Rigaku Corporation, Akishima, Japan) employing Cu Kα radiation (λ = 0.15406 nm, 40 KV, 1.64 mA) in 2θ angle range from 5° to 70°. The morphologies of undoped and N-doped ZnO were recorded with a scanning electron microscope (SEM, JSM-6010 PLUS/LA, JEOL Ltd., Tokyo, Japan). The chemical structures of the as-synthesized nanocomposites were studied using a Fourier transformed infrared (FTIR) spectrophotometer (IR Prestige-21, SHIMADZU, Tokyo, Japan) while the optical absorption spectra of the samples were measured by a UV–Vis-NIR spectrophotometer range from 300 nm to 1100 nm.




2.4. Evaluation of Photocatalytic Activity


The photocatalytic activities of undoped and N-doped ZnO nanocomposites were examined by the degradation of MB and RhB dye in aqueous solution under sunlight irradiation at ambient temperature. Typically, 30 mL of MB (5 and 10 mg/L) solution and 20 mg of synthesized photocatalyst were added to a 100 mL beaker as shown in Figure 1. Experiments were conducted under similar conditions on a sunny day between 11:00 and 14:00. To equilibrate the suspension, a magnetic stirrer was used in the dark for 30 min. Then, the suspensions in the beakers were kept in sunlight for different time intervals. About 3 mL MB solution was withdrawn and separated with an Advantec membrane filter 0.45 μm. The MB concentration was calculated using UV–visible spectrometry (UV-1700 Pharma Spec, SHIMADZU, Kyoto, Japan). The relative MB concentration (C/C0) was determined at the relative absorbance (A/A0) of λ = 662 nm, according to the Beer-Lambert law, where A0 and A were the absorbance of aqueous MB at a starting time (t0) of photocatalytic degradation and at any time t, respectively. The photocatalytic degradation of RhB (10 mg/L) solution was similar to that of MB except that the detection wavelength was 554 nm.





3. Results and Discussion


3.1. XRD Patterns Study


Figure 2 displays the XRD patterns of undoped and N-doped ZnO nanocomposites. All the diffraction peaks can be indexed to the hexagonal wurtzite structure of ZnO (JCPDno.36-1451), proving that the resulting samples are pure ZnO [26]. It is obvious that the (100), (002) and (101) planes possess the highest intensities, indicative of an isotropic growth of the as-prepared ZnO. The diffraction peaks of the N-doped ZnO nanoparticles are also in good agreement with those of hexagonal ZnO (JCPDScard36-1451) and are almost identical to that of the pure ZnO, indicating that the N atoms have been doped in the ZnO crystal and no new phase has been formed [27]. The particle sizes of the undoped and N-doped ZnO nanocomposites have been obtained from the full width at half maximum (FWHM) of the most intense peaks of the respective crystals using the Scherrer equation, D = 0.9λ/βcosθ, where λ is the X-ray wavelength, D the average crystallite size, θ the Bragg diffraction angle and β the full width at half-maximum. The crystal size of undoped and N-doped ZnO nanocomposites can be estimated as ~29 and ~28 nm, respectively.




3.2. SEM Study


Figure 3 presents the surface morphologies of the undoped and N-doped ZnO nanocomposites evaluated by SEM with different magnifications. The synthesized undoped ZnO is heterogeneous and distributed over the surface with the rod shape branches of building blocks shown in Figure 3a. As shown in the SEM image, N-doped ZnO nanocomposites are irregular structures and have a high degree of agglomeration. After doping N, the surface of N-doped ZnO particles becomes relatively smooth. The morphologies of N-doped ZnO nanocomposites are moderately different from the undoped ZnO. The average size of the particles observed by SEM is in the nanometer range, which is consistent with the XRD results. The particle size of N-doped ZnO seems to be smaller than that of undoped ZnO. This is also compatible with the XRD results.




3.3. FT-IR Spectral Study


Figure 4 illustrates the FTIR results of undoped and N-doped ZnO nanocomposites. The IR spectra demonstrate that the zinc oxide absorption band with a stretching mode of Zn−O is between 400 cm−1 to 590 cm−1, which corresponds to the hexagonal ZnO wurtzite crystal structure [28]. The stretching in the Zn–O bond is observed at around 480 cm−1 for N-doped ZnO whereas bond stretching appears at 441 cm−1 for undoped ZnO. After N doping, the Zn−O stretching peak splits into two components which are ascribed to the variation of the oxygen defect density [29]. The splitting degree of the Zn−O peak of N/ZnO is higher than that of ZnO; a higher density of oxygen defects in N/ZnO is expected. The oxygen defects, such as oxygen vacancies, are known to serve as electron traps which suppress electron-hole recombination [30], and thus are beneficial for improving the photocatalytic activity.




3.4. UV-Vis-NIR Study


Figure 5 illustrates the UV-Vis-NIR spectroscopy results of undoped and N-doped ZnO nanocomposites. As shown in Figure 5, the transmittance of the 7 wt% N/ZnO in the visible and infrared region is slightly higher than those of the ZnO. The higher transmittances of the ZnO than those of N/ZnO nanocomposites in the UV region are attributed to the higher band gap energy of ZnO than that of N/ZnO [31].




3.5. Photocatalytic Dye Degradation


Undoped and N-doped ZnO were used in the presence of sunlight for the degradation of MB and RhB to evaluate the photocatalytic performance. The effect of the dopants in the photocatalytic degradation of MB and RhB is depicted in Figure 6. The degradation percentage increases with increasing the amount of N doping, and 7 wt% doping in ZnO shows the highest degradation of dye. From Figure 6a, for 5 mg/L MB dye solution the photocatalytic degradation percentage with 7 wt% N/ZnO is 93.70% where the percentage without doping is 78.40% under sunlight irradiation within 3 h. Again for 10 mg/L MB dye solution, the photocatalytic degradation percentage with 7 wt% N/ZnO is 98.11% where the percentage without doping is 89.15% after 3 h sunlight irradiation. Under the same conditions, the degradation percentage of RhB dye of 10 mg/L solution is 86.21% with 7 wt % N/ZnO and 64.75% with undoped ZnO. The photodegradation percentage for MB and RhB dyes is congruous with the UV-Vis-NIR spectroscopy results. Furthermore, the N-doped ZnO nanocomposites are found to exhibit enhanced photocatalytic activity for both dyes’ degradation under sunlight irradiation in comparison with the undoped ZnO. This is due to the improvement of the crystallinity of the N-doped ZnO nanocomposites, which can suppress the recombination of the photogenerated electrons and holes [27].




3.6. Plausible Degradation Mechanism


The mechanism of the photocatalytic degradation of dye (RhB and MB) by N/ZnO with the sunlight irradiation is demonstrated in Figure 7. During the sunlight irradiation, the N/ZnO photocatalyst (3.1 eV) can easily absorb the light energy to create the conduction band electrons (eCB−) and valence band holes (hVB+) [8,23]. Then, the photoexcited eCB− interacts with dissolved oxygen (O2) to generate a superoxide radical (•O2−) [32]. Besides, the photogenerated hVB+ can directly oxidize the organic dye (MB and RhB) to form degradation products or can react with the water (H2O) to produce the hydroxide radical (•OH) [23,33]. Both radicals of •O2− and •OH are shown to be good oxidizing agents that readily attack the MB and RhB molecule to produce CO2 and H2O as end products. The plausible degradation reactions of dye (MB and RhB) with N/ZnO in the presence of sunlight in the photocatalytic system are described as follows [23,34].


ZnO + hν (Sunlight) → ZnO (eCB− + hVB+)



(1)






eCB− + O2 → •O2−



(2)






hVB+ + OH− → •OH



(3)






•O2− + Dye → Degradation products



(4)






•OH + Dye → Degradation products



(5)






hVB+ + Dye → Degradation products



(6)









4. Conclusions


N-doped ZnO nanocomposites have been synthesized using the mechanochemical method. The X-ray diffraction patterns of the samples show the formation of the ZnO phase as the main phase. The crystallite sizes of the samples confirm the nanometric sizes of the particles. The morphology reveals the formation of irregular shaped and soft agglomerates. From FTIR spectra, it is observed that the splitting degree of the Zn−O peak of N/ZnO is higher than undoped ZnO. In UV-Vis-NIR spectroscopy, the transmittance of the 7 wt% N/ZnO in the visible and infrared region is slightly higher than that of undoped ZnO. Hence, 7 wt% N/ZnO shows better photocatalytic dye degradation under sunlight irradiation. The photocatalytic degradation value of MB and RhB dye with N-doped ZnO is measured to be 98.11% and 86.21% respectively, after 3 h of sunlight irradiation. Therefore, the solar photocatalytic degradation technique may be a very effective method for the treatment of wastewater, including removing dye pollutants and improving the water quality of various natural sources.
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Figure 1. Schematic diagram of the reactor for photocatalytic degradation of dye. 
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Figure 2. XRD patterns of undoped and N-doped ZnO nanocomposites. 
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Figure 3. SEM images with different magnifications (a,e) ZnO, (b,f) 1% N/ZnO, (c,g) 5% N/ZnO and (d,h) 7% N/ZnO. 
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Figure 4. FTIR spectra of undoped and N-doped ZnO nanocomposites. 
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Figure 5. UV−Vis−NIR spectra of undoped and N-doped ZnO nanocomposites. 
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Figure 6. Percentages of photocatalytic degradation after 3 h’ sunlight irradiation for (a) MB and (b) RhB dye. 
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Figure 7. Schematic diagram of photocatalytic degradation mechanism of dye (RhB and MB) by N/ZnO with the sunlight irradiation. 
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