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Abstract

:

In this work, CdS/ZnO composite nanofibers (NFs) were prepared by the electrospinning of a sol–gel comprised of poly(caprolactone), zinc acetate dihydrate, cadmium acetate dihydrate, and ammonium sulfide. The electrospun NF mats were calcined under vacuum in an argon (Ar) atmosphere at 200 °C for 1 h. Standard physiochemical analysis techniques demonstrated the formation of the crystalline hexagonal phase of CdS and ZnO. Composite NFs showed good photocatalytic degradation of methylene blue (MB) dye under visible light irradiation compared to their counterparts. CdS nanoparticles, ZnO nanofibers, and composite NFs photodegraded 35.5%, 47.3%, and 90% of the MB dye, respectively, within 100 min. The reaction kinetics of MB photodegradation using the composite NFs followed the pseudo-first-order relation. Owing to their facile preparation and good photodegradation ability, the proposed method can be used to prepare various photocatalysts for wastewater treatment.
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1. Introduction


Environmental pollution is currently considered to be one of the four major global issues [1,2]. This problem is exacerbated by increasing industrial development and its use of organic pollutants, which produce high amounts of organic contaminants [1,2,3]. Among these, methylene blue (MB) is one of the cationic dyes. It has many industrial uses, such as dyeing of silk, leather, plastics, paper, and cotton [4]. Various chemical and physical processes have been used to treat these contaminants. Among these processes, photocatalytic degradation using semiconductor materials is considered an advanced chemical process and an effective route to reduce the environmental pollution caused by industrial organic pollutants [5,6]. Various photocatalytic semiconductors have been applied to treat organic contaminants (e.g., ZnO, TiO2, CdS, and ZnS) [3,7,8,9,10,11,12,13,14,15,16,17,18,19]. Among them, nanocomposites based on ZnO and CdS have attracted special attention owing to their facile preparation in various shapes and sizes using different techniques (e.g., electrochemical deposition, hydrothermal synthesis, precipitation, and sol–gel process) [8,9,17,20,21,22,23,24]. In recent years, one-dimensional (ID) nanostructures have become important in various applications owing to their novel physical and chemical properties and enriched photocatalytic activities arising from their unique geometrical structures [2,6,25,26,27,28]. Among ID nanostructures, nanofibers (NFs) have received particular consideration owing to their high surface area, high axial ratio, good mechanical properties, and exceptional physical properties [18,19,29,30,31]. Moreover, compared to other nanostructures, NFs exhibit easy electron transfer, which can enhance the photodegradation process [18,32,33]. Electrospinning (ES) is the most common procedure for the production of NFs, owing to its ease, cost effectiveness, great yield, and efficiency [17,34,35]. Most of the processes used to prepare pure CdS consist of an in situ chemical process and are performed at low temperatures to prevent CdS oxidation. Guorui et al. [6] prepared ID CdS/ZnO core/shell NFs using an ES technique for the production of hydrogen from water splitting. They calcinated electrospun NF mats in an oxygen atmosphere at high temperature to remove the poly(vinylpyrrolidone) (PVP) polymer substrate and form crystalline CdS/ZnO. However, their results indicated the formation of cadmium sulfate rather than cadmium sulfide, which could have been due to the high calcination temperature in the oxygen atmosphere. To avoid the formation of cadmium sulfate, Bishweshwar et al. [36] synthesized CdS-doped TiO2 nanoparticle (NP)-decorated carbon NFs as a proficient photocatalyst for the removal of organic waste product. The photocatalyst was prepared at high temperature under an Ar atmosphere using PVP. They reported the formation of carbon NFs doped with pure CdS-doped TiO2 NPs. Under these conditions, PVP converted to carbon NFs. The formed NFs mainly consisted of carbon and showed a low-light transfer to the surface of the photocatalyst. In order to overcome this issue, a low-temperature decomposition polymer and an inert atmosphere to avoid the sulfide oxidation are required.



In this study, we prepared CdS/ZnO composite NFs by the ES of a solution consisting of poly(caprolactone), zinc acetate dihydrate, cadmium acetate dihydrate, and ammonium sulfide. The electrospun NF mats were calcined under vacuum at 200 °C for 1 h. This low temperature was sufficient for removal of poly(caprolactone) and the formation of crystalline NFs. To our knowledge, no study on the use of this procedure to prepare composite NFs has been published. The prepared composite NFs exhibited good photocatalytic action in the degradation of MB dye in visible light.




2. Results and Discussions


2.1. Structure and Morphologies of the Prepared NFs


Figure 1a depicts the FE-SEM micrographs of the electrospun NFs after vacuum-drying. As exhibited in Figure 1a, the produced composite NFs are smooth and bead-free. After calcination, composite NFs are still smooth, but pearls appear in the fibers (Figure 1b). This may be due to the agglomeration of CdS NPs during calcination. The EDX analysis results shown in Figure 2 indicate that the composite NFs contain only Zn, Cd, O, and S, with contents of 73.6 wt.%, 6.9 wt.%, 17.1 wt.%, and 2.4 wt.%, respectively, as detailed in Table 1. The obtained values are close to the theoretical feed ratio, which confirm that the preparation of the composite NFs was successful.



Figure 3 shows the powder X-ray diffraction (XRD) patterns of the as-prepared ZnO NFs and composite NFs. As illustrated in Figure 3a, there are standard ZnO NFs diffraction peaks, which indicate the construction of the hexagonal wurtzite structure of ZnO (Sp.Gr P63mc (186), JCPDS 36-1451). As shown in Figure 3b, the composite NFs lead to the appearance of additional peaks corresponding to the formation of the hexagonal crystalline structure CdS (Sp.Gr Fm43m (216), JCPDS 10-454) [25,37]. Figure 4a–c shows TEM, high-resolution TEM, and TEM-EDX images of the synthesized composite NFs. As shown in Figure 4a, the NF surface is smooth. Figure 4b indicates the occurrence of clear parallel atomic planes owing to the formation of crystalline composite NFs. The indexes and labels in Figure 4b indicate clear lattice fringes on the composite NFs, where the spacings are 25 and 35 nm, corresponding to (110) plane of ZnO and (111) plane of CdS, respectively; these measurements reveal that the prepared composite NFs have excellent crystallinity. The crystallinity was confirmed by the line-EDX analysis (Figure 4a). As shown in Figure 4c, the NFs contained only Zn, Cd, O, and S, and the Cd and S have a similar distribution, confirming the formation of crystalline composite NFs.



Figure 5 shows the UV−Vis absorption spectra of the CdS NPs, ZnO NFs, and composite NFs. The optical band gap energies (Eg) of the CdS NPs, ZnO NFs, and composite NFs were estimated using the following equation:


(αhυ)2 = A (hυ−Eg)



(1)




where A is the proportionality constant, a is the absorption coefficient, h is Planck’s constant, and ν is the frequency of light [11]. The inset in Figure 5 shows the Tauc plots, in which the Eg values were obtained by extrapolating the linear portions of the curves near the onset of the absorption edge to the energy axis. The Eg values of the CdS NPs, ZnO NFs, and composite NFs were determined to be 2.35, 3.23, and 2.45 eV, respectively, which match the values reported in the literature [2].




2.2. Photodegradation Study


The photocatalytic performance of the composite NFs on the degradation of MB under visible light irradiation was compared to those of the pristine ZnO NFs and CdS NPs, and the results are reported in Figure 6. As shown in the figure, the photodegradation ratios of MB under visible light irradiation after 100 min were 90%, 47.3%, and 35.5% for composite NFs, ZnO NFs, and CdS NPs, respectively. Furthermore, the photodegradation ratio of MB in the absence of photocatalyst was lower than 15%. The reaction kinetics of MB photodegradation were evaluated using the following pseudo-first-order linear regression relation:


ln (Co/C) = kt



(2)




where k is the rate constant, and t indicates time. The fitting of the experimental data of ln Co/C as a function of the degradation time yielded straight lines, and the value of k was calculated from the slope of this line. Table 2 shows the values of k obtained for the composite NFs, pristine ZnO NFs, and CdS NPs. As shown in Table 2, the obtained values of k are 0.024182, 0.005527, and 0.005297 min−1 for composite NFs, ZnO NFs, and CdS NPs, respectively. The high photocatalytic performance of the introduced composite NFs can be attributed to the following reasons: (1) The formation of the heterojunction between the CdS NPs and ZnO NFs led to the decrease in the band gap of ZnO, which was indicated by the faster transport of the charge carriers as a result of the decreasing recombination rate of the photogenerated electron–hole pairs, thereby increasing the number of reactive species for the MB degradation. (2) The composite NFs provide a large surface area, thereby increasing the number of active sites and consequently enhancing the interaction of photogenerated charge carriers with the adsorbed molecules and forming hydroxyl and superoxide radicals, which can decompose the organic molecules [3,19].



Figure 7 illustrates the charge transfer and separation mechanism that supports the high photocatalytic activity of the coexistence of CdS and ZnO under visible light irradiation. The photocatalytic decolorization of MB in aqueous solution is initiated by the photoexcitation of the composite NFs under visible light leading to an easier transfer of the excited electrons from the conduction band (CB) of CdS to that of ZnO. This is due to the CB of ZnO (ECB = −4.61 eV) being lower than that of CdS (ECB = −3.98eV). However, the valence band (VB) of ZnO (EVB = −7.37 eV) is more negative than that of CdS (EVB = −6.38 eV), which may also lead to hole transfer from the VB of ZnO to that of CdS [2,5,38]. The photogenerated holes in CdS produce hydroxyl radicals (OH•) due to the reactions of the holes in CdS with water molecules. The migrated electrons on the CB of ZnO produced superoxide radicals (O2−•). The superoxide radicals react with holes and water and produce large numbers of hydroxyl radicals in the solution, which are considered strong oxidizing agents to decompose the organic pollutants in wastewater [39]. The photodegradation of MB under visible light mainly depends on the hydroxyl and superoxide radicals [40]. The photocatalytic degradation mechanism of the MB dye in our experiment is shown below.




	
At the CB



	
e− + O2 → O2−•



	
O2−•+H2O →HO2•+ OH−



	
HO2•+ H2O →H2O2 + HO•



	
H2O2 → 2OH•



	
At the VB



	
h++ OH− → OH•



	
OH•+ MB dye → Degradation of MB dye into (CO2+H2O).










3. Experimental


3.1. Preparation of CdS/ZnO Composite Nanofibers


The electrospun precursor solution was prepared as follows. First, 1 g Zn(CH3COO)2·2H2O (ZnAc, 98%, Sigma-Aldrich) was dissolved into 3 mL of N,N-dimethylformamide (DMF, reagent grade, 98%, Sigma-Aldrich). Second, 15 mL of 7.5 wt % poly(caprolactone) (PCL, Mw = 80,000 GPC, 98%, Sigma-Aldrich) was added to this solution and was stirred for 3 h at 50 °C to ensure proper mixing and form a clear sol–gel. Third, 0.1 g of Cd(CH3COO)2 2H2O·(CdAc, 98%, Aldrich) was dissolved in 3 mL of dimethylformamide (DMF), followed by the drop-wise addition of 0.05 mL of (NH4)2S (40–48 wt % solution in water, Sigma Aldrich) to the solution, still being stirred, to ensure the adequate distribution of cadmium sulfide (CdS) NPs. The obtained colloidal solution was stirred for a further 5 h. As reported in our previous work, lab-scale ES was used to prepare the NFs from the formed colloid solution. Typically, the formed colloidal solution was electrospun (lab scale with single-nozzle basic-level ES machine) at the high voltage of 20 kV between the needle and the rotating cylinder to charge the solution via a needle. The needle tip-to-collector distance was kept at 15 cm. The produced composite NFs were collected on a polyethylene sheet and subjected to vacuum-drying at 50 °C for 24 h, followed by heating at 200 °C for 1 h at a heating rate of 2.3 °C min−1 in an Ar atmosphere.




3.2. Characterization


The morphology and crystallinity of the composite NFs were analyzed using SEM (Hitachi S-7400, Tokyo, Japan) and X-ray diffraction (XRD, Rigaku Co., City, Japan), respectively. The morphology of the composite NFs was also examined by TEM (TEM-2200FS, JEOL Ltd. Tokyo, Japan) furnished with an EDX spectroscopy system functioning at 200 kV (JEOL Ltd., Tokyo, Japan) to verify the chemical structure of the composite NFs.




3.3. Photocatalytic Activity Measurements


The experiments of photodegradation of the dye solution were performed in a photoreactor (Enviolet GmbH, Karlsruhe, Germany) using a visible light source. Typically, 0.05 g of each photocatalyst was separately added to the reactor for every 100 mL of dye solution. The prepared NFs were stirred with the dye solution for 50 min before operating the light source to establish an adsorption/desorption equilibrium amongst dye molecules and the surface of the photocatalyst. A sample was taken every 2 min for analysis using a UV spectrophotometer to measure the change in the dye concentration. A control experiment without any photocatalyst was also carried out. The degradation of the MB dye was examined by measuring the difference in the absorption peak at 664 nm. The percentage of the dye that was photodegraded was measured using the following equation:


Percentage of degradation = (Co − C) / Co × 100



(3)




where Co is the initial dye concentration, and C is the dye concentration at time t.





4. Conclusion


We have successfully synthesized CdS/ZnO composite nanofibers from a low-degradability polymer by employing a facile electrospinning technique at low temperature under a vacuum atmosphere. The composite NFs show a good nanofibrous structure after calcination. The composite NFs consist of the crystalline hexagonal phase of CdS and ZnO. The addition of CdS NPs reduced the band gap of ZnO NFs in the composite NFs. The composite NFs showed a higher MB dye photodegradation ability under visible light than pristine ZnO NFs and CdS NPs. The reaction kinetics of MB photodegradation of the composite NFs followed the pseudo-first-order relation. Furthermore, the composite NFs showed higher rate constants compared to pristine ZnO NFs and CdS NPs. Due to its facile preparation, this method can be used to prepare efficient photocatalysts for wastewater treatment.
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Figure 1. SEM images of the prepared composite nanofibers (NFs) (a) before calcination and (b) after calcination. 
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Figure 2. EDX spectrum of the prepared powder after calcination at 200 °C for 1 h. 
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Figure 3. XRD patterns of the (a) ZnO NFs and (b) nanocomposite NFs obtained after calcination at 200 °C for 1 h. 






Figure 3. XRD patterns of the (a) ZnO NFs and (b) nanocomposite NFs obtained after calcination at 200 °C for 1 h.



[image: Catalysts 10 00417 g003]







[image: Catalysts 10 00417 g004 550] 





Figure 4. TEM analysis results for the calcined NFs. (a) Scanning TEM image for one NF along with the line-EDX analysis results. (b) High-resolution TEM image. (c) Line analysis for the TEM-EDX results for the line in panel (a). 
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Figure 5. UV–Vis absorption spectra of the (a) ZnO NFs, (b) composite NFs, and (c) CdS nanoparticles (NPs); the insets show the Tauc plots. 
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Figure 6. Comparison of the methylene blue (MB) photodegradation efficiency under visible light irradiation of the CdS NPs, ZnO NFs, and CdS NP-doped ZnO NFs. 
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Figure 7. Schematic representation of the proposed mechanism for the photocatalysis of composite NFs. 
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Table 1. Elemental composition of CdS nanoparticle-doped ZnO nanofibers by EDX.






Table 1. Elemental composition of CdS nanoparticle-doped ZnO nanofibers by EDX.





	
No.

	
Element

	
Weight (%)

	
Atomic (%)






	
1

	
O

	
17.1

	
45.9




	
2

	
S

	
2.4

	
3.2




	
3

	
Cd

	
6.9

	
2.6




	
4

	
Zn

	
73.6

	
48.3




	
Total

	
100.0

	
100.0
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Table 2. Comparison of the values of rate constant for different photocatalysts.
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	No.
	Photocatalyst
	Rate constant (k, min−1)





	1
	Without
	2.145 × 10−3



	2
	CdS NPs
	5.297 × 10−3



	3
	ZnO NFs
	5.527 × 10−3



	4
	Composite NFs
	2.4182 × 10−2











© 2020 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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