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Abstract

:

Doping processes for optical materials are one of the driving forces for developing efficient and clean technologies for decontamination of aquatic effluents through lowering their band gap energy to become effective in sunlight. The current study has used a non-conventional technique for doping zinc oxide by multi metals, non-metals and organic dyes through a one-step process. In this trend, Zn-Al nanolayered structures have been used as hosts for building host–guest interactions. Organic dyes that have inorganic species of iron, nitrogen and sulfur have been used as guests in the intercalation reactions of Zn-Al layered double hydroxides. By intercalating green dyes, organic–inorganic nanohybrids were formed as nanolayered structures with expanding interlayered spacing to 2.1 nm. By changing the concentration of green dyes and thermal treatment, series of nanofibers and nanoplates of zinc oxides were formed and doped by aluminum, iron and sulfur in addition to colored species. The optical properties of the multi-doped zinc oxide indicated that it became suitable for solar applications because its band gap energy decreased from 3.30 eV to 2.80 eV. The experimental and kinetic results of the multi-doped zinc oxide concluded that the colored pollutants were effectively removed during 50 min of sunlight irradiation.
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1. Introduction


A sustainable society is currently a target for scientific communities. It aims at the remediation of ecosystems and biomes through developing efficient and clean technologies for decontamination of aquatic effluents. In this trend, heterogeneous photocatalysis is known as an efficient and clean technique for decontamination of aquatic effluents, since it uses light energy as a driving force for full conversion of organic compounds to carbon dioxide and water. However, the photo-active materials used in these processes still have weak points that limit the potential capability of using this technique on a large scale, such as a low visible light absorption and high recombination of photo-generated charges [1]. Recently, using sunlight and semiconductors, photocatalytic degradation of colored pollutants appears to be a good solution for cleaning water from dyes [2,3].



Dindar and Icli [4] had studied the photocatalytic activity of different semiconductors such as zinc oxide, iron oxides and titanium dioxide through degradation of phenol under visible light. They indicated that zinc oxide showed higher efficiency than the other semiconductors for phenol degradation in presence of sunlight. This indication was confirmed through the advanced oxidation of pulp mill bleaching wastewater using zinc oxide and titanium oxide semiconductors. Zinc oxide was found to be more efficient than titanium oxide [5,6]. In many countries such as Saudi Arabia, where ample sunlight is available, a photocatalysis technique using sunlight will be preferable and cheap because solar energy containing 4% ultraviolet radiation and 43% visible light is inexhaustible and free [7,8,9]. However, the large band gap energy of 3.37 eV is the main disadvantage of ZnO that absorbs wavelengths below 400 nm for excitation. Another drawback of zinc oxide is that photo-generated electron–hole pairs recombine again within nanoseconds leading to low photocatalytic activity [10]. Also, Wang et al. [11] and Zhou et al. [12] confirmed that the fast recombination rate of the photo-generated electron–hole pairs of zinc oxide and the low quantum yield in the photocatalytic processes in aqueous solutions obstruct commercialization of the photocatalytic degradation process. Therefore, it is a great challenge and necessary to enhance the visible-light activity of zinc oxide through shifting its absorption threshold from the region of UV light to the region of visible-light. In addition, a reduction of the recombination rate of photo-generated electron–hole pair can induce an effective photocatalyst in sunlight. In order to solve the problems of zinc oxide, different products and several techniques were applied and reported. Doping processes with transition elements, morphological changes, nanomaterials formation [13], combining with carbon nanotubes [14] and introducing surface defects [15] were proposed as suitable solutions for preventing the drawbacks of zinc oxide photocatalysts. In this trend, nanoparticles [16], nanorods [17], nanotubes [18], and nanowires [19] were prepared to increase the optical properties and activity of zinc oxide. Recently, Diguna, et al. [20] concluded that the optical and photodetection properties of ZnO improved through preparing its nanoparticles from Zn Dross.



Doping of zinc oxide with transition elements is one of the best solutions for solving the problems of ZnO to act as effective photocatalysts [21,22,23,24,25]. Strong scientific efforts have been achieved to attain such a goal during recent years by synthesizing nanomaterials or introducing intrinsic and extrinsic dopants to ZnO structure to improve its optical properties through increasing the carrier concentration in the photocatalysis process. Intrinsic dopants can be produced through lattice defects such as oxygen vacancies or zinc interstitials. The other way is the introduction of trivalent atoms inside a zinc lattice to act as extrinsic dopants.



Sheriff et al. [26] indicated that the addition of sulfur inside ZnO could improve the charge separation by suppressing the electrons and holes recombination process. Also, the addition of Al and Ag inside ZnO films was studied by Adeel et al. for the photocatalytic degradation of colored pollutants under UV irradiation exhibiting high photocatalytic degradation of rhodamine blue and methylene blue [27]. N-doping process for ZnO nanospheres was achieved by Atul et al. through micro-emulsion method to produce very active photocatalysts in the visible light [28]. In addition, several studies were carried out for producing transparent thin films of ZnO and the doped ZnO with Al and Fe to be useful for solar cell and photocatalytic applications [29,30,31,32,33,34].



Our previous research [7] concluded that the Al-doping process has positive effect for improving photocatalytic activity of ZnO. Thus, the current research aims to improve the photocatalytic activity of ZnO structure by multi-doping process through an unconventional technique. In the conventional methods [35], one or two elements are used as a dopants for ZnO and this is achieved through multi-steps. However, it is difficult to obtain a homogenous distribution for both dopants in the matrix of ZnO in this way. Therefore, many researchers avoid using multi dopants for ZnO.



The current study has used an unusual approach for inserting Al, Fe and sulfur in addition to green dyes inside ZnO structure. It was achieved through host–guest interaction. The host was produced by inserting Al with Zn inside the nanolayers of layered double hydroxides. Layered double hydroxides (LDH) are of specific importance because they have nanolayered structures containing various kinds of metals and different species of non-metal with an order arrangement in their layers [36,37,38]. In this way, cationic nanolayers containing Zn and Al were formed having positive charges. Green dyes were used as guests. These guests which are anion and contain iron, nitrogen and sulfur as inorganic elements in addition to organic species have been used as spacers between the nanolayers. By host–guest interaction, organic–inorganic nanohybrids were formed in ordered arrangements through nanolayered structures. This strategy allows combining different metals and non-metals with zinc oxide structure in special arrangements in the nano scale producing nanocomposites and a nanohybrid based on zinc oxide structure, aiming to increase its ability for suppressing charge recombination and narrowing its band gap energy [39].



In the current study, a series of nanohybrids which contain Zn-Al-dyes have been prepared using host–guest interactions. The structural properties of the prepared materials were measured by different techniques. The optical parameters and band gap energy were studied through a UV/VIS/NIR spectrophotometer through the diffuse reflectance technique. The photocatalytic activity of the doped samples was measured by photocatalytic decomposition of colored pollutants. In addition, a kinetic study of photocatalytic reactions was studied for all the prepared materials.




2. Materials and Methods


Urea, aluminum nitrate Al(NO3)3·9H2O and zinc nitrate Zn(NO3)2·9H2O were acquired from Sigma Aldrich (Sigma Aldrich, St. Louis, MO, USA). Series of nanohybrids were prepared through host–guest interaction. Zinc nitrate and aluminum nitrate were used as sources for building the host. A green dye (Naphthol Green B) was used as a guest. To prepare the first nanohybrid, zinc and aluminum nitrates were dissolved in one liter of deionized water for producing an aqueous solution (0.07 M). The molar ratio between zinc and aluminum was 3:1. A 0.5 mol of urea was added to the aqueous solution to act as a precipitant and pH-controller. The prepared solution was mixed with 1 g of Naphthol Green B under vigorous stirring. The aqueous solution was heated at 70 °C until PH = 9. The green product was washed and filtered by deionized water several times. This sample was coded by ZONH1. By decreasing the content of green dyes to become 0.5 g and 0.1 g, two other nanohybrids were prepared and coded by ZONH2 and ZONH3; respectively. The fourth sample was prepared without green dyes for comparison. It was called AZO.



The prepared samples were thermally treated at 500 °C for 6 h in presence of air. The rate of heating was 10 °C/min. The color of the samples changed from green color to yellow color. The codes of the samples became ZONH1-500, ZONH2-500 and ZONH3-500. To study the effect of temperature, the sample ZONH1 was calcined at 1200 °C.



One of the main tools widely used for determining the crystal structure of the prepared compounds is powder X-ray diffraction. The results of X-ray diffraction were recorded by Bruker-AXS, Karlsruhe, Germany with Cu-K radiation (λ = 0.154 nm). Energy-dispersive X-ray spectroscopy is an analytical technique used to probe the composition of solid materials. Energy-dispersive X-ray spectroscopy measurements were carried out using an Electron Probe Micro analyser JED 2300. Fourier transform infrared spectroscopy (FTIR) is one of the molecular vibrational spectroscopic techniques for both quantitative and qualitative analysis. FTIR is used to investigate the structural bonding and chemical properties of compounds through recording on a Perkin Elmer Spectrum 400 over the wave number range 425–4000 cm−1. Thermal gravimetric analysis (TGA) was carried out in a TA thermogravimetric analyzer (series Q500, TA Company, New Castle, PA, USA) under N2 atmosphere to a maximum temperature of 800 °C. The morphology and size of the synthesized product were measured by scanning electron microscopy (SEM) with a model JSM-6330F, 15 kV/12 µA, JEOL Company, Tokyo, Japan. The transmission electron microscopy (TEM) was carried out at room temperature JEM 2100F with acceleration voltage of 200 kV. By a diffuse reflectance technique, a UV/VIS/NIR Shimadzu 3600 spectrophotometer attached with an integrating sphere ISR-603 (Shimadzu, Columbia, MD, USA) measured the optical properties of the solid materials. In order to determine the concentration of liquid samples, the same UV-Vis spectrophotometer was used to measure the absorbance of the colored samples.



By photocatalytic degradation of Naphthol Green B (NGB), the photo-activity of the prepared samples was determined in sunlight. In the current research, the aqueous solution of NGB was prepared to have a low concentration 4 × 10−4 M. Then, it was mixed with 0.1 g of the prepared sample to be well-dispersed in the solution. When the initial concentration of dye is low, the intensity of the measured spectrum of the dye is proportional to the concentration of the dye according to the law of Beer–Lambert. The mixture was irradiated by sunlight. The irradiation area is 10 cm2. Every 10 min of radiation in sunlight, a certain amount of the dye was extracted to measure its concentration by using UV-Vis spectrophotometer. By comparing the calculated area of the typical peak of Naphthol Green B at 714 ± 10 nm before and after irradiation, the effect of the photocatalyst on the concentration of the green dye is determined. The photocatalysis processes of the current research were carried out in the sunlight of Saudi Arabia in the summer season (July) from the time 9:30 a.m. to 10:30 a.m.



It is known that sunlight consists of three major parts: (1) visible light, with wavelengths 400–800 nm, (2) ultraviolet light, with wavelengths shorter than 400 nm, and (3) infrared radiation, with wavelengths longer than 800 nm. In Saudi Arabia, there is a plenty amount of sunlight. The spectrum of solar UV light is from 290 nm to 390 nm. This spectrum is divided into two parts; the wavelengths covering 320 to 390 nm are referred to as UV-A and 290 to 320 nm as UV-B [40]. In the eastern region of Saudi Arabia, the maximum recorded hourly mean irradiance UV radiation was 28 W/m2 in July.




3. Results


3.1. Host–Guest Interactions for Building Nanohybrids


Layered double hydroxides have been used for doping zinc oxides with aluminum through nanolayered structures. The characteristic peaks of the sample AZO are observed in Figure 1a.



The powder X-ray diffraction pattern of AZO agrees with the data of hydrotalcite-like materials (JCPDS file No. 37-629) and fits entirely to the layered structure of Zn-Al LDH (JCPDS file No. 48-1022). The symmetric and sharp reflections are observed for the basal (003), (006) and (009) planes. Also, the asymmetric reflections are detected for non-basal (012), and (018) planes as shown in Figure 1a. The successive arrangements among the basal planes, i.e., d(003) = 2 × d(006) = 3 × d(009) for AZO, showed highly packed stacks of brucite-like layers. The lattice parameters (a,c) of AZO could be evaluated by XRD data. The lattice parameter ‘a’ could be calculated as two times the spacing for plane (110), i.e., 0.306 nm. It equals the average cation–cation distance within the brucite-like layer. The value ‘c’ corresponds to the summation of both the thickness of the brucite-like layer and the interlayer distance. It is commonly calculated as three times the spacing for plane (003), i.e., 2.28 nm. This value ‘c’ agrees with that reported for natural and synthetic hydrotalcite, 2.283 nm. The main peak of AZO was observed at 2θ = 11.6° corresponding with the d-spacing interlamellar value d(003) of Zn-Al LDH 0.76 nm as shown in Figure 1a. This value depends on the size of the interlayered anion in addition to the thickness of the brucite-like layers (0.48 nm).



By intercalating Naphthol Green B among the nanolayers of the sample AZO, new nanohybrid was produced through host-guest interaction. Figure 1b showed the XRD pattern of ZONH1. The original main peaks (0.76 nm and 0.38 nm) that belong to Zn-Al LDH (AZO) disappeared. In the same time, new peaks were observed at lower 2θ (2.1 nm, 1.1 nm and 0.7 nm) confirming formation of organic–inorganic nanohybrid. It means that the two-dimensional layers of Zn-Al confines the molecules of green dye instead of the inorganic anions. The interlayered spacing of the nanolayered structures increased and expanded depending on the thickness of the organic molecules. By comparing with the nanolayered structure of the LDH, the interlayered spacing of ZONH1 expanded from 0.76 nm to 2.1 nm after intercalation reaction with Naphthol Green B. Also, the order arrangement of the layered structures was observed by successive reflections of the basal planes, i.e., 2.1 nm = 2 × 1.1 nm = 3 × 0.7 nm. In the same time, the lattice parameter ‘a’ did not change (0.308 nm). However, the value ‘c’ increased to be 4.2 nm after the intercalation of Naphthol Green B in place of carbonates ions (2.28 nm). It confirms that the intercalation of Naphthol Green B was completed and the organic–inorganic nanohybrid was formed.



Thermal measurements were used in order to determine and compare the thermal behavior of the interlayered species inside the prepared nanohybrid with that in AZO LDH. The thermal behavior of both AZO and the nanohybrid was evaluated by thermogravimetric analysis (TGA) as shown in Figure 2. The TG curves showed that the thermal degradation of the interlayered species occurred with different rates of weight losses in several steps according to the nature of the interlayer anions.



In the case of the sample AZO, the total weight loss was 28 wt.% and occurred mainly in two steps as shown in Figure 2a. The TG curve showed that the first step is due to the removal of surface and intercalated water of LDH and their weight losses were 12 wt.%. The decomposition of carbonate anions and the dehydroxylation of layers were happened in the second step by losing 16 wt.% at 305 °C.



After intercalation reactions, the TG curve of the nanohybrid ZONH1 showed that it has three weight losses. 12 wt.% of water was lost in the first stage at 223 °C. By continuing heating above 223 °C, 30 wt.% of the nanohybrid was lost through two stages. 10 wt.% was removed at 336 °C and 20 wt.% was lost at 792 °C.



By comparing with the AZO LDH, the total weight loss of the nanohybrid ZONH1 increased from 28 wt.% to 42 wt.%. In addition, the degradation temperature of the interlayered species shifted to higher temperature after intercalating Naphthol Green B. The temperature of decomposition processes of LDH was continued up to 305 °C and in the case of the nanohybrid, it was 793 °C. According to the thermal analysis results, a complete formation for the nanohybrid was achieved by intercalating 30 wt.% of Naphthol Green B inside the interlayered spacing of the Al/Zn nanolayered structures.



The nature and symmetry of the interlayer anions of AZO and ZONH1 were identified by FTIR. FTIR spectra of AZO and ZONH1 are displayed in Figure 3.



The presence of hydroxyl groups of the nanolayers of AZO was confirmed by a broad absorption in the range of 3400–3600 cm−1. Figure 3a showed stretching mode of OH band for AZO LDH at 3467 cm−1 noting that the hydrogen bonds caused the extreme broadness of the OH band in addition to the clear shoulder peaks at 3000 cm−1. Also, these shoulder peaks are due to the O–H stretching mode of interlayer water molecules, hydrogen-bonded to interlayer carbonate anions [40,41]. The band observed at 1642 cm−1 is liable of the bending mode band of water molecules [38,42]. FTIR results indicated that the AZO LDH has two types of interlayered anions. Carbonate anions were observed by two bands at 1430 cm−1 and 1360 cm−1 that are due to the vibrational mode (ν3) of carbonate [38,41]. Also, the vibrational mode (ν1) of carbonate was observed as a weak band around 1081 cm−1. In addition, the sharp bands at 832 cm−1 and 887 cm−1 are ascribed to the vibrational mode (ν2) of carbonate anions. The bands at 738 cm−1 and 708 cm−1 are due to the vibrational mode (ν4) of carbonate anions [38,41]. Cyanate anions (NCO–) are demonstrated by a clear band in the region 2230–2105 cm−1 which is due to the vibrational mode (ν1) of cyanate as shown in Figure 3a [41,42].



The FTIR spectrum of ZONH1 is shown in Figure 3b and confirmed transformation of AZO LDH to organic–inorganic nanohybrid after its intercalation reaction with Naphthol Green B. Figure 3b shows that ZONH1 has the main peaks of LDH (HO-Zn-Al-OH) with absence of the peaks corresponding to carbonate and cyanate anions and appearing the characteristic peaks of the organic species. It shows peaks at 2950–2800 cm−1 indicating the γ-mode for C–H bonds. Also, the γ-mode for carbonyl group C=O was observed at 1610 cm−1. In addition, the presence of peaks at 1504 cm−1, 1492 cm−1 and 1434 cm−1 that are due to the γ-mode of double bonds C=C confirmed existence of the aromatic rings. The δ-mode for methyl group (-CH3) was observed at 1358 cm−1. The γ-mode for R-SO2-OH was detected at 1306 cm−1. Figure 3b shows a peak at 1212 cm−1 confirming the presence of Ar-O-CH3. The sulphonate group was detected by observing two peaks at 1124 cm−1 and 1036 cm−1 [43,44]. The lattice vibration modes of ZONH1 were observed by peaks at the low frequency region such as the Al-OH translation vibrations at 790 cm−1 and 554 cm−1 and for the Zn-OH at 613 cm−1 [45].



The morphology of the nanohybrid particles synthesized with green dyes is similar to that of the conventional LDH. As shown in Figure 4, the TEM images show plate-like morphology for the nanohybrid. Their sheets are aggregated together because of the hydrophobic behavior of organic species. Also, Figure 4 reveals that the dimensions of the plates are in the order of a few micrometers in width and the thickness is in the nano scale.




3.2. Multi-Doping Process of Zinc Oxide


Through hydrothermal treatment of the prepared nanohybrid at 500 °C and 1200 °C, the powder XRD patterns for the calcined nanohybrids ZONH1-500 and ZONH1-1200 are shown in Figure 5. It can be seen from Figure 5a, all the diffracted lines of the calcined nanohybrid at 500 °C are matching with the peaks of ZnO corresponding to the JCPDS Card No. 79-205. The reflections by various crystal planes agreeing with diffraction from different planes are equivalent to the hexagonal close packed structure of zinc oxide. The peaks broadness of ZONH1-500 is probably due to the nano-size effect.



When compared with the XRD pattern of the standard ZnO, the pattern of ZONH1-500 is clearly seen to be broad and the peak intensity decreases with the hybridization with organic species. In addition, there is no new peak observed in this pattern for the organic species. This indicates that disordering of the crystals of ZnO sample is supported by doping with the inorganic and organic species which produced from the decomposition of organic species. Decomposition reactions of the organic species are expected to occur at 500 °C, producing ZnO with low crystallinity. The low crystallinity may be due to expansion of crystalline planes in ZnO structure because of a possible slight intercalation of organic species in the ZnO crystals. From the XRD data and using the Debye–Scherer equation, the crystal size could be estimated. The mean crystallite sizes are shown in Table 1. It was calculated to be 8 ± 0.1 nm.



The size of the ZnO crystals suggests that the dopant atoms can combine with the ZnO structure in two ways; in interstice between zinc and oxygen atoms or in substitutional site instead of zinc atom. According to the reduction of the size to be 8 nm by our technique, we can expect that the combination process occurs through substitution because the addition of dopants should shrink the lattice appreciably. Note that the ionic radius of aluminum (0.53 Å) is smaller than that of zinc (0.60 Å), and is predicted by Vegard’s law [46]. Also, the preparation technique confirms this speculation as shown later in the discussion section.



In order to support the results of X-ray diffraction, transmission electron microscope was used to determine the crystallite sizes. TEM images showed that the nanolayers of the nanohybrid transformed to nanoparticles. At the same time, the assembling of nanoparticles to be nanofibers was also observed. Figure 6 depicts TEM images of the calcined nanohybrid ZONH1-500 indicating that it has nanoparticles-assembled nanofibers. It is clearly seen from Figure 6c,d that the sample is dominated by nanofibers with lengths of hundreds of nanometer and diameters ranging from 5 to 15 nm. The detailed high-magnification image, shown in Figure 6d, reveals that the surface of the nanofibers is microscopically rough and the rough surface consists of nanoparticles with the particle size less than 10 nm.



The EDX spectrum of the sample ZONH1-500 confirmed presence of iron and sulfur (Fe and S) which belong to decomposition of naphthol green B in addition to zinc and aluminum as shown in Figure 6e. This means that the produced zinc oxide from the decomposition of naphthol green B contains Fe, S and Al as dopants in the matrix of ZnO.



The XRD pattern of the annealed nanohybrid ZONH1-1200 is shown in Figure 5b. All the obtained diffraction lines of ZONH1-1200 were mainly identified as a wurtzite ZnO crystal. However, there is growth for new phase of ZnAl2O4 with randomly oriented polycrystalline. The percentage of ZnAl2O4 was 33%. These results indicated that the peaks of ZnO became stronger and the full width at half maximum (FWHM) of the diffraction lines became narrower when the calcination temperature was 1200 °C. The mean crystallite sizes of the ZONH1-1200 particles estimated from the main XRD peaks based on the Scherer equation was calculated to be 125 ± 0.1 nm.



TEM images and the EDX spectrum were examined in order to determine the morphology and size of ZONH1-1200. The TEM images and EDX spectrum of ZONH1-1200 are shown in Figure 7. The particles have an irregular shaped morphology and round shape morphology as well. The particle sizes of the round shapes are 100 nm while the size of the irregular shapes is 300 nm. The EDX spectrum clearly revealed that ZONH1-1200 has a zinc oxide structure (Cu and C signals from a TEM grid), which also indicates that Al, Fe and S are involved on the surface of ZnO nanoparticles.



By the same technique, the Al-doped ZnO (AZO-500) was prepared without naphthol green B after thermal treatment at 500 °C. Also, the series of the multi-doped zinc oxide (ZONH2 and ZONH3) were produced using lower concentrations of naphthol green B and thermal treatment at 500 °C. By comparing with the standard entire diffraction pattern of zincite phase (JCPDS 79-205) and wurtzite (JCPDS 57-1451) ZnO crystal, XRD patterns showed that AZO-500, ZONH2-500 and ZONH3-500 have zinc oxide structures as shown in Figure 8. Also, Figure 8 indicates that the dopants are homogenously dispersed in the matrix of ZnO because no peak observed for Al-species in all the calcined samples.



The characteristic peaks of zincite phase observed in the XRD pattern of the sample AZO-500 were broad and diffuse, Figure 8a, possibly because of the involvement of the amorphous structure of aluminum oxide inside the zincite phase. For the samples ZONH2-500 and ZONH3-500, the peaks of zinc oxide became clearer agreeing with the main sample ZONH1-500. SEM images showed that the samples ZONH-2 and ZONH-3 have nanoplates. These nanoplates have a self-assembly behavior to build flower-like structures as shown in Figure 9.




3.3. Optical Properties


In order to avoid the difficulties introduced by particle size or the physical state of the samples, the optical parameters were measured by UV–VIS–NIR diffuse reflectance technique [47].



This technique is considered a powerful tool for recording the UV-vis absorption spectra of the powder samples and providing important information about the band gap energy of the prepared nanomaterials. In case of the sample AZO-500, Figure 10a showed that the Al-doped zinc oxide which was prepared without green dyes, did not have obvious absorption in the range of visible region (400–800 nm) indicating that it is inactive with illumination of sunlight. At the same time, a strong UV absorption peak was observed beneath 400 nm which could be ascribed to the transition of electrons from the oxygen 2p level to the metal 4s or 4p level [48].



The nature and the value of the optical band gap energy (Eg) of the prepared samples can be calculated from the electronic excitation from the valence band to the conduction band. The fundamental formula which connects the incident photon energy (hν) and the absorption coefficient (α) can be observed in the following equation [42]:


(αhν)m = A(hν − Eg)



(1)




where the value m depends on the optical absorption process and the constant A characterizes the transition probability. According to the electronic transitions, the theoretical value of (m) is equivalent to 2 or ½ for direct allowed or indirect allowed, respectively.



The electronic transition of AZO-500 is a direct process from the oxygen 2p to the metal ns or np levels (n = 4 for Zn and n = 3 for Al) [49]. Thus, the band gap energy of AZO can be obtained by plotting (αhν)2 and (hν) and the straight line range of these plots can be extended to the (hν) axis to obtain the values of optical band gap of the samples at (αhν)2 = 0.



The band gap energy (Eg) value of AZO-500 at room temperature is 3.25 ± 0.01eV as shown in Figure 11a and Table 2. It is different from that of Al2O3 (Eg = 3.60 eV). By comparing with the ZnO (Eg = 3.30 eV), the band gap energy of the Al-doped ZnO was a slightly lower because of the dopant centers in the matrix of zinc oxide [7].



By a multi-doping process through green dyes, the optical properties of the multi-doped zinc oxides were gradually improved as shown in Figure 10 and Figure 11 and noticed in Table 2. Figure 10b showed shifting for the absorption edge of ZONH2-500 toward 600 nm leading to wider spectrum than that of AZO-500. At the same time, the maximum intensity of the absorbance of ZONH2-500 was observed to 350 ± 10 nm. Also, the band gap energy of ZONH2-500 decreased to become 3.15 ± 0.01 eV as seen in Figure 11b and Table 2. These results indicated that the first dose of multi-doping process started to improve the optical properties ZnO to be active in sunlight.



In case of the second sample ZONH3-500, Figure 10c revealed that the absorbance spectrum became wider. The absorbance edge expanded to cover the wavelengths from 200 nm to 650 nm. This wide range of absorbance suggests that ZONH3-500 may be effective in sunlight. By calculating the band gap energy of ZONH3-500, this speculation was confirmed through reduction of the band gap to be 3.00 ± 0.01 eV as shown in Figure 11c and Table 2.



These observations became clearer in the third sample ZONH1-500 as shown in Figure 10d. By increasing the percentage of the dopants, Figure 10d showed wider absorbance for ZONH1-500 with shifting the absorbance edge to higher wavelength. The band gap energy of ZONH1-500 decreased to be 2.80 ± 0.01 eV as shown in Figure 11d and Table 2. The low band gap energy indicates that the third sample may be optically active in sunlight. By comparing with the band gap energy of the sample AZO-500, band gap narrowing of zinc oxide was observed by multi-doping process and this narrowing is gradually increased by increasing the content of green dyes. This band gap energy narrowing can be clarified according to creating new levels in the band gap region by the defect states of the dopants. This speculation was supported by observing the gradual reduction of band gap energy with increasing the contents of dopants inside the matrix of zinc oxide.



According to these results, the samples of the multi-doped zinc oxides may be active in sunlight. Therefore, these samples were tested in sunlight and studied for photocatalytic degradation of industrial pollutants as shown below.




3.4. Effective Removal of Pollutants


To determine the photo activity of the multi-doped zinc oxides in the visible light, the photocatalytic degradation of the industrial pollutants (Naphthol Green B dyes; NGB) was investigated in the presence of water and one of the prepared samples ZONH2-500, ZONH3-500 or ZONH1-500 using sunlight as shown in Figure 12. In addition, the sample AZO-500 has used the same process for comparing with the photo activity of the multi-doped samples. In a blank experiment, a high stability was observed for the NGB in sunlight because the concentration of the green dyes did not change in sunlight.



The absorbance of the green solution of Naphthol Green B was measured to determine the concentration of the green dyes after interval times. Figure 12a shows that the photocatalytic degradation of NGB in the presence of the sample ZONH1-500 increased with increasing the irradiation time in sunlight. The complete removal and decolorization of the NGB were approximately accomplished after 50 min of sunlight irradiation as seen in Figure 12a. Figure 12b shows that 97.00% of the green dyes were removed by ZONH1-500 after irradiating for 50 min in sunlight. In case of using the other multi-doped ZnO, the removal percentages were above 90.00% in the same period. Figure 12b indicates that ZONH2-500 and ZONH3-500 removed 91.60% and 96.50% of the pollutants after 50 min of sunlight irradiation. By comparing with the Al-doped ZnO (AZO-500), the samples of multi-doped ZnO were more effective for photocatalytic degradation of the pollutants in sunlight. Figure 12b shows that 78.00% of the pollutants disappeared after 50 min of sunlight irradiation by the sample AZO-500. Also, compared with the results of the Al-doped ZnO nanoparticles that previously published for our laboratory, the multi-doped ZnO was very effective in sunlight. The complete removal of NGB was achieved after 6 h illumination of sunlight [7]. Following the same trend, our recent published data for the aluminum zinc oxide nanocomposite-coated carbon nanotubes indicated that the complete decomposition and decolorization of green dye were attained after 1.25–1.30 h of irradiation of UV light [50]. This means that the multi-doping process was very effective for improving the photo activity of zinc oxide and the Al-doped zinc oxide through decreasing their band gap energy.



This finding was confirmed through the kinetic study of photocatalytic degradation of NGB for AZO-500, ZONH1-500, ZONH2-500 and ZONH3-500 by the following equation:


ln (Co/C) = kt



(2)




where the absorbance of NGB at different times is C, the absorbance of NGB at t = 0 is Co and the process rate constant is k. Figure 13 shows the kinetic study of the photocatalytic degradation of NGB using the different prepared materials in the presence of sunlight through the plots of ln(Co/C) versus the irradiation time of sunlight.



From Figure 13, it could be inferred that the decolorization and the photocatalytic degradation of NGB by sunlight employing AZO-500 as a photocatalyst exhibited pseudo-first-order kinetic with rate constant 0.03 min−1. By using the multi-doped zinc oxides samples, the rate constant of ZONH2-500 and ZONH3-500 increased to become two times higher that of AZO-500. Figure 13 shows that the rates constant of the reaction using the samples ZONH2-500 and ZONH3-500 were 0.06 min−1 and 0.07 min−1. In the case of using ZONH1-500, the rate constant increased to become 0.12 min−1. This means that the rate of the reaction in presence of the multi-doped ZnO was four times faster than that using the Al-doped ZnO.





4. Discussion


In order to obtain unusual optical properties for zinc oxide which cannot be attained by conventional reactions, host–guest interaction has used to prepare an almost unlimited set of new compounds (organic–inorganic nanohybrids) with a large spectrum of known or unknown properties [51,52]. By this technique, zinc oxide was doped by Al, Fe, N, S and colored organic species through intercalation and confinement of Naphthol Green B inside two-dimensional layered structures.



The Zn-Al two-dimensional layered structure confines green dye that acts as a guest and is a source for different metals and non-metals in only one dimension. The molecules of green dyes are confined between two hard layers producing nanohybrids. The interlayered spacing of the nanolayered structures increased and expanded depending on the thickness of a guest species as shown in Figure 14.



By thermal treatment at 500 °C, the incorporation of inorganic particles such as Al, Fe, N and S with ZnO structure was achieved in the nano scale after decompositing the intercalated organic species. Also, it is an efficient way for a homogeneous dispersion of inorganic elements inside the structure of zinc oxide improving its optical properties. Also, the decomposition of organic species and production of a large amount of CO2 inside the interlayered spacing of the nanohybrids led to the formation of nanofibers because the lamellae produced by exfoliation of layered solids and having thickness of 0.48 nm decomposed under the effect of the inner high pressure of the evolved gases from the decomposition of green dye.



In this way, a series of the multi-doped zinc oxides was produced and they showed high performance as photocatalysts in sunlight. This high performance in the field of photocatalytic degradation of industrial pollutants could be explained by the reduction of band gap energy of zinc oxide from 3.30 ± 0.01 eV to 2.80 ± 0.01 eV [53].



In our previous study [7], the Al-doped zinc oxide, which had band gap energy of 3.23 ± 0.01 eV, showed complete degradation of Naphthol Green B after 6 h of irradiation of sunlight because of the small narrowing for the band gap energy from 3.30 ± 0.01 eV to 3.23 ± 0.01 eV.



In the current study, the multi-doped zinc oxide showed a complete degradation of the green dyes after 50 min because of the strong narrowing band gap energy of 2.80 ± 0.01 eV. This means that the doping by one metal (Al) showed a little effect for the band gap energy while the multi-doping process led to significant effects on the band gap energy. According to many body effects of dopants on the conduction and the valence bands, band gap narrowing was observed. Therefore, for the multi-doping process, band gap narrowing became large. Many body effects such as exchange energy due to electron–electron and electron–impurity interactions produced by the presence of dopants caused a red shift of band gap and affected the optical absorption edge of zinc oxide [7].



In the case of the normal effect of a photocatalyst [54], the photocatalytic processes depend on the excitation reaction of photo-active material (3):


Photocatalyst + Sunlight = e•− + h+ (hole)



(3)







According to the quality of the photocatalyst, the electrons in the valence band acquired enough energy (the photons of energy equal to, or higher than its band gap energy) to be excited and jump to the conduction band. At the same time, holes were produced in the valence band as shown in process (3). These electron-hole pairs produced strong oxidizing agents [55]. For the multi-doped zinc oxide, the low band gap energy led to accelerating the excitation reaction in sunlight. Accordingly, a large number of oxidizing agents was produced and destroyed the pollutants in a short time.




5. Conclusions


The current study has many objectives in the field of development of optical materials. The first objective focused on the production of advanced structures of zinc oxide nanofibers and nanoplates through non-conventional technique. These advanced structures were produced through doping zinc oxide with aluminum, iron, nitrogen and sulfur in addition to organic dyes through a one-step process. The second objective was conversion of zinc oxide to act as effective photocatalysts in sunlight. It was achieved by narrowing its band gap energy from 3.30 ± 0.01 eV to 2.80 ± 0.01 eV. Fast photocatalytic degradation of industrial pollutants was the third objective which was accomplished through accelerating the photocatalytic removal of green dyes from water using the multi-doped zinc oxide. By comparing with the Al-doped ZnO, the reaction rate of the photocatalytic removal of green dyes from water was four times faster in the case of using the multi-doped ZnO.



We concluded that many objectives such as a doping process with different transition elements with homogeneous dispersion, morphological changes, nanomaterials formation, and the introduction of surface defects could be achieved through a one-step process depending on host–guest interactions. By host–guest interaction, organic–inorganic nanohybrids were formed in order arrangements through nanolayered structures. This strategy allows combining different metals and non-metals with zinc oxide in special arrangements in the nano scale and producing advanced nanostructures. These advanced nanostructures of zinc oxide led to increase its ability to suppress charges of recombination, narrowing its band gap energy and producing effective photocatalysts in sunlight.
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Figure 1. X-ray diffraction (XRD) patterns of (a) AZO and (b) ZONH1. 
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Figure 2. Thermogravimetric analysis of (a) AZO and (b) ZONH1. 
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Figure 3. Fourier transform infrared spectra of (a) AZO and (b) ZONH1. 
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Figure 4. Transmission electron microscopy (TEM) images (a,b) and energy-dispersive X-ray (EDX) spectra (c,d) of the nanohybrid ZONH1. 
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Figure 5. X-ray diffraction patterns of: (a) ZONH1-500, (b) ZONH1-1200. 
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Figure 6. TEM images (a–d) and EDX spectrum (e) of the nanohybrid ZONH1-500. 
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Figure 7. TEM images (a–d) and EDX spectrum (e) of the nanohybrid ZONH1-1200. 
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Figure 8. X-ray diffraction patterns of: (a) AZO-500, (b) ZONH2-500 and (c) ZONH3-500. 
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Figure 9. Scanning electron microscope (SEM) images of: (a) ZONH2-500 and (b) ZONH3-500. 
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Figure 10. Ultraviolet–visible (UV-Vis) spectra of (a) AZO-500, (b) ZONH2-500, (c) ZONH3-500 and (d) ZONH1-500. 
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Figure 11. Band gap energy of (a) AZO-500, (b) ZONH2-500, (c) ZONH3-500 and (d) ZONH1-500. 
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Figure 12. (a) Absorbance spectra of Naphthol Green B after 50 min in sunlight using ZONH1-500 and (b) photocatalytic removal of Naphthol Green B in the presence of sunlight and the different prepared nanomaterials. 
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Figure 13. Kinetic study of the photocatalytic removal of Naphthol Green B in presence of sunlight and the different prepared nanomaterials. 
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Figure 14. Schematic representation for multi-doping process for zinc oxide. 
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Table 1. Average crystallite sizes calculated from X-ray results ZONH1-500 and ZONH1-1200.
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Sample

	
(2θ)

	
Area

	
Cry. Size (nm)

	
Av. Size (nm)






	
ZONH1-500

	
31.7 ± 0.1

	
127 ± 0.1

	
7.8 ± 0.1

	
8 ± 0.1




	
34.4 ± 0.1

	
85 ± 0.1

	
8.3 ± 0.1




	
36.2 ± 0.1

	
189 ± 0.1

	
7.8 ± 0.1




	
ZONH1-1200

	
31.7 ± 0.1

	
94 ± 0.1

	
132 ± 0.1

	
125 ± 0.1




	
34.4 ± 0.1

	
69 ± 0.1

	
123 ± 0.1




	
36.2 ± 0.1

	
171 ± 0.1

	
120 ± 0.1
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Table 2. Band gap energy calculated from the results of the UV-Vis spectra.
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	Scheme
	Band Gap Energy (eV)





	AZO-500
	3.25 ± 0.01



	ZONH2-500
	3.15 ± 0.01



	ZONH3-500
	3.05 ± 0.01



	ZONH1-500
	2.80 ± 0.01
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