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Abstract: Semiconductor photocatalysis is a novel highly efficient and low-cost method for removing organic pollutants from wastewater. However, the photoreduction performance of semiconductors on organic pollutants is limited due to the weak absorption of visible light caused by its wide band gap and low carrier utilization rate resulting from severe electron-holes recombination. In the present study, flower-like NH2-UiO-66 (NU66)/ZnO nanocomposites were prepared using a facile method and exhibited high efficiency under visible light driven photocatalysts. The X-ray diffractometer (XRD), scanning electron microscope (SEM), transmitor electron microscope (TEM), and X-ray photoelectron spectroscopy (XPS) were used to characterize the prepared samples, indicating that NU66/ZnO was successfully synthesized. The photocatalytic activity of the prepared NU66/ZnO nanocomposites was determined by measuring the photodegradation of methylene blue (MB) and malachite green (MG) under visible-light irradiation. The optimal nanocomposite loading of 5% wt NU66 to NU66/ZnO demonstrated the highest photocatalytic activity for the degradation of MB. The photocatalytic activity of a 5% NU66/ZnO composite was approximately 95-fold and 19-fold higher than that of NU66 and ZnO samples, respectively. The enhanced activity of the 5% wt NU66/ZnO nanocomposite was further confirmed through photoelectrochemical analysis. The formation of type II heterojunctions between the counterparts significantly suppressed recombination of the photogenerated charge carriers. Photocatalytic degradation experiments with different quenchers indicated that the effect of superoxide anion radicals (•O2−) had a greater effect than the other scavengers. Additionally, the improved photocatalytic mechanism underlying the activity of NU66/ZnO nanocomposites was also explored. These findings establish a basis for development of MOF based heterojunction for photocatalytic organic pollution remediation.

Keywords: Photodegradation; heterojunction; MOF; NH2-UiO-66; ZnO



1  Introduction

In recent decades, population growth and the industrialization process have increased the demand for organic dyes [1]. Organic dyes are mainly used in textile industries, ink production, chemical analysis, and ceramic industries resulting in the release of pollutants into waste water [2,3]. Organic dyes have a variety of biological effects, including toxicity and carcinogenicity, posing a major threat to ecological balance [4]. As a result, it is critical to find efficient ways for degrading organic dyes.

Current methods used for the elimination and degradation of organic dyes include adsorption, physical/chemical precipitation, biological methods, and photo-degradation [5]. These traditional methods, however, are incapable of removing organic pollutants from the roots. Semiconductor photocatalytic technology can be used to circumvent the limitations of conventional methods. Photocatalytic degradation of organic pollutants in water is a novel wastewater treatment technology, and several studies have verified its efficacy in wastewater treatment. Photocatalytic technology can directly utilize sunlight to achieve significant degradation of organic pollutants [6]. This novel technique exhibits the advantages of strong oxidizing ability and low cost. Therefore, photocatalytic degradation methods are recommended as environmentally friendly, cheap, and efficient [7,8]. Although the photocatalytic method is cost-effective, it has low photocatalytic efficiency. In addition, low efficiency caused by recombination of photo-generated electron-hole pairs and the high cost of photocatalysts limits the industrial application of solar-driven degradation. Moreover, it is also hampered by the low recyclability of the photocatalyst powder [9,10]. Therefore, it is imperative to explore green, cheap and efficient materials for photodegradation.

Several popular materials such as TiO2, ZnO, MoS2, PCN, and CNT have been explored as photocatalysts for photodegradation [11–13]. Among them, ZnO is extensively used as a photocatalyst owing to its safety, cheap, facile synthesis, and high stability [14]. ZnO can degrade organic dye pollutants into non-toxic and harmless substances (CO2 and H2O) under visible-light-driven photocatalysts. However, low solar energy utilization and a high risk of recombination charge carriers limit the photocatalytic degradation efficiency of ZnO. Therefore, ZnO must improve broad solar energy and reduce the recombination charge carriers modified with co-catalysts (Au, Pt, Ag, Ce, etc.) to establish heterojunctions such as CuO/ZnO, ZnS/ZnO, and RGO/ZnO [15,16], which is a universal strategy for improving photocatalysis performance [17–19].

Metal-organic frameworks (MOFs) have attracted significant attention for their potential as high-profile photocatalysts owing to their ability to develop a wide range of structures with high diversity [20]. The unique properties of MOFs can be attributed to their inorganic-organic hybrid compositions, in which the inorganic metal nodes can act as charge transmitters and the organic ligands are effective in harvesting solar light [21]. A recent study developed a Zr-MOF referred to as NH2-UiO-66 (NU66) with high stability [22]. Du et al. [23] fabricated NU66 as a photocatalyst for selective oxidation of alcohol and aqueous Cr reduction (VI). Zhang et al. [24] also designed an Ag/AgCl/NH2-UiO-66 hybridized heterojunction, which exhibited improved photodegradation efficiency. In addition, Zhao et al. [25,26] synthesized NH2-UiO-66/ZnIn2S4 (NU66/ZIS) composites and demonstrated increased charge transfer and separation efficiency. It further expands the NU66 application [27].

In the present study, a series of NU66/ZnO heterojunctions were developed using a facile hydrothermal method for photodegradation of MB and MG under irradiation with visible light. The composite exhibited high visible light absorption, more active sites, and a faster charge transfer rate. The optimized photodegradable activity of MB by NU66/ZnO was approximately 95-fold and 19-fold higher than NU66 and ZnO, respectively. EPR analysis showed that the superoxide anion radicals (•O2−) were the active species in the NU66/ZnO combination. The possible reaction mechanism of photodegradation of NU66/ZnO was investigated using UV‐Vis DRS, PL/TRPL, and photoelectrochemical analyses.

2  Materials and Methods

2.1 Characterization of the Samples and Reagents

The synthetic raw materials of the sample come from Sinopharm Chemical Reagent, including Zinc acetate dihydrate (≥99.0%), Ammonia water (25%–28% wt), Sodium borohydride (98%), Polyvinylpyrrolidone (GR), zircomiun zirconium tetrachloride (98%), 2-aminoterephthalic acid (98%), and N, N-dimethylformamide (AR, ≥ 99.5%) were some of the synthetic raw materials used and were obtained from Sinopharm Chemical Reagent.

The crystal structure of the samples was investigated using Brucker D8 ADVANCE X-ray diffraction (XRD). External and internal morphological characteristics of the samples were explored using Hitachi SU8220 high power scanning electron microscope (SEM) and FEI Tecnai G2 F20 field emission transmission electron microscope (TEM). The chemical state of the samples was analyzed using seymerfeil 250 Xi photoelectron spectroscopy (XPS). Photocurrent-time characteristics and electronic impedance spectra (EIS) were analyzed using an electrochemical workstation (Shanghai Chenhua). UV-visible diffuse reflectance spectrum (DRS) of the samples was determined using a Daojin UV-2600 UV-vis spectrophotometer. Photoluminescence (PL) and time-resolved photoluminescence (TRPL) of the samples were determined using an FLS980 fluorescence spectrophotometer. The Bruker A 300 Electron Paramagnetic resonance (EPR) spectrometer was used to determine the active sites of the samples.

2.2 Synthesis of Flower-Like ZnO

3 mmol Zn(Ac)2⋅2H2O was added to 30 mL deionized water and stirred to ensure it was evenly dissolved. Ammonia water (25%–28% wt) was then gradually added until the white precipitate was completely dissolved. Further, 48 mmol NaBH4 was added to the solution. The mixture was stirred to ensure it was thoroughly mixed, then 0.49 g PVP was added and stirred to obtain a clear solution. The solution was transferred into a 100 mL polytetrafluoroethylene high-pressure reactor and incubated at 120°C for 3 h. After cooling to room temperature, the product was washed several times with deionized water. The resulting solid was dried at 60°C [28].

2.3 Synthesis of NU66

The hydrothermal process was used to synthesize NU66. 1 mmol zirconium tetrachloride and 1 mmol amino terephthalic acid were added to a beaker containing 50 ml DMF and stirred to ensure an even mixture. The mixture was then transferred to the polytetrafluoroethylene lining of a high-pressure reactor and incubated at 85°C for 24 h [29]. The reaction kettle was then cooled to room temperature, and the obtained solid was washed using DMF and methanol. The product was further centrifuged at 8000 r/min for 5 min and dried in a vacuum oven overnight at 60°C.

2.4 Synthesis of the NU66/ZnO Sample

NU66/ZnO samples were prepared using a simple hydrothermal in-situ method. The reaction conditions were the same as those used to prepare ZnO, except that 1%, 2%, 3%, 5%, and 10% were added to NU66 powder before the hydrothermal reaction.

2.5 Photocatalytic Degradation of Methylene Blue/Malachite Green

Photocatalytic performance was determined under the CEL-HXF300 xenon lamp. In the reaction, 25 mg of the sample was added into a container with 50 mL methylene blue (MB) or malachite green (MG) solution. The mixture was stirred for 1 h under dark conditions to reach the adsorption-analytical equilibrium. The mixture solution was then illuminated under a xenon lamp with a current intensity of 15 A for 1 h (λ > 420 nm). The suspension (2–3 ml) was obtained from the dispersion every 15 min. Filtering the mixture with a needle filter yielded a clear reaction solution (concentration C). The solution’s absorbance was determined at 664 nm using a Shimadzu UV-2600 UV-Vis spectrophotometer. The catalyst’s degradation efficiency of MB/MG solution was determined using the formula: 
D=ln⁡(C÷C0)×100
. According to lambert-beer law, the values of C0 and C were replaced by absorption values [30,31].

2.6 Photoelectrochemical Analysis

The photoelectrochemical properties of the samples were determined with electrochemical workstation (Shanghai Chenhua) in a three electrodes cell using an electrochemical workstation (Shanghai Chenhua). A Pt plate was used as the cathode [32], Ag/AgCl electrode as the reference electrode, and FTO glass carrying catalyst was used as the working electrode. 10 mg catalyst was added to 1 ml 1% ethanol and 0.5 ml Nafion, and ultrasound was conducted for 10 min. After that, the dispersed solution was transferred to an FTO glass and dried in an XNGJ-1 infrared polymer type. Electrochemical properties were determined using a 0.2 M Na2SO4 solution.

3  Results and Discussion

NU66/ZnO samples were prepared using a simple hydrothermal in-situ method as shown in Scheme 1. Zn(OH)2 precipitate was formed when ammonium hydroxide was added to zinc acetate solution. To completely dissolve the Zn(OH)2 precipitate and form Zn(OH)42−, ammonia hydroxide was added. Sodium borohydride (NaBH4) and PVP were added in that order. The as-prepared NU66 material was added before carrying out the hydrothermal reaction. The flower-like NU66/ZnO composites were formed by self-assembly through the hydrothermal reaction. The XRD diffraction peaks of ZnO (JCPDS Card No. 36-1451) at 2θ = 31.7°, 34.4°, 36.2°, 47.5°, 62.8° and 67.9° were identified using the crystal plane (100), (002), (101), (102), (103) and (112) of hexagonal wurtzite structure (Fig. 1) [28]. Consistency between the XRD characteristic peaks of pure ZnO and NU66/ZnO samples indicated that NU66 did not affect the formation of ZnO. However, no XRD signal was observed for NU66 in the XRD of NU66/ZnO composites. This observation can be attributed to the low NU66 content in the NU66/ZnO composite [33,34].
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Figure 1: X-ray diffraction patterns of Pure ZnO, NU66, and NU66/ZnO composites with different doping ratios
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Scheme 1: Schematic illustration of preparation process of NU66/ZnO composite

The components and morphology of NU66/ZnO were analyzed using SEM, TEM, and element mapping (Fig. 2). The morphology of 5% NU66/ZnO was similar to that of sea urchins, and sheets in the shape of flowers were stacked on the surface (Fig. 2a). The unique shape of ZnO was attributed to the artistic synthetic process. HR-TEM image of 5% NU66/ZnO showed that the lattice spacing was 0.26 and 0.23 nm, corresponding to (101) and (110) crystal surfaces of the hexagonal wurtzite ZnO (Fig. 2b) [35]. This finding was consistent with the XRD patterns. The mapping images of 5% NU66/ZnO showed that NU66 nanoparticles were uniformly loaded in flower-like ZnO (Figs. 2c–2f), indicating the formation of a heterogeneous junction [36].
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Figure 2: SEM images of (a) 5% NU66/ZnO, (b) 5% NU66/ZnO HR-TEM image, (c–f) 5% NU66/ZnO element mapping images

XPS analysis was performed to explore the chemical components and chemical states of 5% NU66/ZnO. The XPS survey spectrum of 5% NU66/ZnO revealed the presence of Zn, O, Zr, and N elements in the 5% NU66/ZnO sample, indicating that the ZnO was successfully prepared (Fig. 3a). XPS peaks located at 1044.6, 1021.5, and 499.4 eV, corresponding to Zn 2p3/2, Zn 2p, and Zn LM2 orbitals, respectively (Figs. 3b and 3c) [22]. The peak at 531.27 eV was assigned to O2− ions (O 1s1/2) which exists in both ZnO and NU66 (Fig. 3c). The two peaks at 185.48 and 182.98 eV were ascribed to the spin-orbit bimodal of Zr 3d3/2 and Zr 3d5/2, respectively (Fig. 3e) [37,38]. N 1s peaks at 403.1 and 399.5 eV were assigned to Pyrrolic N and graphitic N of NU66 (Fig. 3f). XPS analysis indicated the presence of NU66 in the NU66/ZnO composite.
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Figure 3: XPS spectra of 5% NU66/ZnO: (a) Survey, (b) Zn LM2, (c) Zn 2p, (d) O 1s, (e) Zr 3d, and (f) N 1s

Photocatalytic evolution of NU66/ZnO composites was explored through the degradation of MB and MG. The photocatalytic activity of NU66/ZnO samples exhibited a volcanic tendency with increased NU66 content. The optimal activity of photodegradation of MB and MG was achieved with a 5% NU66/ZnO sample. These findings indicated that the ratio of NU66 in the NU66/ZnO sample can be controlled to achieve an optimal photocatalytic degradation. The photocatalytic stability of the 5% NU66/ZnO sample was determined by the cycle degradation of MB and MG (Figs. 4c and 4d). Notably, 5% NU66/ZnO sample showed stable activity without evident decay after four cycles of continuous reaction. This implied that MOF-modified ZnO samples exhibited good activity stability, indicating that they have good potential for large-scale application. Furthermore, TG curves showed good thermal stability of 5% NU66/ZnO (Fig. 5) [39]. The results of powered XRD, XPS, and SEM revealed that there were no visible structure or chemical state changes during the degradation of MB reaction (Fig. 6) [38].
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Figure 4: Photocatalytic degradation under visible light irradiation of pure ZnO, NU66 and NU66/ZnO composites (a) of MB, (b) of MG. Circulation test of 5% NU66/ZnO. (c) Photocatalytic degradation of MB. (d) Photocatalytic degradation of MG
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Figure 5: TG curves of ZnO, NU66, and 5% NU66/ZnO composite
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Figure 6: 5% NU66/ZnO composite before and after reaction: (a) XRD pattern, (b–g) XPS spectra, (h–i) SEM images

The main active species during photocatalytic degradation of MB were explored through the addition of three scavengers, including 1,4-benzoquinone (BQ), methyl alcohol (MeOH), and isopropyl alcohol (IPA). The addition of the scavengers in the MB system played a role in capturing superoxide radicals (•O2−), hydroxyl radicals (•OH), and holes (h+). The efficiency of photocatalytic degradation decreased significantly as the amount of BQ increased, whereas the addition of MeOH and IPA had no significant effect on photocatalytic degradation (Fig. 7a). This result reveals that the primary active species in the degradation process was •O2−. The EPR results were consistent with the observation that •O2− was the main active species in the system (Figs. 7b–7d) [40]. The possible degradation mechanism of MB/MG is presented below:


NU66/ZnO→e−+h+


O2+e−→⋅O2−


⋅O2−+MB/MG→intermediateproducts→CO2+H2O
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Figure 7: (a) Effect of different scavengers on the degradation of MB in 5% NU66/ZnO composite under visible light irradiation, ESR spectra of 5% NU66/ZnO under illumination conditions for detection of (b) •O2− radicals, (c) •OH radicals, (d) h+ ions

To elucidate the mechanisms underlying the enhanced photoactivity, optical and photoelectrical properties of the NU66/ZnO composite were was investigated. With increasing NU66 content in the NU66/ZnO composite, a redshift in the DRS curve was observed (Fig. 8a). The bandgap of ZnO and 5% NU66/ZnO narrowed from 3.00 to 2.86 eV. The conduction band (CB) positions of NU66 and ZnO were measured using Mott-Schottky curves, which were −0.6 and −0.4 eV, respectively. Thus, NU66 and ZnO had valent bands of 2.6 and 1.7 eV, respectively. Because the conduction band bottom of the NU66 was higher than that of ZnO, the electrons in the ZnO conduction band could not be transmitted to the conduction band of NU664. Thus, the only area for a large number of ZnO electrons to migrate from the conduction band to the valence band of the NU66. This is a typical Z-scheme photocatalysts mechanism [41]. Increased photocatalytic activity in visible-light irradiation can be attributed to broadening light absorption. Photoluminescence (PL) spectra and time-resolved PL spectra were analyzed to explore the charge-carrier behavior of the products [42]. The fluorescence intensity of 5% UN66/ZnO was significantly quenched relative to that of pure ZnO (Fig. 8c), indicating that the charge recombination was suppressed in 5% UN66/ZnO composite. The average lifetime of 5% NU66/ZnO composite was (125 ns) lower compared to that of ZnO (177 ns) owing to the rapid transfer of photoelectrons between NU66 and ZnO (Fig. 8d) [43]. The charge separation condition was further explored through transient photocurrent and electrochemical impedance spectroscopy (EIS) [44]. A significant increase in photocurrent and decrease in impedance was observed in 5% UN66/ZnO composite (Figs. 8e and 8f). This implied that the separation efficiency and conductivity of optical charge carriers of 5% NU66/ZnO were much better compared with that of pure ZnO. Additionally, the enhanced photocatalytic activity can be attributed to optimized photoelectric properties [45,46]. According to above experimental data, the possible mechanism of degradation of MB/MG is speculated as follows: As shown in Scheme 2, Type II mechanism of charge transfer route in the NU66/ZnO composites was proposed. Under the visible light irradiation, photo-generated electron (e-) transferring from the conduction band (CB) of UN66 to CB of ZnO, and photogenerated hole (h+) transferring from the valence band (VB) of ZnO to h+ of UN66. Thus, Type II heterojujnction was formed. Subsequently, O2 in enviroment reacted with e- to form O2− in the conduction band of NU66. Then, the active species O2− attack the MB/MG pollutants to product CO2 and H2O, achieving the remarkably enhanced photodegradation of MB/MG pollutants.
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Figure 8: (a) UV-Vis DRS of pure ZnO, NU66 and NU66/ZnO photocatalysts, (b) bandgap of pure ZnO, NU66 and 5% NU66/ZnO composite, (c) PL spectra, (d) Time-resolved PL spectra, (e) Photocurrent properties, (f) Nyquist diagram showing electrochemical impedance of pure ZnO and 5% NU66/ZnO composite

4  Conclusion

In this study, a novel flower-like hierarchically NU66/ZnO composite was prepared for dye removal via in situ hydrothermal synthetic routes. The resulting NU66/ZnO composites had a significantly larger specific area and micropore volume than prepared samples of ZnO and NU66 and also exhibited significantly higher removal efficiency for MB (96.7% after 1 h) and MG (98% after 1 h) when compared to pure NU66 nanoparticles. The loading of NH2-UiO-66 into the NU66/ZnO nanoparticles provided more accessible entry points for the uptake of MB and MG. This improved the interaction between catalysts and dyes hence improving photocatalytic performance. The EPR results demonstrated that •O2− was the main active species in the degradation process. The NU66/ZnO composites’ superior dye removal performance was attributed to their enhanced adsorption properties, more active sites, and improved efficiency of charge separation udnerunder visible-light irradiation photocatalyzed reaction. Due to their high thermal stability, structural stability, and catalytic activity, the NU66/ZnO heterojunctions have a high potential for industrial applications, where they owing to the good thermal stability, structural stability and high catalytic activity, which may replace conventional photocatalysts in the removal of organic contaminants.
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Scheme 2: Mechanism of photodegradation of MB/MG by NU66/ZnO photocatalysts
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