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Abstract

:

To date, various methods have been used to synthesize ZnGa2O4 material to promote photodegradation performance. However, cocatalysts, which usually play a crucial role in the photocatalyst system, have not been studied extensively in photocatalytic degradation reactions. In this paper, ZnGa2O4 semiconducting material was synthesized by a traditional high-temperature solid-state reaction. The as-prepared powder was characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM), and ultraviolet–visible diffused reflectance spectroscopy. The results indicate that the as-prepared sample is a highly crystallized granular sample with a bandgap of 4.44 eV and a uniform particle size distribution. Density functional theory (DFT) was utilized to calculate the electronic structure of ZnGa2O4. The valence bands and conduction bands were chiefly composed of O 2p atomic orbitals and the hybridization orbitals of Ga 4s4p and Zn4s4p, respectively. The photocatalytic performance was tested via the decomposition of rhodamine B (RhB) under the irradiation of ultraviolet light. Cu, Ag, Au, Ni, Pt, and Pd cocatalysts were loaded on the ZnGa2O4 photocatalyst by a photodeposition method. The relatively optimal cocatalyst of ZnGa2O4 in the photocatalytic degradation reaction is Au. Thereafter, the effect of loading different usage amounts of the Au cocatalyst for the photodegradation of the ZnGa2O4 photocatalyst was studied in detail. The experimental results displayed that the optimum photodegradation activity was confirmed with the 3 wt% Au/ZnGa2O4 sample, which was 14.1 times more than the unloaded photocatalyst. The maximum photocatalytic degradation ratio of RhB was 96.7%, with 180 min under ultraviolet light.
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1. Introduction


ZnGa2O4 with its spinel structure is an important P-block semiconducting material and has extensive application prospects in flat panel displays, vacuum fluorescent displays, day-blind detectors, fluorescent materials, and photocatalytic materials [1,2,3,4,5]. Because of its excellent performance, ZnGa2O4 has been widely investigated in the photocatalytic field, e.g., water splitting under ultraviolet light illumination [6], photocatalytic hydrogen production [7], photocatalytic reduction of CO2 [8], the reduction of heavy metal ions via photocatalytic reaction [9], the photocatalytic oxidation reaction of organic compounds [10], and the photodegradation of dyes [11,12,13]. Especially for the photodecomposition of various dyes, including methylene blue (MB), methyl orange, and rhodamine B (RhB), are utilized as a model pollutant to test the photocatalytic performance of ZnGa2O4 photocatalyst. This is due to the large bandgap width possessed by ZnGa2O4, which is reported to be 4.5 eV in the literature [14]. Hence, it has a high conduction band potential, which is conducive to the generation of hydroxyl radicals or superoxide anions for photocatalytic degradation.



In order to enhance the photocatalytic performance of ZnGa2O4, the reported experimental results focus on utilizing a variety of synthesis methods to control the morphology of ZnGa2O4 samples. For example, ZnGa2O4 powder and film materials were prepared by the sol–gel method, and their photocatalytic degradation of MB was studied [15]. ZnGa2O4 powder material was prepared by a hydrothermal reaction. The morphology of the material was controlled by the dosage of surfactant, the reaction temperature, and the reaction time, and the photocatalytic oxidation of RhB was studied over the material [16]. A “rice-like” ZnGa2O4 sample was prepared by controlling the pH value via a hydrothermal reaction with a template. Compared to the photocatalyst that was synthesized by high-temperature solid-state reaction, the photocatalytic activity was greatly improved [9]. Nanoparticles with uniform morphology were obtained via microwave hydrothermal reaction to achieve efficient degradation of dyes [17]. Nanocrystalline samples with exposed {111} and {110} crystal surfaces were fabricated by a hydrothermal method to enhance photocatalytic hydrogen production [7]. A double-layer spherical powder material was obtained via a hydrothermal reaction, and its photocatalytic reduction performance on carbon dioxide was studied [8]. To promote the photocatalytic activity of ZnGa2O4, a single crystal with octahedral shape [18] was obtained by a chemical gas phase transport method, and photonic crystals were prepared as well [19]. Different synthetic methods were used to synthesize materials with different morphologies to improve the photocatalytic hydrogen evolution of a ZnGa2O4 sample [5]. In fact, in addition to the important influence of morphology on the photocatalytic performance, a cocatalyst usually plays a crucial role in photocatalytic materials [20,21]. Recently, Ag, Pt, and Ru catalysts were loaded on ZnGa2O4 to enhance the photocatalytic reduction activity of CO2 [22]. However, there has been no systematic research on the impact of cocatalysts on the photodegradation activity. Therefore, it is of great significance to study the loading of catalysts based on ZnGa2O4 photocatalytic material.



In this paper, a ZnGa2O4 model photocatalyst was obtained by a traditional high-temperature solid-state method. Various Cu, Ag, Au, Ni, Pd, and Pt cocatalysts were loaded on the ZnGa2O4 model photocatalyst via a photodeposition method. The photocatalytic activity of the decomposition of RhB was tested. The photocatalytic results were quantificationally analyzed by the rate constant of the first-order kinetics model. In addition, to comprehend the mechanism of the photocatalytic process of the reaction, the energy band structure of ZnGa2O4 was calculated by the plane-wave pseudopotential method.




2. Results and Discussion


Figure 1 displays the X-ray diffraction (XRD) pattern of ZnGa2O4, which was synthesized by a high-temperature solid-state reaction. Compared to the simulated XRD pattern (ICSD-81113), the as-prepared sample is pure phase without any impurity. The XRD peaks of the ZnGa2O4 sample were further identified by TOPAS software (see Figure S1). The space group is Fd-3m, and the cell parameter and cell volume are a = 8.331 Å and V = 111.9 Å3, respectively. The sharp peaks reveal the high crystallinity of the as-prepared semiconducting material. The medial crystallite size of ZnGa2O4 was computed via Scherrer’s formula: d = Kγ/BcosθB, in which d is the crystallite size of the assumed spherical particle, K = 0.9, γ is the wavelength of X-ray radiation, and B and θB are the full width at half-maximum and diffraction angle of the diffracted peak, respectively [23]. The estimated crystallite size based on the (311) peak for ZnGa2O4 is approximately 74.2 nm.



Figure 2a presents a scanning electron microscope (SEM) image of the ZnGa2O4 sample; it shows uniform morphology in the large-scale zone, which indicates that this sample is pure. Figure 2b displays an SEM image of the ZnGa2O4 sample, which is a nanosized particle, 40–120 nm. The smooth surface of the coralline-like ZnGa2O4 sample reveals that the sample is well-crystallized [24]. This is in accordance with the analytical result of the XRD. The morphology of our sample is different from those previously reported in the literature, i.e., rice-like [9]. Usually, a special morphology of photocatalyst benefits the photocatalytic reaction [25].



ZnGa2O4 was then characterized by ultraviolet–visible diffused reflectance spectroscopy (UV–Vis DRS, or DRS) (see Figure 3). There is a sharp absorption peak of ZnGa2O4 located in the ultraviolet light zone, which means the as-prepared sample is an ultraviolet light responsive semiconductor. The bandgap of the ZnGa2O4 sample is calculated via this equation: αhυ = A(hv − Eg)m/2, where h, υ, and A are Planck’s constant, light frequency, and proportionality, respectively; m is dependent on the transition type band structure, such as a direct transition (m = 1) and an indirect transition (m = 4) [26]. The plot of (αhv) 2 against Eg was obtained for m = 1, which suggests that the ZnGa2O4 sample is a direct transition type (see the insert image). Based on the insert image, the extrapolation method was utilized to estimate the bandgap of the ZnGa2O4 as 4.44 eV, which is close to the reported values of the bandgaps, which are in the range of 4.4–5.0 eV [27]. Usually, different morphologies of the ZnGa2O4 powder lead to different values of bandgaps.



To study the photocatalytic activity of ZnGa2O4, 13.3 ppm RhB solution was utilized as the model wastewater in the photodecomposition reaction. Compared to the RhB solution without the photocatalyst, under irradiation with a 300 W Hg-lamp, the RhB solution with the ZnGa2O4 powder has the higher photodecomposition efficiency (see Figure S2). This indicated that the ZnGa2O4 powder acted as a photocatalyst in the photodecomposition reaction. After that, several cocatalysts were loaded on the ZnGa2O4 photocatalyst, i.e., Cu, Ag, Au, Ni, Pd, and Pt. Figure 4a displays the photocatalytic reactions for the ZnGa2O4 with 1 wt% of different cocatalysts. All of them improved the photocatalytic degradation performances of the ZnGa2O4 sample compared to the unloaded sample. To quantitatively evaluate the photodegradation activity of these samples, the reaction kinetics of the RhB photodecomposition was computed via the first-order kinetic model with ln(C0/C) plotted against time (see Figure 4b) [28,29]. The computed k values of ZnGa2O4 with Cu, Ag, Au, Ni, Pd, and Pt cocatalysts are 0.0010, 0.0018, 0.0044, 0.0011, 0.0035, and 0.0019 min−1. The k value of ZnGa2O4 with the optimal Au cocatalyst is 6.3 times greater than that of the unloaded ZnGa2O4 sample (0.0007 min−1). This could be due to the strong surface plasma resonance effect of the Au cocatalyst, which increases the concentration of photogenerated electrons and thus generates hydroxyl radicals that are favorable for photodecomposition [30].



The relationship between the ZnGa2O4 photocatalyst and the usage amount of the Au cocatalyst is displayed in Figure 5. The optimal usage amount of the Au cocatalyst is 3 wt% (see Figure S3). This could be attributed to the surface plasmon resonance effect of the Au cocatalyst [30]. Figure 5a shows the photodegradation process of the photocatalysts with different amounts of Au. The first-order kinetic model was used to calculate the k constants of these photocatalysts as well (see Figure S4). The highest k value is 0.0085 min−1 over ZnGa2O4 with 3 wt% Au cocatalyst. This k value is 14.1 times that of the unloaded ZnGa2O4 sample. To confirm that the relatively optimal cocatalyst is Au, the same amounts (3 wt%) of diverse cocatalysts were loaded on the photocatalyst. The kinetic constants k of these photocatalysts are 0.0038, 0.0075, 0.0085, 0.0008, 0.0020, and 0.0064 min−1 for the corresponding Cu, Ag, Au, Ni, Pt, and Pd cocatalysts (see Figure S5). In addition, 13.3 ppm RhB solid solutions could be completely photodecomposed over the optimal photocatalyst in 3 h (see Figure 5b). The photocatalytic degradation ratio of RhB is 96.7%.



To obtain further insight into the photocatalytic activity of ZnGa2O4, the electronic structure of ZnGa2O4 was computed by density functional theory (DFT). Figure 6 displays the band structure of ZnGa2O4. The theoretical bandgap (2.5 eV) is narrower than the practical bandgap from the DRS measurement. The valence band bottom and the conduction band top of ZnGa2O4 are at the same point of the band structure, which indicates that the ZnGa2O4 is a direct bandgap semiconducting material [31]. Usually, a direct bandgap semiconductor is recognized as good for the photocatalytic reaction. Besides, the top of the valence band is completely controlled by the O 2p atomic orbital, while the bottom of the conduction band is primarily composed of the hybridized orbitals of Ga 4s4p and Zn 4s4p (see Figure S6). The band structure image reveals that photogenerated carriers shift from the O 2p atomic orbital to the Ga and Zn 4s4p atomic orbitals.



The photocatalytic mechanism of the ZnGa2O4 with the Au cocatalyst was investigated by experimental examination as well (See Figure 7). The generation of superoxide anions, holes and hydroxyl radicals was measured via the inhibition reaction with p-benzoquinone (BQ), disodium ethylenediaminetetraacetate (EDTA-2Na), and isopropanol (IPA) as respective scavengers [32,33]. Hence, we can confirm that the hydroxyl radical plays an important role in the photodegradation of RhB. However, the superoxide anion and hole play a secondary role compared to the hydroxyl radical. This is in agreement with the band structure of the ZnGa2O4, which has a wide bandgap and a high conduction band potential.




3. Experimental Section


3.1. Preparation of the Photocatalyst


A high-temperature solid-state reaction was carried out to prepare the ZnGa2O4 sample. The starting materials, ZnO (99.9%) (Shanghai Macklin Biochemical Co., Ltd., Shanghai, China) and Ga2O3 (99.99%) (Adamas Reagent Co., Ltd. Shanghai, China) were directly weighed via the stoichiometric amounts of ZnGa2O4. Thereafter, the reagents were entirely homogenized and pre-heated at 600 °C for 10 h. The semi-finished powder was reground. The photocatalyst was then heated at 900 °C for another 15 h in the muffle furnace.




3.2. Characterizations of the Photocatalyst


The crystal structure of the photocatalyst was obtained via an X-ray diffractometer (PANalytical X’pert, Almelo, Overijssel, The Kingdom of the Netherlands), which used Cu Kα radiation. The morphology of the photocatalytst was collected via a scanning electron microscope (S-4800 SEM, Tokyo, Japan) with an accelerating voltage of 3 kV and a working distance of 5.2 mm. The bandgap of the photocatalyst was calculated via UV–Vis DRS, which was collected on a UV-3600 spectrometer (Kyoto, Japan). The incident-light intensity of the photocatalytic reaction was tested via a calibrated Si photodiode (CEL-NP2000, Beijing, China).




3.3. Calculations of Band Structure


Theoretical research on the ZnGa2O4 material was performed via the CASTEP code, which is based on standard DFT [34]. Ultrasoft pseudopotentials were employed to represent the electron–core interaction, utilizing a plane-wave set [35]. In the DFT calculations, GGA-PBE was adopted to determine the exchange-correlation potentials of the electronic structure [36]. The cutoff energy and the k-point were applied at 350 eV and 4×4×4, respectively.




3.4. Photocatalytic Degradation Performance Measurements


Photocatalytic degradation performances were measured on a self-assembly reaction device, which was composed of a glass reactor (300 mL, Pyrex) and a cold trap (quartz). The weighed photocatalyst (0.1 g) was uniformly dispersed in 250 mL of RhB solution (13.3 ppm) via a magnetic stirrer. A circulating cooling water system was simultaneously applied to keep the reaction system at a constant temperature (25 °C). A high-pressure Hg-lamp (300 W, 365 nm, CEL-LAX300, Beijing AuLight Ltd. Co., Beijing, China) was utilized to supply the light irradiation source. The intensity of the incident light was 24.7 mW/cm2. In order to ensure adsorption–desorption equilibrium, the as-prepared ZnGa2O4 sample (0.1g) together with the RhB solution (13.3 ppm, 250 mL) were uniformly mixed in a dark room for 30 min. The ultraviolet light was applied through the cold trap, and the absorbance of the RhB aqueous solution was measured via an ultraviolet–visible spectrophotometer (UV 2600, Kyoto, Japan) at regular time intervals.




3.5. Cocatalysts


The metal cocatalyst was loaded via a photodeposition pathway utilizing the above device [37]. For instance, 0.1000 g of ZnGa2O4 photocatalyst and 6.0 mL of AuCl3 (0.5 mg/mL) were homogenized in 196 mL of methanol solution (2 vol%). This mixed solution remained in the 300 mL glass reactor with ultrasonic treatment for 10 min, and thereafter the mixture was irradiated under the Hg-lamp for 1 h. The powder sample (photocatalyst with cocatalyst) was obtained for the photocatalytic degradation research. This sample was identified as Au/ZnGa2O4 3 wt%.




3.6. Reactive Species Scavenging


The generation of superoxide anions, holes and hydroxyl radicals was measured via the inhibition reaction with BQ (0.001 M), EDTA-2Na (0.001 M), and IPA (0.001 M) as respective scavengers.





4. Conclusions


In this paper, a coralline-like ZnGa2O4 sample was prepared by a traditional high-temperature solid-state reaction. The as-prepared sample was confirmed by the powder XRD technique. The morphology of ZnGa2O4 was measured by SEM. Based on the analytical data from XRD and SEM, the ZnGa2O4 sample is a nanosized particle, 40–120 nm. The photocatalytic degradation performance of ZnGa2O4 was enhanced by cocatalysts, which were loaded via the photodeposition approach. Compared to the unloaded sample, the photodegradation efficiency of the 3 wt% Au/ZnGa2O4 photocatalyst is 14.1 times greater. The maximum photodegradation ratio of RhB for the optimal sample is 96.7% with 180 min under ultraviolet light. This simple strategy will be extended to other photocatalytic reactions.
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Figure 1. The powder X-ray diffraction (XRD) pattern for the ZnGa2O4. 
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Figure 2. Scanning electron microscope (SEM) images for ZnGa2O4. (a) the SEM image in large-scale; (b) the SEM image in nano-scale. 
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Figure 3. Ultraviolet–visible diffused reflectance spectrum (UV–Vis DRS, or DRS) for ZnGa2O4. The inset image shows the estimated bandgap energy Eg with a plot of (αhν)2 against photon energy (hν). 






Figure 3. Ultraviolet–visible diffused reflectance spectrum (UV–Vis DRS, or DRS) for ZnGa2O4. The inset image shows the estimated bandgap energy Eg with a plot of (αhν)2 against photon energy (hν).



[image: Catalysts 10 00221 g003]







[image: Catalysts 10 00221 g004 550] 





Figure 4. (a) The photocatalytic degradation activities of ZnGa2O4 with different cocatalysts plotted against time; (b) the kinetic constants of photocatalytic degradation of rhodamine B (RhB). Photocatalytic conditions were: 0.1000 g of photocatalyst, 300 mL of 13.3 ppm RhB solution, 300 W Hg-lamp. 
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Figure 5. (a) The photocatalytic degradation activities of ZnGa2O4 with different amounts of the Au cocatalyst plotted against time; (b) The ultraviolet–visible absorption spectra of RhB at different concentrations using 3 wt% Au/ZnGa2O4 photocatalyst. Photocatalytic conditions were: 0.1000 g of photocatalyst, 300 mL of 13.3 ppm RhB solution, 300 W Hg-lamp. 
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Figure 6. The electronic band structure of ZnGa2O4. 
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Figure 7. The photocatalytic conversion efficiency of 3 wt% Au/ZnGa2O4 for the degradation of RhB in the presence of different scavengers (1 mmol L−1), under ultraviolet light irradiation. 
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