







	[image: images]
	Fluid Dynamics & Materials Processing
	[image: images]






DOI: 10.32604/fdmp.2022.019772

ARTICLE

Synthesis of a Novel TiO2@Ag3PO4 Core-Shell Structure with Enhanced Photocatalytic Performance

Chao Wei1,2, Zhongjin Peng2, Yunfei Chen3 and Yanhai Cheng1,*

1School of Mechatronic Engineering, China University of Mining and Technology, Xuzhou, 221116, China
2College of Xuhai, China University of Mining and Technology, Xuzhou, 221008, China
3Shenyang University of Chemical Technology, Shenyang Economic and Technological Development Zone, Shenyang, 110142, China

*Corresponding Author: Yanhai Cheng. Email: weichao@cumt.edu.cn
Received: 14 October 2021; Accepted: 18 December 2021


Abstract: Ag3PO4 exhibits a high photocatalytic activity if exposed to visible light, however, it displays bottlenecks such as poor cycle-stability and mediocre ability to degrade methyl orange (MO) because of limited adsorption of MO molecules onto its surface. In this study, nano TiO2 prepared by a one-step method was combined with Ag3PO4 to form a TiO2@Ag3PO4 heterojunction in order to improve this material both in terms of photocatalysis and photostability. After adding a KH-570 silane coupling agent, the photocatalytic performance of TiO2@Ag3PO4 could be improved even further, with the degradation rate of MO maintained at more than 90% after three cycles of visible in light.

Keywords: TiO2@Ag3PO4; heterojunction; photocatalytic performance; methyl orange; silane coupling agent



1  Introduction

The development of material science promotes the progress of human society. With the acceleration of urbanization and industrialization, a series of pollutants (Mercury poisoning [1], Hexavalent chromium [2], Antibiotics [3], etc.) discharged from industrial production, such as waste water, waste gas and waste residue, do far more damage to the environment than the self-purification capacity of the environment, threatening the long-term survival and development of human beings [4,5]. In recent years, photocatalytic materials have become a hot spot in the field of semiconductor research. Semiconductor photocatalytic technology can deal with toxic substances that are difficult to degrade without choice because of its strong oxidation capacity. At the same time, it is environmentally friendly and can use solar energy. Mild reaction conditions, low cost, and no secondary pollution, have broad application prospects. TiO2 is currently the most widely used photocatalytic material due to its stability, non-toxicity, and low cost. TiO2 is a wide-bandgap semiconductor. Its band structure is a symmetrical structure along the Brillouin zone. The 3d orbital splits into two sublayers, eg and t2g, but they are all empty orbitals, and electrons occupy the s and p energy levels. The meter level is between the s and p bands and the t2g band. The lowest conduction band position is composed of Ti3d, and the highest valence band position is composed of O2p [6,7]. Its forbidden band width is wide, and the absorption of light is mainly concentrated in ultraviolet light, which affects its photocatalytic effect and industrial application [8–11]. Based on this consideration, most researchers combine titanium dioxide with a variety of photocatalytic materials or doped with other ions to modify it. Therefore, new types of photocatalytic materials have become the focus of research in the field of photocatalysis.

In 2010, Yi’s research group reported in “Nature Materials” that Ag3PO4 has excellent photocatalytic performance. The quantum yield of Ag3PO4 under visible light is as high as 90%, and has strong photocatalytic oxidation performance and can decompose pollutants in water. Yi concluded that the indirect band gap of Ag3PO4 is 2.36 eV and the direct band gap is 2.43 eV. Under the irradiation of visible light, the rate at which Ag3PO4 decomposes water to produce oxygen is much higher than that of BiVO4 and WO3, and under visible light Ag3PO4 also shows strong degradation ability for MB dyes [12]. But because it is slightly soluble in water, Ag3PO4 has poor cycle stability and degradation to anionic degradants [13–16].

The silver phosphate surface exhibits a negative surface charge due to the adsorption of OH- ions [17]. Thus, the cationic dye (RhB or MB) could be easily absorbed onto the catalyst surface by the electrostatic field force, and charge transfer is facilitated. However, for the anionic dye (MO), this effect is not operative as such. Hence, Ag3PO4 catalyst is bad at removing the cationic dyes efficiently [9,10,17–22]. In order to improve the photocatalysis and photostability of Ag3PO4, nano TiO2 prepared by one-step method was combined with Ag3PO4 to form TiO2@Ag3PO4 heterojunction in this work [23,24].

2  Experiment

2.1 Experiment Reagent

Tetrabutyl titanate (C16H36O4Ti, 99.0%), ethylene glycol (C2H6O2, 99%), silver nitrate (AgNO3, ≥99.8%), KH-570 (C10H20O5Si, ≥98.0%), methyl orange (C14H14N3NaO3S, MO) and diammonium hydrogen phosphate ((NH4)2HPO4, ≥99.0%) were purchased from Shanghai Aladdin Biochemical Technology Co., Ltd. (China) Sulfuric acid (H2SO4, 95.0%–98.0%), ammonium hydroxide (NH4OH, 25%–28%), ammonium sulfate [(NH4)2SO4, 99.0%], nitric acid (HNO3, 65.0%–68.0%), ammonium hydroxide (NH4OH, 25%–28%), edetic acid (C10H16N2O8, ≥99.5%), isopropanol (C3H8O, ≥99.7%), and p-Benzoquinone (C6H4O2, ≥98.0%) were from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).

2.2 Preparation of Materials

2.2.1 Preparation of TiO2 Composite

The precursor solution was acquired by adding one milliliter of tetrabutyl titanate to 10 mL of ethylene glycol with 20 min stirring in order to obtain the targeted solution. Then, the targeted mixture was added to the 200 mL of 0.1 mol/L sulfuric acid containing 7 g of ammonium sulfate. The acquisition was immersed in a water bath at 353 K for 1 h. The resulting white pulp was centrifuged, adjusted to neutral with a mixture of ammonium hydroxide and deionized water (volume ratio 1:1). Then, the sample was cleaned with deionized water and vacuum evaporated at 333 K for 2 h.

2.2.2 Preparation of TiO2@Ag3PO4 Composite

Dissolution 0.066 g of (NH4)2HPO4 was stirred in 15 ml deionized water for 15 min; a certain amount of titanium dioxide was mixed with the solution of silver nitrate and sonicated for 20 min; 0.255 g of AgNO3 dissolved into 20 ml of deionized water and stirred for 15 min; (NH4)2HPO4 solution was slowly added to AgNO3 solution, and the yellow precipitate appeared; a certain amount of dilute nitric acid solution (1:50) was put in the mixed solution, and then the solution was gradually clarified; the clarified solution is placed in a magnetic stirrer for 15 minutes at a certain temperature, and 1.2 ml of dilute aqueous ammonia (1:10) is slowly added to the solution, kept for half an hour; the yellow sediment was washed away.

The amounts of titanium oxide added herein are 5 mg, 7.5 mg, 10 mg, 15 mg, 20 mg, and 40 mg, respectively.

2.2.3 Modified TiO2@Ag3PO4 (M- TiO2@Ag3PO4)

120 μl of KH-570 was slowly added dropwise to the above suspension, kept for 30 min, and washed and dried to obtain a modified yellow powder.

2.3 Photocatalytic Activity

45 mg of samples were ultrasonically dispersed in 100 ml of 30 mg/L methyl orange solution for 20 min. The acquisition was stirred for 30 min under the condition of darkness. Photodegradation experiments were performed in an internal photochemical reactor containing 150 W halogen lamp. Under light, 5 ml of solution and catalyst were released every 3 min, and the concentration of residual methyl orange was measured by UV-Vis spectrum.

In the cyclic degradation experiment, 70 mg of Ag3PO4 was weighed into 100 ml of 30 mg/L methyl orange, stirred evenly after ultrasonic dispersion, degraded on the self-degradation device. The degraded solution was collected and subjected to a second degradation experiment.

According to the Lambert-Beer law and the variation of the characteristic absorption peak intensity of organic matter, the change of concentration during the degradation process can be calculated quantitatively. Methyl orange has a characteristic absorption peak at 463 nm. The change of absorbance is used to measure the change concentration of methyl orange in degradation solution. C/C0 (C is the concentration at each reaction time, and C0 is the initial concentration of methyl orange) was calculated. The degradation curve was plotted with time (t) as abscissa and C/C0 as ordinate to characterize the degradation rate of photocatalyst.

2.4 Characterization

The X-ray radiation data of XRD and Cu K α 10~80° were collected on the Bruker X-ray diffraction (advance D8), and the scanning speed was 2.4° min-1. The X-ray tube voltage and current were set to 45 kV and 40 mA, respectively. The morphology and chemical composition of the sample were detected by an electron microscope (EOL JEM-100C type from Hitachi, Japan). X-ray photoelectron spectroscopy (XPS) of these materials was recorded in an (Thermo Fisher ESCALAB 250 xi, England) using AlKα radiation (1486.6 eV). Binding energies were calculated with respect to C 1s at 284.8 eV. The measurement accuracy of combined energy is ± 0.05eV. UV−Vis diffuse reflectance spectra were obtained by a JASCO V-570 spectrophotometer equipped with a solid sample holder.

3  Results and Discussion

3.1 XRD of TiO2@Ag3PO4

In order to enhance photocatalytic performance of pure Ag3PO4, nano TiO2 particles were directly introduced in the synthesis process of Ag3PO4, and TiO2@Ag3PO4 composite was further modified by KH-570 silane coupling agent as well. The XRD patterns of Ag3PO4, TiO2@Ag3PO4, M-TiO2@Ag3PO4 were shown in Fig. 1. All samples have similar XRD patterns with respect to silver phosphate (JCPDSno.06-0505); no other obvious phases can be found for TiO2@Ag3PO4 and M-TiO2@Ag3PO4, which can be attributed to the small amount of added TiO2 and the formation of core-shell structure on the surface of TiO2 coated with Ag3PO4.

The intensity of (110) and (200) crystal planes of M-TiO2@Ag3PO4 improves weekly, indicating that the (110) and (200) crystal plane growth was promoted after modification by KH-570.
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Figure 1: XRD pattern of Ag3PO4, TiO2(7.5 mg)@Ag3PO4, M-TiO2(7.5 mg)@Ag3PO4

3.2 Microstructure of TiO2@Ag3PO4

SEM photographs of Ag3PO4, TiO2@Ag3PO4, M-TiO2@Ag3PO4 are shown in Fig. 2. The TiO2 used in this work presents the irregular nano-particle shape with the size range from about 300 nm to 800 nm. After adding TiO2 in the synthesis of Ag3PO4, the morphology of silver phosphate changed to tetrahedron, compared with the polyhedron morphology of pure Ag3PO4, which indicates the newly added TiO2 may act as the nucleation sites of Ag3PO4 resulting in the new shape of Ag3PO4. M-TiO2@Ag3PO4 shows almost the same morphology as TiO2@Ag3PO4, suggesting KH-570 modification did not destroy the morphology of TiO2@Ag3PO4. The TEM photographs of Ag3PO4 and TiO2@Ag3PO4 are shown in Fig. 3. Interestingly, it is found that each particle has a uniform TEM background for the pure Ag3PO4 sample, but for TiO2@Ag3PO4 composite, the deeper background can be obviously seen in the center of particles, suggesting the formation of core-shell structure for TiO2@Ag3PO4 composite.

Silver phosphate nucleates and grows with titanium dioxide particles as the nucleation core, and then coats with titanium dioxide particles. Titanium dioxide, which is not the nucleation core of silver phosphate, is adsorbed on the surface of silver phosphate. This structure is a typical core-shell structure.
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Figure 2: The SEM images of Ag3PO4 (a), TiO2(7.5 mg)@Ag3PO4 (b), M-TiO2(7.5 mg)@Ag3PO4 (c)
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Figure 3: The TEM images of Ag3PO4 (a) and M-TiO2(7.5 mg)@Ag3PO4 (b)

3.3 XPS

Fig. 4 is the XPS spectrum of TiO2@Ag3PO4. The prepared silver phosphate has Ag, O, P, C elements; the C element is the carbon residue in the XPS instrument; the atomic ratio of Ag:P:O is 33.34:15.82:50.84, close to the stoichiometric ratio of Ag3PO4.

The photoelectron binding energies of Ag 3d5/2 and Ag 3d3/2 of Ag3PO4 are observed to be 368.08 and 374.08 eV, respectively. The difference between the two peaks is 6 eV, indicating that Ag exists in the form of Ag+.

The O 1s peak of silver phosphate contains an O2- peak of 530.30 eV and a shoulder on the higher binding energy side; the second peak is located at 532.53 eV, caused by chemisorbed oxygen. The lower and higher binding energy peaks have FWHM of 1.31 and 2.19 eV, respectively, and the difference between chemisorbed oxygen and oxygen ion (O2-) binding energy is 1.77 eV. The presence of chemisorbed oxygen can significantly improve the degradation of organic matter in water.

The photoelectron binding energies of P 2p3/2 and P 2p3/2 of silver phosphate are 132.91 and 133.81 eV, respectively, and the difference between the two peaks is 0.9 eV, which indicates that P exists in the form of P5+.
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Figure 4: XPS survey AlKα photoelectron spectra of TiO2(7.5 mg)@Ag3PO4

3.4 Photocatalytic Performance

Fig. 5 plots the methyl orange degradation curves of Ag3PO4, TiO2@Ag3PO4 and M-TiO2@Ag3PO4 under the circumstance of visible light irradiation. The curves reveal that with the increase of titanium dioxide content, the methyl orange degradation of TiO2@Ag3PO4 under visible light is gradually improved, indicating that the addition of titanium dioxide can form a heterojunction with silver phosphate and improve the photocatalytic performance of TiO2@Ag3PO4; when the amount of titanium dioxide added reaches 7.5 mg, the methyl orange degradation of TiO2@Ag3PO4 is optimal, and the degradation rate of methyl orange in 18 min is over 90%; M-TiO2@Ag3PO4 has the obviously enhanced photocatalytic performance after modification with KH-570, the degradation rate of methyl orange in 15 min can reach 92%, compared to 82% in 15 min for TiO2@Ag3PO4. The reason can be that: (1) the KH-570 surfactant molecules grafted on catalysts can facilitate the absorption of MO molecules and thus promote the improvement of photocatalytic efficiency of TiO2@Ag3PO4 composites; (2) the active facets with high energy increased after adding TiO2 in the growth of Ag3PO4; (3) in order to avoid the accumulation of photogenerated holes in the cores of TiO2@Ag3PO4 particles, some TiO2 nano particles were loaded on the surface Ag3PO4.
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Figure 5: Degradation of methyl orange in different ratios of TiO2@Ag3PO4 under visible light

Fig. 6 is the photodegradation kinetic curve. With the increase of the amount of titanium dioxide added, the kinetic k value first increases and then decreases; the kinetic constants (k) are 0.123 min-1, 0.093 min-1, 0.134 min-1, 0.109 min-1, 0.073 min-1, 0.047 min-1. M-TiO2@Ag3PO4 has the highest K value, which is 0.149 min-1.

[image: images]

Figure 6: Curve of kinetic constant k of methyl orange in different ratios of TiO2@Ag3PO4 under visible light

3.5 Fluorescent Spectrometry

Fig. 7 shows the fluorescence spectra of Ag3PO4 and TiO2@Ag3PO4.
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Figure 7: Fluorescence spectra of Ag3PO4 and TiO2(7.5 mg)@Ag3PO4

As can be seen from the figure, silver phosphate has two emission peaks: 488 nm and 542 nm. According to the intrinsic absorption wavelength of the semiconductor, the band gap widths corresponds to the two emission peaks, 2.55 eV and 2.29 eV, respectively.

It can be seen that the emission peak at 542 nm is consistent with the gap width of silver phosphate. The emission peak at 488 may be caused by the transition of free carrier band or surface chemisorption oxygen, which is beneficial to the oxidation reaction and the degradation of organic matter.

The emission peak of the composite silver phosphate did not move, because the silver phosphate completely covered the titanium dioxide particles. The emission intensity of TiO2@Ag3PO4 is lower than that of pure Ag3PO4 to a certain extent, indicating that the electron-hole recombination probability of TiO2@Ag3PO4 is reduced and its photocatalytic performance is improved.

3.6 DRS and Photocatalytic Mechanism

The absorption intensity and range of Ag3PO4 samples can be analyzed by UV-Vis diffuse reflectance spectroscopy. UV spectrophotometry-the comparison of visible light reflection spectra in TiO2@Ag3PO4, M-TiO2@Ag3PO4 and Ag3PO4 is shown in Fig. 8a. When Ag3PO4 was combined with TiO2 and TiO2@Ag3PO4 was modified by KH-570, the visible light absorption in TiO2@Ag3PO4 increased significantly (>500 nm).

According to formula (1), where a is the absorption coefficient obtained from the test and Eg is the band gap. Using the straight-line extrapolation method, hν is the abscissa, (ahν)n/2 is the ordinate, and the approximate band gap of the semiconductor is the slope of the fitting line, which is shown in Fig. 8b. The band gaps of the samples are estimated to be 2.23 eV, 2.17 eV and 2.05 eV corresponding to Ag3PO4, TiO2@Ag3PO4 and M-TiO2@Ag3PO4. The band gap widths of TiO2@Ag3PO4 and M-TiO2@Ag3PO4 were significantly reduced. The main reason is that the morphology of silver phosphate has changed after compounding and modification [25,26].


ahν=A(hν−Eg)n/2
(1)
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Figure 8: (a) UV−vis diffuse reflectance spectra of TiO2(7.5 mg)@Ag3PO4, modified TiO2(7.5 mg)@Ag3PO4 and Ag3PO4. (b) Tauc plot of (αhν)1/2 vs. energy (hν) for TiO2(7.5 mg)@Ag3PO4, modified TiO2(7.5 mg )@Ag3PO4 and Ag3PO4

In order to figure out the photocatalytic process, the band edge position of TiO2 and Ag3PO4 were appraised according to the following empirical formula:


EVB=x−E0+0.5Eg
(2)


ECB=EVB−Eg
(3)

where EVB is the valence band edge potential, ECB is the conduction band edge potential, x is the electronegativity of the corresponding semiconductor, E0 is the energy of free electrons on the hydrogen scale, and Eg is the band gap energy of the semiconductor. Based upon above equation, titanium dioxide has an ECB of –0.31 eV and an EVB of 2.89 eV; silver phosphate has an ECB of 0.32 eV and an EVB of 2.55 eV. In the case of visible light irradiation, the electrons of TiO2 and Ag3PO4 are excited to the conduction band; the photogenerated electrons and holes are immediately transferred to the conduction band and valence band of Ag3PO4; the photogenerated electrons in silver phosphate accumulate at the bottom of the conduction band, and then produce more negative potential electrons, which leads to producing superoxide radical in Fig. 9. Consequently, the photocatalytic performance of TiO2@Ag3PO4 composite is improved. After modification with silane coupling agent, the morphology of silver phosphate was changed and the light absorption capacity was improved [27].
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Figure 9: The composite mechanism of TiO2@Ag3PO4

In this paper, ethylenediaminetetraacetic acid (EDTA) was used as the hole trapping agent, isopropanol as the hydroxyl radical trapping agent, and p-benzoquinone as the superoxide radical trapping agent to characterize the active group produced by silver phosphate in the photocatalytic process. The concentration of the trapping agent was 1 mmol/L. Fig. 10 shows the degradation curve of methyl orange of silver phosphate with different trapping agents.

In order to clarify the main active species in photodegredation of MO, EDTA, isopropanol and p-Benzoquinone were used as hole trapping agents, hydroxyl radical scavenger, and superoxide radical scavenger, respectively. The MO degradation performance of TiO2@Ag3PO4 changed little after the addition of isopropanol (Fig. 10). However, the degradation of MO reduced sharply after the addition of EDTA and p-benzoquinone, and just little MO molecules were degraded after 20 min. Clearly, the holes and superoxide radicals are the dominating active groups during the degradation of TiO2@Ag3PO4 [28].
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Figure 10: Methyl orange degradation curve of TiO2(7.5 mg)@Ag3PO4 with different capture agents

3.7 Cycle Stability

Fig. 11 is the cycle degradation curves of methyl orange of modified TiO2@Ag3PO4, TiO2@Ag3PO4 and Ag3PO4. The stability of TiO2@Ag3PO4 is improved, and the degradation rate of TiO2@Ag3PO4 is maintained at about 70% after three times of degradation, while the degradation rate of Ag3PO4 is only 55%. The degradation rate of methyl orange after TiO2@Ag3PO4 modified by KH-570 remains above 90%. The silane coupling agent improves the photocatalytic performance and stability of TiO2@Ag3PO4. This is because the surface grafted silane coupling agent has a certain hydrophobic function, which prevents the water dissolution and photo-corrosion of silver phosphate.
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Figure 11: Cyclic degradation curves of TiO2@Ag3PO4 (a), modified TiO2@Ag3PO4 (b) and Ag3PO4 (c) for degradation of methyl orange under visible light

4  Conclusion

On the basis of above mentioned discussion and analysis, a novel TiO2@Ag3PO4 composite material have been prepared with success by a simple method. They have been certificated to be highly active photocatalysts and photostability for the degradation of MO under the circumstance of visible light irradiation. Among them, TiO2@Ag3PO4 composites added 7.5 mg of TiO2 forms heterojunction and has the best photocatalytic performance, and its cycle stability is improved; the photocatalytic performance and cycle stability of TiO2@Ag3PO4 modified by KH-570 is further improved. After three cycles, the methyl orange degradation rate of TiO2@Ag3PO4 modified by KH-570 under visible light remained above 90%. Photogenerated holes and superoxide radical are considered to be the main active species responsible for photocatalytic degradation.
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