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Abstract

:

Well-designed composite catalysts are of increasing concern due to their improved performance compared to individual components. Herein, we designed and synthesized an Fe3O4@MoS2 composite via a simple hydrothermal method. As for the resultant composite, the MoS2 nanolayers presented a novel piezo-catalytic effect, while the Fe3O4 core provided a magnetic separation property. The structure and properties of Fe3O4@MoS2 were determined by relevant experiments. It was found that Fe3O4@MoS2 exhibited enhanced piezo-catalytic degradation of rhodamine B and good magnetic recovery/recycling features. The kobs for rhodamine B degradation over Fe3O4@MoS2 was 0.019 min−1—a little longer than that over MoS2 (0.013 min−1). Moreover, Fe3O4@MoS2 also showed a favorable ability to adsorb rhodamine B in solution, with a saturation adsorption of 26.8 mg/g. Further studies revealed that piezo-electrons, holes, and superoxide anions were key species in the piezo-catalytic degradation of rhodamine B. Notably, the step where oxygen trapped electrons to produce superoxide anions had a significant impact on the degradation of the dye. This work, not limited to the development of a high-performance MoS2-based piezo-catalyst, is expected to provide new insights into the working mechanisms and process profiles of composite piezo-catalysts.
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1. Introduction


Researchers have developed various water treatment technologies, including photocatalytic, electrocatalytic, and biocatalytic processes, to achieve effective removal of pollutants [1,2,3,4,5,6]. Since the concept of nano-piezoelectronics was proposed by Wang in 2006 [7,8], the ensuing study of piezo-catalysis has gradually attracted significant interest from researchers [9,10,11]. Piezo-catalysis based on mechanically induced charges has been found to be an effective and promising strategy to reduce environmental pollution and energy shortage problems by means of low-frequency energy in nature [12,13]. In recent years, many piezo-catalysts—such as BiFeO3, MoS2, and g-C3N4—have been developed to expand their applications in hydrogen generation, sterilization, degradation of organic pollutants, etc. [14,15,16].



Among these studies, piezo-catalysis as an emerging advanced oxidation technology for the efficient degradation of organic pollutants from water is particularly notable, and has been the most reported [17,18,19]. Recently, MoS2 with few layers was reported to have a novel piezo-catalytic effect as a result of its central asymmetric structure, thus presenting ultrahigh activity for the degradation of dyes [19,20,21,22]. Among these, composite piezo-catalysts based on piezoelectric nanomaterials such as MoS2 are gradually becoming more and more attractive [23]. Similar to the design of composite photocatalysts, a well-designed composite piezo-catalyst can combine the functions of each component and produce a synergistic boost [24]—for example, to inhibit electron–hole complexation by conducting electrons out of the piezoelectric material, or to increase the binding capacity of the substrate by introducing a new component, thereby increasing the local concentration of the substrate on the surface of the piezo-catalyst [25]. Whether the composite piezo-catalyst has a different piezoelectric catalytic mechanism to that of single components is also a question worth investigating. For emerging nano-piezo-catalysts, such as MoS2, g-C3N4, studies that have reported them to increase catalytic activities have often focused on tuning the energy level structure in heterogeneous junctions, or adding sacrificial reagent to inhibit the complexation of electrons and holes [15,21]. Studies using cheap and simple methods to achieve spatial separation of electrons and holes in the piezo-catalysis process and, thus, to improve the catalytic performance, have not been reported. Furthermore, the recovery of the nanomaterial from the solution is still a problem that extremely restricts its application [26]. Likewise, insufficient attention has been paid to the recyclability of nano-piezo-catalysts. Magnetic separation is a low-cost and convenient separation technique, whereby the magnetic material can be separated and recovered from the solution with an external magnetic field; for example, a commonly used magnetic material is Fe3O4 [27,28]. Therefore, a composite material composed of MoS2 and Fe3O4 can be recovered with a magnetic field. For example, a MoS2–Fe3O4 composite, which was prepared by depositing Fe3O4 nanoparticles on the surface of a nanolayer of MoS2, was reported to be separated from water by its magnetism [29]; however, the corrosion of the Fe3O4 nanoparticles, such as ion exchange and dissolution in acidic water, must be considered—especially when the composite is used as a catalyst for a long time. Therefore, on the premise that the composite has excellent piezoelectric and catalytic properties and magnetic separation, the composite is better if it possesses a structure in which the Fe3O4 is completely covered by the MoS2, which can protect the Fe3O4 from erosion.



To validate the above strategy, the Fe3O4@MoS2 was prepared in our work as shown in Scheme 1, where the MoS2 layers were generated in situ on the Fe3O4 nanoparticles; thus, the Fe3O4@MoS2 was a core–shell structure, and not a simple mechanical mixture of the MoS2 and the Fe3O4. Fe3O4 was selected as one functional component in part because of its magnetic properties, which could make its composite magnetically separable from the solution. In addition, Fe3O4 has usually been considered as a conductor, with a high electronic conductivity of 1.9 × 106 S⋅m−1 [30], which was found to be beneficial for electron transport and, theoretically, might enhance the piezo-catalytic effect. Rhodamine B was selected as the dye contaminant because of its common use. The performance and mechanism of adsorption/piezo-catalytic degradation of rhodamine B over the Fe3O4@MoS2 were studied and discussed in detail.




2. Results and Discussion


2.1. Structure and Composition of Materials


The structural morphologies of the as-prepared Fe3O4@MoS2 and its precursor Fe3O4 were characterized by SEM and TEM, as shown in Figure 1. The Fe3O4 sample was essentially spherical in shape, with a particle size of ca. 50 nm (Figure 1a,c). After being covered with a MoS2 layer generated in situ, the Fe3O4 core was wholly enveloped and the Fe3O4@MoS2 presented a 2D layer structure for the MoS2 component, where the thin layers of MoS2 could be clearly observed (Figure 1b,d). The elemental distribution of the Fe3O4@MoS2 was investigated via TEM mapping. As shown in Figure 1f,g, the Mo and S were uniformly distributed, and the shape was consistent with the HAADF-STEM image (Figure 1e); thus, it can be presumed that the lamellar structure was composed of MoS2. In contrast, there were regions of relatively high concentration in the distribution of Fe and O (Figure 1h,i), revealing that most of the Fe3O4 nanoparticles were coated with MoS2 in the form of particle aggregates resulting from mutual magnetic attraction between the Fe3O4 nanoparticles. Accordingly, the Fe3O4@MoS2 had a nanosheet structure, with the MoS2 layer outside and the Fe3O4 component wrapped and protected inside.



The phase structures of the Fe3O4@MoS2 and the Fe3O4 were investigated via XRD. As shown in Figure 2a, the peaks located at 2θ = 30.4°, 35.7°, 43.5°, 53.9°, 57.4°, and 63.1°—corresponding to the lattice planes of (220), (311), (400), (422), (511), and (440), respectively—were consistent with the Fe3O4 standard card (PDF#85–1436) [31]. The Fe3O4 phase (PDF#85–1436) had a cubic crystal structure and Fd3m space group, and its lattice parameters were a = b = c = 8.39 and α = β = γ = 90°. These peaks were apparent in the XRD pattern of the Fe3O4 nanoparticles, while they were unclear or absent in the XRD pattern of the Fe3O4@MoS2, which could be ascribed to the crystallinity of the Fe3O4 component having declined after the hydrothermal treatment. Simultaneously, the Fe3O4@MoS2 also retained the characteristic peaks of MoS2, which were located at 2θ = 14.5°, 29.1°, 33.7°, 37.7°, 41.3°, and 47.9°, corresponding to the lattice planes of (003), (006), (102), (104), (105), and (107) of MoS2 (PDF#89–3040), respectively [32]. The MoS2 phase (PDF#89–3040) had a rhombohedral crystal structure and R3m space group, and its lattice parameters were a = b = 3.17, c = 18.38 and α = β = 90°, γ = 120°. The tiny peak at 2θ = 26.4° was probably attributable to the (310) plane of Fe3O4, but was displaced to a higher angle by ~0.3° compared to the standard PDF#85–1436, which may be related to the residual stress in the material after the hydrothermal treatment. Based on these XRD results, the as-prepared Fe3O4@MoS2 was confirmed to be a binary composition of Fe3O4 and MoS2. XPS measurements were further performed to explicate the chemical composition of the surface of the Fe3O4@MoS2. As shown in Figure 2b, the Fe3O4@MoS2 hybrid consisted of four elements—Fe, O, Mo, and S—while the Fe3O4 nanoparticles did not possess either Mo or S. The high-resolution XPS spectra of Mo 3d and S 2p for the Fe3O4@MoS2 are shown in Figure 2c,d. In the Mo 3d spectrum, the four peaks at 233.4 eV, 232.1 eV, 229.8 eV, and 228.7 eV were assigned to Mo5+ 3d3/2, Mo4+ 3d3/2, Mo5+ 3d5/2, and Mo4+ 3d5/2 of MoS2, respectively [33,34]. Mo5+ was a higher valence transition state of Mo4+, which was likely to be involved with additional oxygen in the coordination. The small peak at 235.9 eV corresponded to Mo6+ 3d3/2 of MoO3, which might be an oxidation byproduct during the hydrothermal synthesis. The peak at 226.4 eV corresponded to the S 2s of MoS2. In the case of the S 2p spectrum shown in Figure 3d, there were two peaks at 161.5 eV and 162.6 eV, which corresponded to S2−2p3/2 and S2−2p1/2, respectively [33,34]. In addition, the peaks at 163.8 eV and 168.9 eV proved the existence of the S–O bond and the unsaturated sulfur element on the surface of MoS2, respectively [35]. These XPS results characterized the valance of Mo and S, and further confirmed the successful conjugation of the MoS2 component onto the Fe3O4 core.




2.2. Adsorption and Piezo-Catalytic Degradation of Rhodamine B over Materials


M–H hysteresis loop tests of the Fe3O4 and the Fe3O4@MoS2 were carried out, the results of which are shown in Figure 3a. The saturation magnetization of Fe3O4 and Fe3O4@MoS2 was ca. 55 emu/g and 27 emu/g, respectively. The Fe3O4@MoS2 composite preserved one-half of the magnetism of the Fe3O4, which was enough for magnetic separation. The BET surface area of the Fe3O4@MoS2 (18.4 m2/g) was lower than that of the Fe3O4 nanoparticles (76.3 m2/g), even though a layered framework was provided by the MoS2 component (Figure 3b). This might be related to the fact that the Fe3O4 nanoparticles were tightly enclosed by the MoS2 layers, and had no contribution to the specific surface of the composite [36]. In addition, the initial pores with a size of ~10 nm in the Fe3O4 also disappeared almost completely after being encapsulated by the MoS2 layers, indicating that the tight and completely wrapped structure blocked these pores. These experimental results are consistent with those of the foregoing TEM, where the Fe3O4 nanoparticles were found to be coated with MoS2 in the form of particle aggregates. The Fe3O4@MoS2 had a smaller surface area than the Fe3O4 nanoparticles, but a much higher adsorption of the dye, rhodamine B. As shown in Figure 3c, the adsorption of rhodamine B onto the Fe3O4@MoS2 increased as the equilibrium concentration of the dye increased. The adsorption data were fitted well by the Langmuir model with a saturation adsorption of 26.8 mg/g, and the adsorption closed to saturation at a low concentration (40 mg/L). This indicates that the adsorption of rhodamine B onto the Fe3O4@MoS2 is a monolayer physical adsorption, and the adsorbent has a good affinity for the adsorbate. In contrast, the Fe3O4 nanoparticles had almost no adsorption capacity for rhodamine B. The adsorption effect is generally dependent on the specific surface area of the adsorbent and the strength of the interaction between it and the adsorbate [37]. As shown in Figure 3d, the surface of the Fe3O4@MoS2 was had a negative charge and, thus, had an electrostatic attraction to the positive quaternary ammonium salt, rhodamine B. The Fe3O4 had a large specific surface are, but was positively charged and, therefore, unable to adsorb the rhodamine B well. Piezo-catalytic reactions often occur on the catalyst surface, so the good ability of the Fe3O4@MoS2 to adsorb rhodamine B contributes to its catalytic performance [13,17,18].



Piezo-catalytic degradation of rhodamine B over the materials was performed under a 40 kHz ultrasonic wave (250 W). Figure 4a depicts the normalized changes in the rhodamine B concentration over time during the piezo-catalytic process, which began after an adsorption equilibrium in the dark. It was found that simple sonication was ineffective in removing rhodamine B from the aqueous solution. The Fe3O4@MoS2 showed a high ability to efficiently remove rhodamine B under ultrasonic excitation, with a kobs of 0.019 min−1 (R2 = 0.99), following the first-order kinetic model. In the previous discussion, it was found that the Fe3O4@MoS2 had a good adsorption capacity for rhodamine B, with KL equal to 0.17 L/mg, but the ct ~ t data here were not satisfactorily fitted by the Langmuir–Hinshelwood model. The Langmuir–Hinshelwood kinetic equation, r = k × KL × ct/(1 + KL × ct), accounting for both adsorption and reaction on the substrate, considers that the substrate must first be adsorbed onto the catalyst surface before the reaction occurs. Therefore, the surface reaction is not the only pathway for this kinetic process, and a variety of ROS may exist in the reaction system for the piezo-catalytic degradation of the dye by the Fe3O4@MoS2. In addition, the performance of the Fe3O4@MoS2 was better than that of both of its components, i.e., Fe3O4 and MoS2. The Fe3O4 was not stable during prolonged sonication, and underwent acoustic erosion. MoS2, with fewer layers, is a typical and efficient piezoelectric catalyst. The reaction rate constant of the as-prepared MoS2 was 0.013 min−1 (R2 = 0.98), which was a little lower than that of the Fe3O4@MoS2. Such performance differences between Fe3O4@MoS2 and MoS2 might be due in part to the Fe3O4 component, which could accelerate the charge transfer in the Fe3O4@MoS2, thus helping the separation and transport of electron–hole pairs during the piezo-catalytic process. A similar phenomenon occurs frequently in the photocatalytic process of Fe3O4-containing composites. Moreover, increasing or decreasing the oxygen content of the aqueous solution correspondingly promoted or suppressed the piezoelectric catalytic activity of the Fe3O4@MoS2, respectively, with a kobs of 0.027 min−1 (R2 = 0.99) or 0.011 min−1 (R2 = 0.99). These results imply that oxygen plays an important role in the piezo-catalytic degradation of rhodamine B over Fe3O4@MoS2, which will be discussed below. The stability of the catalyst is an important issue for its practical application. With the best performance, the Fe3O4@MoS2 with fresh air continuously purged was further examined for its reusability in four cycles of adsorption and piezo-catalytic degradation (Figure 4b). The removal rate of rhodamine B after adsorption–degradation remained above 85% over four cycles. The above experimental results show that the Fe3O4@MoS2 had low loss after multiple magnetic collections, and maintained its catalytic activity over a long period of time, revealing that it has the ability to treat wastewater at a large scale and to serve for a long time. We also examined the total organic carbon removal rates during the piezo-catalytic degradation of rhodamine B in the presence of Fe3O4@MoS2 (with fresh air). As seen in Figure 4c, half of the rhodamine B in the solution was mineralized to inorganic carbon after 1 h of piezo-catalytic degradation, indicating that there was not a simple process of dye decolorization, but an advanced oxidation process for the removal of the dye.




2.3. Mechanism of Piezo-Catalytic Degradation


To verify the reactive species during the piezo-catalytic process of the Fe3O4@MoS2, the corresponding EPR analyses (Figure 5) were further performed. When the Fe3O4@MoS2 was irradiated with ultrasonic waves for 3 min, electrons (e) and superoxide anions (⋅O2−) were clearly detected in the piezo-catalytic system. This suggests that the Fe3O4@MoS2, due to the piezoelectricity of the MoS2 component, generated a lot of piezo-electrons under the impact of the ultrasound, while these electrons were easily trapped by oxygen in the solution—which, in turn, formed a large quantity of ⋅O2− [38]. However, there was no singlet oxygen (1O2) generated in the system, implying that these electrons in the excited state might not have undergone a significant intersystem crossing process [38]. Moreover, the Fe3O4@MoS2 system produced very few hydroxyl radicals (⋅OH), indicating that the hole—the positive charge generated via the piezoelectric response—was not able to effectively oxidize water to ⋅OH, while the piezoelectric effect of a few layers of MoS2 can generate large amounts of ⋅OH [22,39]. This suggests that the introduction of the Fe3O4 component changes the proportion of reactive oxygen species (ROS) in the MoS2-contained system. In short, the presence of a large number of electrons in the system under ultrasonic excitation confirms that the Fe3O4@MoS2 has a piezoelectric response; the presence of ⋅O2− and the absence of 1O2 reveal the pathway by which oxygen is involved in the advanced oxidation of the system.



Based on the above results and analysis, a possible piezo-catalytic mechanism in the Fe3O4@MoS2 system under ultrasonic irradiation can be proposed, as shown in Scheme 2. The Fe3O4@MoS2 generated numerous piezo-electrons and holes at the MoS2 layer edges under the impact of the ultrasound on its piezoelectricity. The dye could be oxidized directly by the holes. On the other hand, the electrons produced were trapped by oxygen and turned into superoxide anions. The superoxide anion acts as a reactive oxygen species, which reacts further with the dye or the oxidation products of the dye (dye+), ultimately leading to the mineralization of the dye. Finally, it is also worth noting that the good adsorption properties of the material are very much beneficial for the degradation of the dye, because the holes generated by the piezoelectric effect of the catalyst cannot enter the solution directly, and can only oxidize the dye adsorbed on the surface of the material, which is similar to the case of photogenerated holes in photocatalysis [24].





3. Materials and Methods


3.1. Catalyst Preparation


All chemicals were of analytical-grade purity, purchased from Sinopharm Chemical Reagent Co. Ltd., and used directly without further purification. Deionized water was used throughout the synthesis. The Fe3O4 nanoparticles (>99%) were also purchased from Sinopharm Chemical Reagent Co, Ltd. The composite Fe3O4@MoS2 was prepared in situ via the growth of MoS2 on the Fe3O4 nanoparticles to ensure a structure wherein the Fe3O4 component was coated by the MoS2 component [40]. The specific steps were as follows: 30 mg of Fe3O4, 45 mg of Na2MoO4·2H2O, and 90 mg of C2H5NS were dispersed in 30 mL of deionized water. The suspension obtained was transferred into a 50 mL PTFE-lined stainless steel autoclave, and then heated at 200 °C for 24 h. The hydrothermal product was magnetized with a neodymium magnet for one day. Finally, the as-prepared Fe3O4@MoS2 was collected via centrifugation, washed several times with ethanol and distilled water, and then dried at 60 °C. For comparison, the MoS2 was also synthesized via a similar hydrothermal method, without the addition of Fe3O4 nanoparticles.




3.2. Charaterizations


The morphologies and microstructures of the samples were analyzed using a scanning electron microscope (SEM, Sigma300, Zeiss, Inc., Oberkochen, Germany), a transmission electron microscope (TEM, H-7650, Hitachi, Inc., Tokyo, Japan) with a 100 kV accelerating voltage, and a high-resolution transmission electron microscope (HRTEM, JEM-2010F, JEOL, Inc., Tokyo, Japan) with a 200 kV accelerating voltage. The powders of the materials were used directly as samples for the SEM experiments, while dispersions of the materials in water were used to prepare samples for the TEM or HRTEM experiments. The X-ray diffraction (XRD) patterns of the samples were recorded using an X-ray diffractometer equipped with Cu Kα radiation (D8 advance Bruker Inc., Karlsruhe, Germany). The surface elemental composition of the sample was analyzed via X-ray photoelectron spectroscopy (XPS), using an ESCALAB 250Xi system (Thermo Fisher Inc., Waltham, MA, USA) with Mg Kα X-rays as the excitation source, and all of the binding energies were referenced to the C 1s peak at 284.8 eV of the surface amorphous carbon. The M–H curves of the samples were analyzed at 5 K by Quantum Design’s Squid VSM (MPMS). The adsorption and desorption isotherms, pore size distribution, and Brunauer–Emmett–Teller (BET) specific surface area of nitrogen were measured at 77 K using a nitrogen adsorption–desorption apparatus (Tristar ASAP 2040, Micrometrics, Inc., Cumming, GA, USA). The zeta potential of Fe3O4@MoS2 aqueous dispersions was measured with a laser particle size analyzer (Zetasizer Nano ZSP, Malvern, Inc., Worcestershire, UK). A total organic carbon analyzer (Vario TOC, Elementar, Inc., Langenselbold, Germany) was used to measure the organic carbon concentration of the sample solutions during the piezo-catalytic process. The generation of e, ⋅O2–, ⋅OH, or 1O2 was detected via electron paramagnetic resonance (EPR; MiniScope MS-5000, Magnettech GmbH, Berlin, Germany) with 50 mM 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO) in water, 50 mM 5, 5-dimethyl-1-pyrroline-N-oxide (DMPO) in methanol, 50 mM DMPO in water, or 50 mM 2,2,6,6-tetramethylpiperidine (TEMP) in water as the radical spin-trapped reagents under ultrasonic irradiation.




3.3. Measurement of Adsorption and Piezo-Catalytic Activity


The adsorption experiment of rhodamine B onto Fe3O4@MoS2 was carried out as follows: 10 mg of Fe3O4@MoS2 was suspended in a 10 mL aqueous solution containing rhodamine B (20, 40, 60, 80, 100, 150, or 200 ppm). The suspension was stirred in the dark for 12 h to reach the adsorption–desorption equilibrium. Then, it was centrifuged to acquire the supernatant. The concentration of rhodamine B in the supernatant was measured by its absorbance at 553 nm with a UV–Vis spectrophotometer (UV-2450, Shimadzu, Inc., Kyoto, Japan).



The piezo-catalytic degradation activity of the catalysts was evaluated via the decolorization of rhodamine B. A 40 kHz ultrasonic wave (250 W) was applied as a mechanical force on the catalysts in the dye solution. The reactor was equipped with a circulation water-cooling pipe to keep the reaction temperature constant. The piezo-degradation experiment was carried out as follows: 30 mg of the catalyst was suspended in a 30 mL aqueous solution containing 40 mg/L of rhodamine B. The suspension was stirred in the dark for 1 h to reach the adsorption–desorption equilibrium, and then the mixed suspension was exposed to ultrasonic irradiation. Aliquots of 2 mL of the suspension were collected and centrifuged to separate the material at specific time intervals, and the upper clean solution was kept for the subsequent concentration detection. The concentration of rhodamine B was measured using the same method described above. Furthermore, the piezo-catalytic degradation activity of the Fe3O4@MoS2 in aerobic and anoxic environments was also examined, with fresh air and nitrogen gas continuously purged into the reaction suspension, respectively. The symbols c0 and ct were used to represent rhodamine B’s initial concentration and its corresponding concentration at different times during irradiation, respectively. Further analysis revealed that the piezo-catalytic degradation of rhodamine B followed the first-order kinetic model:


ln(ct/c0) = −kobs × t








where kobs is the reaction rate constant, ct/c0 is the normalized concentration of the residual rhodamine B, and t is the holding time of the ultrasonic wave.





4. Conclusions


In summary, we demonstrated the preparation of an Fe3O4@MoS2 composite via simple hydrothermal synthesis. The strategy was to combine the 2D material MoS2 with the magnetic Fe3O4 core in one step. The Fe3O4@MoS2 showed a nanosheet structure, with the MoS2 layer outside and the Fe3O4 component wrapped inside. The Fe3O4@MoS2 was both a good adsorbent and a high-performance piezo-catalyst for removing rhodamine B from water, with a saturation adsorption of 26.8 mg/g and a reaction rate constant of 0.019 min−1. Additionally, it achieved high stability, good capacity for mineralizing organic substances, and sufficient magnetic separability. Furthermore, we also investigated the piezo-catalytic mechanism of the Fe3O4@MoS2 system, and found that the piezo-electrons, holes, and superoxide anions played key roles in the piezo-catalytic degradation of rhodamine B. We demonstrated and explained the effects and pathways of oxygen involved in piezo-catalytic processes. It is hoped that our work will contribute to the development of piezo-catalysts for the removal of pollutants.
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Scheme 1. The synthesis of the Fe3O4@MoS2 composite, the adsorption and piezo-catalytic degradation of rhodamine B over the composite, and its magnetic recycling properties. 
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Figure 1. SEM images of (a) Fe3O4 and (b) Fe3O4@MoS2; TEM images of (c) Fe3O4 and (d) Fe3O4@MoS2; (e) HAADF image of Fe3O4@MoS2; and corresponding element mapping of (f) Mo, (g) S, (h) Fe, and (i) O. 
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Figure 2. (a) XRD patterns of Fe3O4 and Fe3O4@MoS2; (b) survey scans of the XPS spectra of Fe3O4 and Fe3O4@MoS2; XPS spectra of (c) Mo 3d, and (d) S 2p in Fe3O4@MoS2 (peaks are numbered in ascending order from left to right). 
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Figure 3. (a) M–H hysteresis loops of Fe3O4 and Fe3O4@MoS2 measured at 5 K; (b) BET adsorption–desorption curves of Fe3O4 and Fe3O4@MoS2, along with their pore size distributions; (c) adsorption isotherm of rhodamine B by Fe3O4@MoS2 at 298 K, along with the fitted parameters using the Langmuir adsorption isotherm equation, where qe represents the amount of equilibrium adsorption, ce is the equilibrium concentration, qm represents the maximum adsorption capacity, and KL is the Langmuir constant; (d) zeta potential distribution graph of Fe3O4@MoS2 aqueous dispersion at 298 K. 
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Figure 4. (a) Piezo-catalytic degradation of rhodamine B over different catalysts under ultrasonic irradiation after an absorption equilibrium; (b) the cycling runs for removal (adsorption for 1 h and piezo-catalytic degradation for 1 h) of rhodamine B over Fe3O4@MoS2; (c) total organic carbon (TOC) removal during the piezo-catalytic degradation of rhodamine B in the presence of Fe3O4@MoS2. The sample at time zero was the solution of rhodamine B that had previously reached adsorption–desorption equilibrium on the Fe3O4@MoS2. All experiments were carried out at 298 K using an initial concentration of 40 mg/L of rhodamine B and 1 g/L of catalyst. 
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Figure 5. EPR signals for (a) e∙ trapped with TEMPO, (b) ⋅O2− trapped with DMPO-MeOH, (c) ⋅OH trapped with DMPO, and (d) 1O2 trapped with TEMP, obtained for Fe3O4@MoS2 and corresponding trapping agent systems before and after 3 min of ultrasonic irradiation. 
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Scheme 2. A proposed piezo-catalytic mechanism for the degradation of dye in the Fe3O4@MoS2 system under ultrasonic irradiation. 
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