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Abstract

:

The development of efficient photocatalysts for degrading environmental pollutants in wastewater has drawn considerable attention due to their great potential in industrial applications. Herein, we used a solvothermal method to prepare KSb5S8 with a layered crystal structure. The crystal structure of the as-synthesized samples was characterized by powder X-ray diffraction and transmission electron microscope imaging. Our UV-vis diffuse reflectance spectroscopy results indicated that KSb5S8 could absorb visible light, and its optical band gap was 1.62 eV. The photocatalytic activity of KSb5S8 was evaluated in the degradation of methyl orange. A degradation of 73% within 180 min was achieved under visible light irradiation, which was considerably higher than that of commercial P25 and g-C3N4. Theoretical calculations demonstrated that KSb5S8 was an indirect band gap semiconductor. The estimated effective mass of holes (mh*) was approximately two times greater than that of electrons (me*). The large ratio of mh*/me* might promote separation of photo-induced carriers during the photocatalytic process. On the basis of the layered crystal structure and large mh*/me* value, KSb5S8 was a high-performance photocatalyst capable of harvesting visible light. This study provides valuable insight that will aid the design of improved sulfide photocatalytic materials with layered crystal structures.
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1. Introduction


Environmental pollution is becoming more serious owing to continuing population growth. Semiconductor photocatalysts can be applied in environmental purification and play an important role in the processing of wastewater [1,2]. Many photocatalysts have been reported to date. TiO2 is a particularly effective and commonly used photocatalyst, which has been intensively investigated due to its abundance, intrinsic physical properties, high chemical stability, and potential for applications [3,4]. However, due to the intrinsic large band gap (3.2 eV), TiO2 is only responsive to ultraviolet radiation, which accounts for 4% of the solar spectrum [5]. Furthermore, recombination of photo-induced electrons and holes severely reduces its photocatalytic efficiency. Therefore, practical applications of TiO2 have been limited to date [6]. Strategies such as ion doping, heterojunction construction, and noble metal loading have been developed to enhance the absorption of visible light and accelerate the separation of photo-induced electrons and holes [7,8,9,10]. However, the overall efficiencies achieved to date remain low. The development of novel photocatalysts with high performance in the visible light region has drawn considerable research interest.



Compared to metal oxide photocatalysts, metal sulfides have narrow band gaps and more dispersive band edges with a smaller effective mass of photo-induced carriers, which might satisfy the needs for high performance visible light driven photocatalysts [11,12]. In addition, materials with layered crystal structures have a short distance for photo-induced carriers to migrate and diffuse to the surface reactive site, which might reduce the possibility of electron–hole recombination and contribute to higher quantum yields [13,14]. Many layered compounds, such as WS2 [15], SnS2 [16], MnPSe3 [17], and Bi2WO6 [18], have been predicted to be excellent photocatalysts. Furthermore, compounds with layered crystal structures, such as g-C3N4 and BiOCl, have shown to have good photocatalytic performance [19,20]. Herein, we propose an engineering process based on the crystallographic structural design and electronic structure analysis to identify layered sulfide compounds with excellent photocatalytic performance.



KSb5S8 is a typical ternary sulfide semiconductor, which has a natural layered structure of the space group Pn [21,22]. In this research, for the first time, we applied a simple solvothermal method to prepare KSb5S8 and evaluated its photocatalytic activity in the degradation of a methyl orange (MO) dye solution under visible light irradiation. In these experiments, 73% of the MO solution was degraded within 180 min under visible light irradiation. Theoretical calculations revealed that the high degradation efficiency might originate from the intrinsic small carrier effective mass and the large ratio of mh*/me*, which contributed to the separation of photo-induced carriers during the photocatalytic process. On the basis of our analyses of the crystal and electronic structure, we propose ternary sulfide KSb5S8 as an efficient photocatalyst for applications under visible light irradiation.




2. Results and Discussion


We prepared the KSb5S8 sample using a simple solvothermal method, and the phase was characterized by powder X-ray diffraction (XRD). In Figure 1, Rietveld fitting indicated that all peaks of the KSb5S8 were indexed to the monoclinic structure of space group Pn (NO. 7) and no secondary phases were detected, indicating the purity of the as-synthesized KSb5S8. The refined cell parameters of KSb5S8 were a = 8.1582 Å, b = 19.5585 Å, c = 9.1084 Å, β = 91.8371°, and V = 1452.6072 Å3, respectively, which were in good agreement with previous reports [23]. As shown in Figure 2, the crystal structure of KSb5S8 can be described as a layered structure with infinite undulating slabs of [Sb5S8], where the K+ ions are located in the interlayer space to balance the charge. The Sb atoms were surrounded by S atoms to form SbS3, SbS4, and SbS5 groups in the layer of [Sb5S8]−, with covalent Sb–S bond length ranging from 2.438 Å to 2.807 Å. Weaker ionic K–S (3.242 Å–3.760 Å) bonds connected the interlayer to build the crystal structure.



We studied the structure further investigated by transmission electron microscope (TEM) imaging. Figure 3a shows a high magnification TEM image (with a flake morphology inset) composed of clear and well-defined lattice, indicating the good crystallinity of the KSb5S8. The inter-planar spacing was ~0.99 nm, corresponding to the (020) planes of KSb5S8. Figure 3b,c shows the corresponding selected area electron diffraction (SAED) and fast Fourier transformation (FFT) patterns of the grain in Figure 3a, respectively. The patterns were well indexed to the {001} orientation. Here, the bright spots in the SAED pattern indicated good crystallization and the single crystalline nature of the flake (inset in Figure 3a). The energy dispersion spectrometry (EDS) maps (Figure 3d) confirmed that the constituent elements (i.e., K, Sb, and S) were distributed homogeneously throughout the sample.



The optical properties of the as-synthesized KSb5S8 sample were characterized by UV-vis diffuse reflectance spectroscopy (UV-vis DRS). As shown in Figure 4, the calculated band gap was 1.62 eV, which was consistent with the dark red color of the crystal, demonstrating that KSb5S8 might be a visible light harvesting photocatalytic material.



The photocatalytic activity of KSb5S8 was first evaluated through the degradation of the MO solution under visible light irradiation (λ≥ 420 nm). Commercial P25 and layered state-of-the-art photocatalyst g-C3N4 were also included for reference. Prior to the light irradiation, the adsorption–desorption balance was achieved between the photocatalyst and the MO solution under intense stirring and dark condition after 60 min. In Figure 5a, the photocatalytic reaction of MO in the absence of a photocatalyst was negligible under visible light. However, KSb5S8 exhibited an excellent photocatalytic performance, and more than 73% of MO was degraded within 180 min, whereas the proportion degraded by P25 and g-C3N4 was only approximately 8% and 15%, respectively. The UV-vis absorption spectra (Figure S1) and the photograph of the dye solution (Figure S2) also indicated that the original color of the solution gradually decolorized over KSb5S8.



To quantitatively study the reaction kinetics, the photocatalytic processes can be understood by the Langmuir–Hinshelwood kinetics model, assuming that the reaction conformed to a pseudo first order model [24].


lnCtC0=−kt








where Ct(mol·L−1), C0(mol·L−1), and k(min−1) represent the initial concentration of the MO solution after the absorption equilibrium, the instantaneous concentration of MO at time t and the apparent reaction rate constant, respectively. The corresponding apparent photocatalytic reaction rate of KSb5S8 from the experimental data was fitted as 0.0074 min−1 (Figure 5b).



The stability of the photocatalyst was another critical issue for its practical application. Sulfide photocatalysts in particular tend to undergo photocorrosion, which decreases their photocatalytic activity. To evaluate the stability of as-synthesized KSb5S8 particles, we examined the cycling performance. The results are shown in Figure S3. The photocatalytic activity remained greater than 65% after two cycles. However, the activity decreased markedly to approximately 25% after three cycles. We detected precipitation of sulfur in the XRD patterns of KSb5S8 after three cycles of MO degradation (Figure S4), which indicated that photocorrosion occurred during the photocatalytic process.



To further understand the mechanism of the photocatalytic degradation, a schematic picture of the redox potential of KSb5S8 with the generation of reactive species for the photodegradation of the MO solution was proposed. Generally, the band edge potentials of a valence band (VB) and a conduction band (CB), designated as EVB and ECB, can be calculated according to the following empirical equations [25]:


EVB=χ−Ee+0.5Eg,



(1)






ECB=EVB−Eg,



(2)




where χ is the absolute electronegativity of a semiconductor, which is described as the geometric average of the absolute electronegativity of the individual atom, Ee is the energy of free electrons on the hydrogen scale (4.5 eV), and Eg is the optical band gap. The calculated values of EVB and ECB for KSb5S8 were 1.60 eV and 0.01 eV, respectively. On the basis of the alignment of the above energy levels, we confirmed the possibility of the oxidation mechanism proposed in Figure 6.



Generally, active species, including super radical anion ·(O2−), free hydroxyl radical ·(OH), and photo-induced holes (h+), are related to the photocatalytic degradation reaction [26]. Photo-induced electrons (e−) and holes (h+) can transfer to the surface of crystals and then react with molecular oxygen (O2) and H2O molecules to produce superoxide radical anion (·O2−) and free hydroxyl radical (·OH), respectively. These free radicals work as strong oxidizing agents for degrading organic molecules. We note that the redox pairs ·OH/OH− (2.38 eV vs. NHE) are more positive than the Evb, and the redox pairs O2/O2− (−0.33 eV vs. NHE) are more negative than ECB [27]. Therefore, thermodynamically, holes cannot oxide the OH− to produce ·OH; meanwhile, ·O2− cannot be yielded by the reduction of electrons. We speculate that the degradation reaction might originate from direct transfer of h+ to oxide the MO dye molecules. We also conducted the trapping experiments of photocatalytic active species during the degradation of the MO solution. As presented in Figure S5, we observed that h+ was the dominant active species in the photocatalytic degradation, whereas ·OH and ·O2− had little effect. These results were in good accordance with the theoretical analysis above.



To gain better insight into the cause of these excellent photocatalytic properties of KSb5S8, we performed theoretical calculations based on density functional theory (DFT). We focused solely on the electronic states near the valence band maximum (VBM) and the conduction band minimum (CBM) where the photo-induced electrons and holes were generated. In Figure 7a, the band structures of KSb5S8 feature an indirect band gap with the VBM at D point and the CBM at B point. The calculated band gap value (1.6 eV) was very close to the value obtained from the UV-vis absorption spectra. Next, we considered the effective masses at VBM and CBM. Generally, the effective mass can be extracted from the second derivate of the energy level of band edges through the following equation [28]:


m*=∓ℏ2(∂2En(k)/∂k2)−1,



(3)




where En(k) is the band energy for n-th band level in k reciprocal lattice space. A small effective mass corresponds to a higher carrier mobility, and a larger value ratio of mh*/me* means a big difference of the migration rate of electrons and holes. Thus, a lower recombination probability occurs. Herein, the value of mh*/me* for KSb5S8 was approximately 2, which was greater than that of the state-of-the-art photocatalyst BiVO4 [29] (mh*/me*~1). These results indicated that KSb5S8 had excellent band edge characteristics for photo-induced carrier separation. As shown in Figure 7b, we calculated the total and partial density of states near the band edge. The VBM mainly originated from the S–p states, whereas the CBM mostly consisted of S–p and Sb–p states. The partial charge density offered a visual picture to analyze the band edge of an orbital composition. We observed that the photo-induced carriers were mostly surrounded by the S and Sb atoms (Figure S6).



We attributed the excellent potential of KSb5S8 as a photocatalyst to two aspects. First, KSb5S8 featured a layered crystal structure where electrons and holes can move more easily to the edge of the surface. Second, the electronic structure analysis suggested that the photo-induced carriers were highly delocalized in the slab [Sb5S8]− and the ratio of mh*/me* was approximately 2, which may promote separation of the electron–hole pairs. Therefore, the crystal and electronic structures likely contributed to the high performance of KSb5S8 as a photocatalyst.



Finally, KSb5S8 underwent photocorrosion due to the oxidation of metal–S bond by the photo-induced holes. Hence, preparation of a heterojunction photocatalytic system might be an effective strategy to suppress the issue of photocorrosion [30]. We also noted that the size of KSb5S8 samples prepared in our method was of micrometer scale (Figure S7). The photocatalytic efficiency of KSb5S8 might be improved further by generating smaller particles with a larger specific surface area to allow faster separation of photo-induced carriers and improved degradation performance. Considering the above experimental and calculated discussions, we believe that the development of a KSb5S8-based photocatalytic material would lead to a source of photocatalysts with layered crystal structures having excellent performance.




3. Experimental and Theoretical Methods


3.1. Synthesis of KSb5S8


All the chemicals were purchased commercially and used without further purification. In a typical preparation, 0.8 mmol KCl, 2 mmol Sb2O3, and 20 mmol thiourea were mixed and grounded in an agate mortar. The mixture was then transferred to a 50 mL Teflon-lined stainless steel autoclave. The autoclave was sealed and maintained at 230 °C for 72 h. After cooling down to room temperature naturally, the final products were washed with ethanol and distilled water several times and then dried at 60 °C overnight for further characterization.




3.2. Characterizations


Powder X-ray diffraction (XRD) patterns were collected on a PANalytical X‘pert powder diffractometer equipped with a PIXcel detector and with CuKα radiation (40 kV and 40 mA). The scanning step width was 0.01°, and the scanning rate was 0.1° s−1. Patterns were measured over the 2θ range of 6–100°. Transmission electron microscopy (TEM), high angle annular dark field (HAADF) images, and energy dispersion spectrometry (EDS) data of KSb5S8 were collected with a Talos F200S G2 Microscope. UV-vis diffuse reflectance spectroscopy (DRS) was performed at room temperature with a powdered BaSO4 sample as a standard on a Shimadzu UV-3150 spectrophotometer over a range of 200–900 nm.




3.3. Photocatalytic Performance


The photocatalytic performance of KSb5S8 was evaluated by degradation of methyl orange (MO). The light irradiation source was generated by an external 300 W Xe-lamp (CEL-HXF300, Beijing Aulight) with a filter (λ ≥ 420 nm) laid on the top of the reaction vessel. The temperature of the reactant solution was maintained at room temperature by providing a flow of cooling water during the photocatalytic reaction. In a typical experiment, prior to the light irradiation, the as-synthesized powder KSb5S8 (30 mg) was dispersed in the MO solution (10 mg L−1, 100 mL), and the mixture was magnetically stirred for 60 min to achieve an adsorption–desorption equilibrium in the dark. At 30 min time intervals, 5 mL of the suspension was collected and separated by centrifugation to remove the photocatalysts. The concentration of the MO solution was monitored at 464 nm by UV-vis spectrometry.




3.4. Theoretical Methods


Our calculations based on density functional theory (DFT) were performed with a plane wave basis set as implemented in the Vienna ab initio simulation package (VASP). The projector augmented wave (PAW) was used to describe the ion electron interaction. The generalized gradient approximation (GGA) was expressed by the functional of Perdew, Burke, and Ernzerhof (PBE) [31,32]. The geometry was fully relaxed until the maximum Hellmann Feynman forces were less than 0.01 eV/Å. The electronic structure, the density of states, and the partial charge density were obtained with a kinetic cut-off energy of 500 eV. K-point meshes 7 × 7 × 7 were used for electronic Brillouin zone [33]. The convergence criterion for the total energy was set to be 10−6 eV.





4. Conclusions


In this work, we successfully synthesized sulfide KSb5S8 through a simple solvothermal reaction, and its photocatalytic performance was examined. Structural characterization of as-synthesized KSb5S8 was conducted by powder XRD and TEM. Additionally, UV-vis DRS results indicated that the optical band gap of KSb5S8 was 1.62 eV, suggesting it can be used as a visible light harvesting photocatalytic material. More than 73% of an MO solution was photodegraded after visible light irradiation for 180 min, and the photocatalytic activity was approximately five and eight times greater than that of g-C3N4 and commercial P25. The dynamics reaction could be described by pseudo first-order kinetics. Our analysis of the band structure and density of states revealed that photo-induced carriers were delocalized in the layer of KSb5S8, and the ratio of mh*/me* was 2. The layered crystal structure and large mh*/me* suggest that KSb5S8 has potential for use as a high performance photocatalyst. The findings will open up new directions for the design of a highly efficient sulfide photocatalyst with a layered crystal structure for environmental protection.
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Figure 1. Powder X-ray diffraction patterns of as-synthesized KSb5S8 samples via Rietveld refinement. 
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Figure 2. The schematic photograph of KSb5S8. Purple, cyan, and yellow balls indicate K, Sb, and S atoms, respectively. 
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Figure 3. (a) TEM image of KSb5S8. (b,c) Experimental selected area electron diffraction (SAED) and fast Fourier transformation (FFT) patterns along the [001] zone axis. (d) Energy dispersion spectrometry (EDS) elemental mappings of KSb5S8. 
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Figure 4. UV-visible absorption spectra of KSb5S8 sample (inset: Dark red). 
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Figure 5. (a) Photocatalytic degradation curves of methyl orange (MO) over P25, g-C3N4, and KSb5S8 under visible light irradiation. (b) Corresponding linear fitting curve of lnC0/C as a function of time for KSb5S8. 
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Figure 6. Possible mechanism of photocatalytic degradation of MO solution over KSb5S8 under visible light. 
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Figure 7. (a) Band structure of KSb5S8 with effective mass at valence band maximum (VBM) and conduction band minimum (CBM). (b) Total and partial density of states of KSb5S8. 
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