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Abstract

:

Layered perovskite compounds of SrBi2Nb2−xVxO9 (x = 0.0, 0.02, 0.04, 0.06, and 0.08) were synthesized via a solid-state reaction method. Their optical properties, electronic band structures, and photocatalytic activities under visible light irradiation were investigated for the first time. The incorporation of vanadium into the SrBi2Nb2O9 lattice reduced the bandgap energies, allowing the compounds to effectively absorb visible light. Electronic band structure calculations revealed that the V 3d orbitals caused bandgap narrowing by forming an additional band below the conduction band, while the O 2p and Bi 6p orbitals dominantly contributed to the formation of the valence band. The photocatalytic activity tested under visible light irradiation (>420 nm) revealed that it increased linearly with the V content in the SrBi2Nb2−xVxO9 compounds until saturation at x = 0.06, which was attributed to improved visible light absorption originating from the reduced bandgap energies.
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1. Introduction


Semiconductor-based photocatalysis has attracted great interest in the last decade because of its application to degrade organic pollutants into environmentally benign chemicals at a low cost [1,2,3]; in particular, TiO2 has been widely studied due to its high chemical stability, photocatalytic activity, and non-toxicity [4,5]. However, given its large bandgap energy (~3.2 eV), TiO2 is active only under ultraviolet (UV) light (~4% of the sunlight), which diminishes the energy efficiency. Hence, for efficient use of sunlight and application purposes, development of novel photocatalysts having high activity under visible light (VIS) (~45% of the sunlight) is strongly required [1]. To date, searching novel materials [6,7,8,9] and/or modifying the band structures of existing materials are usually employed to obtain VIS-active photocatalysts [10,11]. For developing a new material, one feasible way is the synthesis of complex oxides that leads to the formation of a new valence- or conduction-band state above the O 2p orbital or metal d orbitals through orbital hybridization [6,12,13,14].



SrBi2Nb2O9 (SBN) compounds with layered perovskite structures are of great interest in the fields of dielectrics, ferroelectrics, and photocatalysts [15,16,17,18]; for instance, Shu et al. investigated their electronic band structures, relaxation energies, and bonding mechanisms by using the first-principle calculation, showing that the ferroelectric properties of SBN compounds mainly originated from the covalent effect between B-site cations and oxygen ions, which was enhanced by Bi–O hybridization [19]. Li et al. prepared ABi2Nb2O9 (A = Ca, Sr, and Ba) compounds and analyzed their electronic band structure, optical properties, and photocatalytic water-splitting activity (under UV light); in this case, SBN exhibited much higher activity than the other two compounds (i.e., CaBi2Nb2O9 and BaBi2Nb2O9) because its lattice was more distorted, and the angle between their corner-linked NbO6 octahedra was closer to 180° than the others [20]. On the other hand, vanadium substitution/incorporation at niobium sites has been reported to influence the dielectric and ferroelectric properties of these compounds [21,22]. Wu et al. [23] observed comparable direct current (DC) conductivity among V-incorporated SBN compounds regardless of the V content and, more interestingly, demonstrated that their ferroelectric properties were significantly enhanced by incorporating up to 10 at% of vanadium, while the layered perovskite structure was preserved.



In the present study, we synthesized a series of SrBi2Nb2−xVxO9 (x = 0.0, 0.02, 0.04, 0.06, and 0.08, hereafter denoted as SBNV0, SBNV02, SBNV04, SBNV06, and SBNV08, respectively) compounds via a solid-state reaction route to investigate the influence of V incorporation on their light absorptions, band structures, and photocatalytic activities under VIS. In particular, we focused on the relationship between the changes in the crystal (e.g., in the lattice parameters) and band structures.




2. Results and Discussion


2.1. Crystal Structure and Morphology


The SBN ceramic (family of the Aurivillius phases) has an orthorhombic crystal structure (space group A21am) and a layered perovskite structure [24]. Figure 1a shows a schematic crystal structure of SBN, in which a pseudo-perovskite block layer of (SrNb2O7)2− is sandwiched between (Bi2O2)2+ layers along the c-axis [19]. The XRD patterns of the V-substituted SBN powders, synthesized at 850 °C, are shown in Figure 1b; all the XRD peaks were indexed to the orthorhombic structure of SrBi2Nb2O9 (JCPDS No. 86-1190). In addition, all the powders exhibited high crystallinity, and no other impurity phases were observed, regardless of the V content. Notably, it was known that the layered perovskite structure of the SBN retained up to the V content of 15 at% [21]. Figure 1c shows the variation in lattice parameters with increasing V content, which was calculated via a least-square method by using MAUD software [25]. When the V content was increased from 0 to 0.08, the a value slightly increased until x = 0.04 and then rapidly decreased; similarly, the b value decreased linearly until x = 0.06 and then saturated, while the c value decreased abruptly at x = 0.02 and then increased linearly. As a result, the unit-cell volume was reduced by the V incorporation, probably because of the smaller radius of the V5+ ion (0.54 Å) compared to the Nb5+ ion (0.64 Å) [21]. This change in the lattice parameters confirmed that the V5+ ions were successfully incorporated in the SBN structure.



Figure 2 and Figure S2 show the SEM images and the corresponding particle size distribution of the SBNV0 and SBNV06 powders; the former exhibited a spherical and rounded morphology, with an average particle size of ~1 μm (Figure 2a,b), while the latter showed large and irregular morphology with fragments (0.3–2 μm in size), which was commonly observed in powders prepared via a solid-state reaction route [26,27]. The specific surface area of SBNV06 was 2.9 m2/g, three times larger than that of SBNV0 (0.9 m2/g) (See Table S1).




2.2. Optical Properties and Electronic Band Structure


The light absorption characteristics (i.e., bandgap energy and absorption coefficient) of a photocatalyst are generally one of the most critical factors affecting its photocatalytic activity [2]. Hence, the light absorption properties of the SBNV0, SBNV02, SBNV04, SBNV06, and SBNV08 powders were investigated via UV–VIS diffuse reflectance spectroscopy (Figure 3a). The SBNV0 (without V incorporation) had an absorption edge at ~386 nm, comparable to previous results [20]. When increasing the V content, the absorption edge was shifted toward longer wavelengths, i.e., absorption tails/shoulders appeared in the visible-light (VIS) region; in particular, SBNV06 and SBNV08 exhibited higher light absorption than SBNV02 and SNBV04 in the 400–700 nm range. Since SrBi2Nb2O9 had a direct bandgap [20], the optical bandgap values could be estimated by extrapolating the tangents at the linear portion of the (αhν)2 versus hν plots (Tauc plots, here α is the absorption coefficient obtained from the Kubelka-Munk function (α/S) = (1−R)2/(2R), S is scattering coefficient, R is diffuse reflectance, h is Plank constant, and ν is a frequency of light). As shown in Figure 3b,c, the estimated bandgaps of SBNV0, SBNV02, SBNV04, SBNV06, and SBNV08 were 3.21, 3.13, 2.95, 2.75, and 2.71 eV, respectively, that is, the bandgap values decreased with increasing V content (See Table S2). This result indicated that the light absorption properties of SBN were enhanced by the V incorporation, possibly resulting from the change in the local crystal structure. As a result, the generation of charge carriers in SBNV06 and SBNV08 under VIS was expected to be higher than in SBNV0, SBNV02, and SBNV04.



Next, the influence of V incorporation on VIS absorption of SBN compounds was further investigated via calculating the electronic band structure and density of state (DOS) of the synthesized powders. DFT calculations were conducted using the atomic positions reported in the literature [24] and the lattice parameters derived from the XRD analysis. Figure 4 shows the results of band structure and partial DOS calculations of SBNV0 and SBNV06. SBNV0 exhibited a direct bandgap (consistent with a previous study), the calculated bandgap value was 2.4 eV (~25% underestimated compared with the experimentally obtained value, Figure 4a) [28], and the valence band consisted of O 2p, Bi 6s, and Bi 6p orbitals, while the conduction band mainly consisted of Nb 4d orbitals (Figure 4b). On the other hand, SBNV06 (i.e., after V incorporation) retained a direct bandgap, but the bandgap value decreased to 2.1 eV, enabling VIS absorption by red-shifting the absorption edge. This bandgap narrowing was attributed to the formation of V 3d orbitals at a lower energy level than that of the Nb 4d orbitals, where the conduction band was widened by the hybridization of both orbitals.



Then, the conduction- and valence-band positions of SBNV0 and SBNV06 were calculated using the following empirical equation [29]:


EVB = EN − Ee + 0.5 × Eg,








where EVB is the valence-band edge potential, EN is the electronegativity of the semiconductor, given by the geometric mean of the electronegativities of the constituent atoms, Ee is the energy of the free electrons on the hydrogen scale (~4.5 eV), and Eg is the bandgap value (experimentally obtained) of the semiconductor. It should be noted that the conduction band position obtained from this equation may largely deviate from the values obtained from other experimental techniques such as Mott–Schottky measurements. Figure 5 shows the schematic band structure of the conduction and valence bands for the SBN powders with and without V incorporation, derived from the experimentally obtained bandgap values, the partial DOS, and the results of the above equation. The conduction-band edge of SBNV0 was located at −0.24 V versus reversible hydrogen electrode (RHE), i.e., higher than the reduction potential of water (H+/H2, 0 V versus RHE), while its valence-band edge was positioned at +2.96 V versus RHE, i.e., lower than the oxidation potential of water (H2O/O2, +1.23 V versus RHE). Therefore, SBNV0 could potentially split water into H2 and O2 gases under UV light illumination [20]. In the case of SBNV06, due to hybridization of the V 3d and Nb 4d orbitals, the conduction-band edge was located at a lower energy level compared to SBNV0 (i.e., −0.02 V versus RHE), while the valence-band edge was located at +2.73 V versus RHE. This result indicated that the SBNV06 was VIS-active, and it could split water thermodynamically.




2.3. Visible-Light-Induced Photocatalytic Performance


The VIS-induced photocatalytic performance of SBNV0, SBNV02, SBNV04, SBNV06, and SBNV08 were tested by checking the decomposition of RhB dye under VIS illumination (λ > 420 nm). As shown in Figure 6a,b, no decomposition of the RhB dye was observed in the blank experiment (i.e., without photocatalyst powder). In contrast, all the powders achieved noticeable degradation of the RhB dye; after 5 h, the decomposition efficiencies of SBNV0, SBNV02, SBNV04, SBNV06, and SBNV08 were, respectively, ~48%, ~56%, ~63%, 78%, and 75%, which meant also that SBNV06 was the most efficient.



Critical factors influencing the photocatalytic activity of photocatalysts are light absorption (charge generation), charge transport, and number of active sites [30,31]. Regarding light absorption efficiency, smaller bandgap values, i.e., efficient light absorption, facilitates the generation of charge carriers in the photocatalyst. On the other hand, the charge transport efficiency is greatly affected by electron/hole mobilities, defects, and particle size [31]. In the case of the number of active sites, a large surface area is preferred because it provides a greater number of surface active sites for the adsorption of organic molecules, thus increasing their decomposition/oxidation. As shown in Figure 3, SBNV06 and SBNV08 exhibited smaller bandgaps and larger VIS absorption compared to SBNV0, SBNV02, and SBNV04, which allowed improved charge generation under VIS irradiation. Furthermore, the particle sizes of the V-incorporated SBN powders (Figure 2) were smaller than that of SBNV0; therefore, the specific surface area of SBNV06 was larger than that of SBNV0 (Table S1), corresponding to a large number of surface active sites. Regarding charge transport efficiency, since SrBi2Nb2O9 had an extremely low electron mobility (<10−5 cm2/V·s) [32], SBNV0 could be expected to have a poor charge transport efficiency. Besides, excess doping or substitution generates a greater number of defects; hence, SBNV08 may have far more defects that would significantly decrease its charge transport efficiency compared to SBNV06. As a result, the highest photocatalytic activity of SBNV06 could be mainly attributed to the improved visible absorption (via V incorporation) and larger surface area (resulting from a smaller particle size).



The photocatalytic activity of SBNV06 was further compared to that of the frequently studied tungsten oxide (WO3) photocatalyst (synthesized via a precipitation method), which had a comparable bandgap value (~2.7 eV) but much smaller particle size (~200 nm) (Figure 7). Although the initial degradation rate (after 1 h) exhibited by WO3 (29%) was slightly faster than that of SBNV06 (16%), the final degradation rates (after 5 h) were comparable (84% and 80%, respectively). Also, as shown in Figure S4, the reaction rate constant (k, assuming pseudo-first-order reaction kinetics) of WO3 (2.58 × 10−3 min−1) was higher than that of SBNV06 in the time range of 0–150 min. However, at 200–300 min, the SBNV06 showed a higher k value than WO3. These results indicated that the initial photocatalytic reaction of SBNV06 was slow, implying the adsorption of RhB dye molecules on the surface of SBNV06 was a rate-limiting factor (possibly because of surface property and/or smaller surface area than the WO3) at the initial stage of photocatalytic reaction. Therefore, when considering the small bandgap value of 2.75 eV and favorable band positions, the photocatalytic activity of SBNV06 could be further enhanced by controlling its particle size and morphology, via a solution synthesis method [33].





3. Materials and Methods


3.1. Preparation of SrBi2Nb2−xVxO9 and WO3 Powders


The SrBi2Nb2−xVxO9 powders were synthesized via a solid-state method [34]. Stoichiometric mixtures of the starting materials (SrCO3, Bi2O3, Nb2O5, and V2O5, all 99.9%) were ball-milled with ZrO2 balls and ethanol for 48 h. Then, the resulting mixtures were dried and successively calcined at 850 °C for 6 h (the samples calcined below 850 °C exhibited impurity phases, see Figure S1). The WO3 powder was synthesized by a precipitation method. Briefly, 0.02 mol of sodium tungstate dihydrate (Na2WO4-2H2O, >99%, Sigma-Aldrich, St. Louis, MO, USA) was dissolved in deionized water (150 mL) and the pH value was adjusted to 10 by using 0.1 M NaOH (98%, Alfa Aesar, Ward Hill, MA, USA) aqueous solution. The resultant mixture was heated to 50 °C for 6 h. After washing and drying, the yellowish powder was annealed at 350 °C for 2 h.




3.2. Characterizations and Density Functional Theory Calculation


The crystal structures and morphologies of the powders were determined by using an X-ray powder diffractometer (XRD) (D8 Advance, Bruker AXS, Karlsruhe, Germany) and a scanning electron microscope (SEM) (JSM-6330F, Jeol, Tokyo, Japan), respectively. The diffuse reflectance spectra were collected with a UV–VIS near-infrared (NIR) spectrophotometer (U-4001, Hitachi, Tokyo, Japan). The specific surface area measurements were conducted using a Brunauer–Emmett–Teller (BET) surface area analyzer (ASAP 2010, Micromeitics, Norcross, USA). The band structure calculation was based on the plane-wave density functional theory (DFT) and performed using the CASTEP code [35]; the applied convergence criterion was 10−6 eV for the total energy change per atom. Generalized gradient approximation (GGA) using Perdew–Burke–Ernzerhof (PBE) functionals and ultrasoft pseudopotentials were calculated and, then, basis set corrections were carried out [36]. Energy calculations were performed using the PBE0 hybrid functional and the norm-conserving pseudopotentials, with a cut-off energy of 830 eV and a 4 × 4 × 2 k-point sampling [37].




3.3. Photocatalytic Performance Test


The photocatalytic activities of the SrBi2Nb2−xVxO9 powders were tested via the decomposition of a rhodamine B (RhB) dye solution (20 mg/L) under VIS illumination by using 100 W tungsten–halogen lamps (OSRAM) with a cut-off filter (λ > 420 nm). A reactor made by Pyrex glass was positioned at the center of a black acrylic box (200 mm × 150 mm × 200 mm) and one of the lamps was positioned at 10 cm from it. Reaction suspensions were prepared by adding the photocatalyst powder (0.3 g) to the RhB dye solution (100 mL) with stirring and sonication. Before the photocatalytic test, the suspensions were successively stirred in the dark (for 60 min) to ensure the adsorption/desorption equilibrium. Aliquots (2 mL) of the suspension were removed at given time intervals, centrifuged, and then the RhB concentration in them was determined by using a Ultraviolet-visible (UV–VIS) spectrophotometer (Lambda 35, Perkin-Elmer, Walthan, MA, USA).





4. Conclusions


Layered perovskite compounds of SrBi2Nb2−xVxO9 were synthesized at 850 °C via a solid-state reaction method, and their optical properties, electronic band structures, and VIS-induced photocatalytic activities were investigated for the first time. Vanadium incorporation into the SrBi2Nb2O9 lattice reduced the bandgap energies, allowing efficient absorption of VIS. Electronic band structure calculations confirmed that the V 3d orbitals were an additional band just below the Nb 4d orbitals, causing bandgap narrowing by the hybridization of both orbitals. The VIS-induced photocatalytic activity of the synthesized SrBi2Nb2−xVxO9 powders increased linearly with the V content until saturation at x = 0.06, which could be mainly attributed to the improved VIS absorption and larger surface area.
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Figure 1. (a) Crystal structure of a layered perovskite compound of SrBi2Nb2O9. (b) X-ray diffraction patterns and (c) lattice parameter variation of SrBi2Nb2−xVxO9 compounds (x = 0, 0.02, 0.04, 0.06, and 0.08, denoted as SBNV0, SBNV02, SBNV04, SBNV06, and SBNV08, respectively). 
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Figure 2. Field emission scanning electron microscopy images and corresponding particle size distributions of SrBi2Nb2−xVxO9 powders. (a,b) x = 0 (SBNV0) and (c,d) x = 0.06 (SBNV06). 
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Figure 3. Optical properties. (a) Kubelka-Munk function. (b) (αhν)2 versus photon energy. (c) Bandgap values of SrBi2Nb2−xVxO9 powders, with x = 0, 0.02, 0.04, 0.06, and 0.08 (SBNV0, SBNV02, SBNV04, SBNV06, and SBNV08, respectively). 
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Figure 4. Electronic band structure and partial density of states (PDOSs) of SrBi2Nb2−xVxO9 powders. (a,b) x = 0 (SBNV0) and (c,d) x = 0.6 (SBNV06). 






Figure 4. Electronic band structure and partial density of states (PDOSs) of SrBi2Nb2−xVxO9 powders. (a,b) x = 0 (SBNV0) and (c,d) x = 0.6 (SBNV06).



[image: Catalysts 09 00393 g004]







[image: Catalysts 09 00393 g005 550]





Figure 5. Schematic band structure and positions (on the electrochemical scale) of SrBi2Nb2O9 and SrBi2Nb2−xVxO9 (x = 0.06). 
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Figure 6. Visible light (VIS)-induced photocatalytic activity of SrBi2Nb2−xVxO9 powders with x = 0, 0.02, 0.04, 0.06, and 0.08 (SBNV0, SBNV02, SBNV04, SBNV06, and SBNV08, respectively), under irradiation with a halogen lamp having a 420 nm cut-off filter: (a) Concentration change profiles with irradiation time. (b) Variation of the absorbance of the RhB dye solution with time for the SBNV06 (See Figure S3 for the others). (c) Comparison of RhB dye decomposition efficiency after 5 h. The error bar was obtained from three measurements of each sample. 
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Figure 7. Comparison of VIS-induced photocatalytic activity between WO3 and SBNV06, under VIS irradiation (λ > 420 nm). (a) SEM image of the WO3 powder. (b) Variation of the absorbance of RhB dye solution with time for the WO3. (c) Concentration change profiles with irradiation time. 
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