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Abstract

:

In this work, we studied the catalytic performance of a β-Bi2O3/Bi12SiO20 nanocomposite material in the reactions involving the photodecomposition of rhodamine B and selective photooxidation of 5-hydroxymethylfurfural (HMF). The semiconductor composite nanomaterial was obtained by means of the mechanical grinding of a mixture of nanopowders of β-Bi2O3 and sillenite, both individually produced via pulsed laser ablation. The crystal structure of the prepared composite particles was confirmed by means of X-ray diffraction, while the optical properties of both individual components and their composite (with different ratios of Bi2O3 and Bi12SiO20) were also studied. The photocatalytic activity of the composite particles was studied in the course of their decomposition of rhodamine B under LED excitation at wavelengths of 375, 410 and 470 nm. It was shown that the optimal β-Bi2O3/Bi12SiO20 ratio in the composite particles resulted in their photocatalytic activity exceeding those of both single-phase β-Bi2O3 and Bi12SiO20, as well as that of their mixtures (by ~2.3 times for the excitation of an LED with λ = 375 nm). The novel composite particles were also found to perform better in the selective photocatalytic oxidation of HMF: at a conversion of ~5%, the selectivity toward DFF of the nanocomposite was significantly higher (10.3%) than that of sample Bi2O3 (−4.2%). A model was proposed that explains the increase in activity of the newly prepared photocatalyst due to the formation of a type II heterojunction in its particles.
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1. Introduction


Recently, there has been a growing demand for “green” photocatalytic technologies that aim at solving environmental problems. One such problem is water pollution with organic compounds (e.g., phenol derivatives, herbicides, dyes, antibiotics and other molecules) that enter the water from various man-made sources, including textile, pulp and paper and pharmaceutical plants and factories [1,2,3]. Another promising area in photocatalysis is the processing of renewable resources, such as biomass, in particular the transformation of 5-hydroxymethylfurfural (HMF) extracted from lignocellulosic biomass (which is the most accessible raw material on Earth), into valuable products with high added value [4]. Research in this area has been extensively developing over the past few years [5,6,7], also aiming at the simultaneous production of hydrogen [8].



The development of effective and stable photocatalysts for water purification from organic pollutants and for selective transformations in biomass processing, which are also non-toxic and capable of operating in both the UV and visible spectral ranges, remains an important aspect for the advancement of this technology. Such materials include, for example, classical oxide photocatalysts based on wide-gap titanium (TiO2) and zinc (ZnO) oxides as part of heterostructures [9,10], or composite and decorated materials with plasmonic particles [11,12], as well as a large number of other semiconductor photocatalysts, including carbon-based materials [13].



A conventional semiconductor particle has a number of disadvantages related to the insufficient separation and rapid recombination of charge carriers, as well as to its limited spectral range [14,15]. An effective way to overcome them and improve the photocatalytic properties of the material is to create heterostructures [16,17,18]. Several types of heterostructures can be distinguished, depending on their bandgap width, energy band positions, the relationship between the semiconductors forming the heterostructure, as well as the migration and relaxation paths of the electron–hole pairs [19]. Based on modern ideas about photocatalytic mechanisms, it is the type II heterostructures and z-scheme that can be effective [15,20,21]. In turn, the z-scheme can be of three types: conventional z-scheme heterojunction, all-solid-state z-scheme, and direct z-scheme heterojunction [22]. Different types of dual z-scheme heterojunctions can be considered when three semiconductors are involved [17]. In recent years, the so-called s-scheme [23,24] has also been proposed, which can be considered an improved version of the z-scheme [24].



Among a wide range of oxide catalysts, not the least place is occupied by various bismuth-based nanomaterials [25]. Good photocatalytic properties are exhibited by both various polymorphic modifications of bismuth oxide Bi2O3 and more complex compounds, for example, double oxides such as silicates (BSO), titanates (BTO), tungstates (BWO), vanadates (BVO), etc. Because of their remarkable physical and chemical properties, ability to adjust their band gap, good biocompatibility and chemical stability, various modifications of bismuth silicates are widely studied [26].



The metastable phase of bismuth oxide β-Bi2O3 is known to absorb radiation up to 500 nm (band gap Eg~2.4 eV), and it demonstrates good photocatalytic activity when excited by visible light [27]; however, the rapid recombination of charge carriers reduces the efficiency of such materials [28]. This problem, as mentioned above, can be solved by implementing a type II heterojunction, which is expected to lead to effective charge separation and, thus, permits the creation of nanocomposite (NC) particles with enhanced photocatalytic activity [15]. Unlike its stable α counterpart, the β phase of bismuth oxide has ionic conductivity. The latter conductivity is believed to be provided by oxygen ions, which easily move inside the particle [29]. Typically, β-Bi2O3 is referred to as an indirect-gap p-type semiconductor [30], although there are works where it shows n-conductivity [28]. This oxide was reported to form heterojunctions with wider-gap n-type semiconductors, for example, TiO2 [31] and ZnO [32], as well as with the bismuth-containing compounds BVO, BMO, BiOI, and so on [10,28].



A suitable candidate for creating a type II heterojunction with β-Bi2O3 may be sillenite Bi12SiO20, which also exhibits photocatalytic properties [33]. Sillenite is a semiconductor with a unique structure of energy levels that exhibits photorefractive properties and has a direct-gap energy structure [34,35], with a band gap of about 3.2 eV [36]. In dark conditions, this semiconductor has p-type conductivity [35]. It was shown experimentally and theoretically that due to the large number of trap sites in its band gap, which are filled during photoexcitation, sillenite experiences a shift in the Fermi level and shows n-type conductivity [37]. Thus, at a distance of about 2.2 eV below the conduction band (CB), Bi12SiO20 was shown to have an electron donor center (    B i   S i   3 +     + h+) [36]. This level belongs to the valence band (VB) and is partially occupied, which leads to the photorefractive effect and incorrect determination of Eg [33,38].



Among the wide range of preparation methods for photocatalysts based on bismuth oxides and silicates [25,26,38], recently, laser processing approaches were used [39,40,41,42]. It should be noted that due to their variability, environmental friendliness and a number of other advantages [43], methods based on laser ablation became widely used for the production of catalysts [44,45]. This way, using various approaches, including laser ablation in liquid and air, as well as laser processing of complex colloids, we recently obtained a variety of bismuth-based structures, including single-phase samples [41,46,47,48].



In the present work, we developed a new and simple technique for obtaining β-Bi2O3/Bi12SiO20 NC particles using “pure” nanoparticles obtained via a laser. The aim of this new approach, combining different types of laser ablation and mechanical grinding, was to obtain a heterostructure that permits us to increase the catalytic activity of its individual components. We then studied their structural and optical properties, and finally tested the photocatalytic activity of the resulting materials during the photodecomposition of the persistent model dye rhodamine B and selective photooxidation of 5-hydroxymethylfurfural.




2. Materials and Methods


2.1. Material Preparation


Particles of β-Bi2O3/Bi12SiO20 NC were prepared using the following procedure. At the beginning, “pure” particles of β-Bi2O3 and Bi12SiO20 were produced separately. For this, various variants of laser synthesis were used. For the material preparation, focused Nd:YAG laser radiation (1064 nm, 20 Hz, 7 ns, and 150 mJ) was used in all cases. NPs of β-Bi2O3 were directly obtained via pulsed laser ablation (PLA) of the bulk target of metallic bismuth (99.5% purity) in air under ambient conditions. More details of the experimental setup used can be found elsewhere [49]. The resulting nanoparticles were similar to those previously reported by us elsewhere [47]. To reduce the content of unoxidized metallic bismuth and reduce the particle sizes, the process was carried out at a higher irradiation power density on the target (~1 GW/cm2) than in the earlier work [47]. Hereafter, this sample is denoted as Bi2O3.



The preparation of Bi12SiO20 (sillenite) nanoparticles was carried out according to the method developed for the preparation of single-phase bismuth metasilicate Bi2SiO5 [46], which combines laser ablation, plasma laser treatment of the colloidal mixture, drying and powder annealing. At the first stage, the bulk targets of Bi (99.5%) and Si (99.9%) were ablated in distilled water, resulting in individual colloids, which were then mixed at a molar Bi:Si ratio of 12:1. The mixed colloidal solution was then irradiated with a focused laser beam for 2 h. Such exposure stimulated interactions between the particles, leading to the formation of Bi–Si interfaces, as was previously shown in ref. [41]. The as-prepared (irradiated) colloid was dried in air at 60 °C, after which the resulting powder was annealed at 600 °C in a muffle furnace to form a single-phase bismuth silicate with a sillenite structure Bi12SiO20 (the sample denoted as BSO below).



Nanocomposite particles were obtained by grinding a mixture of freshly prepared “pure” particles of β-Bi2O3 and sillenite (Bi12SiO20) with different ratios of components in an agate mortar for 15 min. As a result, a series of β-Bi2O3/Bi12SiO20 composite powders were obtained (10-Bi2O3/90-BSO, 50-Bi2O3/50-BSO and 90-Bi2O3/10-BSO), where the numbers indicate the mass content of the components in a corresponding composite. To ensure reproducibility, the composite powders were prepared three times. The results of the UV-Vis spectra measurements and the catalytic activity of identical samples prepared in different batches were found to differ by less than 10%.




2.2. Material Characterization Methods


The size and shape of the nanoparticles were analyzed using transmission electron microscopy (TEM), with a CM12 tool from Philips (Eindhoven, The Netherlands). Additionally, the specific surface area was determined via low-temperature nitrogen adsorption using a TriStar II 3020 analyzer (Micromeritics, Norcross, GA, USA). The crystal structure of samples was studied by means of X-ray diffraction (XRD) using an XRD 7000 diffractometer (Shimadzu, Kyoto, Japan). Identification of the phase composition was carried out using the Powder Diffraction Database PDF-4 (ICDD, Newtown Square, PA, USA). The FTIR spectra were obtained using a Tensor 27 spectrometer (Bruker, Rheinstetten, Germany) equipped with a universal ATR MIRacle module (PIKE, Mount Airy, NC, USA) with a crystal plate Diamond/KRS-5. The Raman spectra were recorded under laser excitation at a wavelength of 785 nm using an inVia Raman spectrometer (Renishaw, Gloucester, UK) with a DM 2500M microscope (Leica, Berlin, Germany) with a 50× objective. The optical properties of the materials were studied using diffuse reflectance spectroscopy (DRS) in the UV-Vis range on a Cary 100SCAN spectrophotometer (Varian, Australia) equipped with a DRA-CA-30I module (Labsphere, North Sutton, NH, USA). The band gaps were estimated by means of the Tauc method using the following Equation (1):


(αhν)1/n = A(hν − Eg),



(1)




where α is the absorption coefficient, hν is the photon energy, A is a constant independent of the energy, Eg is the band gap energy, and parameter n = 1/2 for direct and n = 2 for indirect zone transition. Except for the Raman spectrometer (which was calibrated using the Raman scattering line of crystalline silicon at 520 cm−1), all the other tools (electron microscope, spectral instruments and the specific surface analyzer) had valid calibration certificates.




2.3. Photocatalytic Activity Testing


The photocatalytic activity of the samples was assessed via the decomposition of aqueous solutions of the well-known model organic pollutant rhodamine B (Rh B). A solution of Rh B dye with a concentration of 5 × 10−6 M (30 mL) was irradiated with LEDs with λ = 375 nm (50 mW), 410 nm (320 mW) and 470 nm (480 mW), while the catalyst loading was 0.5 mg/mL. The power of the LED emission was determined using a wavelength-calibrated PD300UV semiconductor detector (200–1065 nm) from Ophir, Israel. The dispersion was first stirred in the dark for 1 h to establish adsorption–desorption equilibrium. The change in the Rh B concentration during irradiation was determined using a Cary 100SCAN spectrophotometer (Varian, Belrose, Australia), with the relative error of the optical density determination from the absorption spectra not exceeding 3%. The first order reaction rate constant k was calculated from the slope angle from the following dependence graph:


ln(C0/C) = kt,



(2)




where C0 is the initial and C the current concentration of the dye and t is the reaction time.



In the photocatalytic experiment with selective radical scavengers, isopropyl alcohol (IPA, as a hydroxyl radical scavenger), p-benzoquinone (BQ, as a superoxide radical scavenger) and disodium ethylenediaminetetraacetate dihydrate (EDTA, as a photohole scavenger) were used. They were added as 0.12 mL of IPA, 4 mg of BQ or 3 mg of EDTA to 30 mL of tested solution.



We also carried out an experiment on the selective photooxidation of an aqueous solution of 5-hydroxymethylfurfural. Photooxidation of HMF is a new direction in green technologies and biomass processing. The experiments with HMF were carried out with a concentration of 0.01 M (100 mL) under LED irradiation with λ = 375 nm (2 W). The solution was purged with ambient air, and the reaction took place under atmospheric pressure and at room temperature. The catalyst loading was 1 mg/mL. Similar to Rh B, the reaction mixture with HMF was first kept for 1 h in the dark. During irradiation with LEDs, samples were taken and analyzed via high-performance liquid chromatography (HPLC) using a Prominence-i LC-2030C chromatograph (Shimadzu, Kyoto, Japan). The Rezex ROA-Organic Acid H+ (8%) LC column and 0.025 M H2SO4 eluent, as well as a PDA detector, were used for the separation and registration of the components. Reference solutions with HMF, 5-hydroxymethyl-2-furancarboxylic acid (HMFCA), 2,5-furandicarboxylic acid (FDCA), 2,5-diformylfuran (DFF), and 5-formyl-2-furancarboxylic acid (FFCA) were used to calibrate the detector, with the compound concentrations being determined from the peak areas.



The analysis was carried out at an eluent flow rate of 0.8 mL/min and an injection volume of 10 μL. Prior to the analysis, the 50 μL aliquot taken was diluted with 1 mL of 0.0125 M H2SO4. The HMF conversion, X(HMF), product yield, Y(i), and selectivity, S(i), as well as the carbon balance, B, were calculated based on the concentrations determined via HPLC:


  X   HMF   =     C   HMF     0   − C  ( HMF )      C   HMF     0     × 100 % ,  



(3)






  S   i   =   C ( i )     C   HMF     0   − C  ( HMF )    × 100 % ,  



(4)




where C(HMF)0 and C(HMF) are initial and current HMF concentrations (in mol/L), C(i) is the current concentration of a ith product (in mol/L), and i = HFCA, FDCA, DFF, and FFCA. The error in determining the concentration of the initial HMF and its photooxidation products for the selected calibration range was no more than 15 rel. %.




2.4. Electrochemical Activity Testing


To fabricate working electrodes for the electrochemical tests, 34 mg of nanomaterial was suspended in a solution containing 0.5% Nafion (150 µL) and ethanol (75 μL). The obtained dispersion was sonicated and homogenized, after which the slurry (20 μL) was deposited onto a fluorine-tin oxide (FTO) glass substrate via the drop-casting method and then dried at room temperature.



All the electrochemical experiments were performed on an electrochemical workstation CHI-660E (CH Instruments, Bee Cave, TX, USA) in a standard three-electrode setup with a working electrode, an Ag/AgCl (1 M KCl) reference electrode, and a carbon counter electrode.



The transient photocurrent response was carried out in 0.1 M Na2SO4 aqueous solution under periodic On/Off light pulses of 10 s (λ = 375 nm) and applying potential biases equal to the open circuit potential of the cell. Prior to the measurements, the electrolyte was bubbled with Ar for 10 min to remove the dissolved oxygen.



The electrochemical impedance spectroscopy (EIS) measurements were performed under dark conditions in 5 mM potassium ferro- and ferricyanide solution, K4[Fe(CN)6]3−/4−, with 0.1 M NaNO3 and applying 0.2 VAg/AgCl potential in a frequency range of 0.1 Hz to 106 Hz for an amplitude of 10 mV. ZView 3.5g software (ZView Inc., Huntington Beach, CA, USA) was used for the equivalent circuit modeling.





3. Results and Discussion


3.1. Characterization of Particle Structure and Morphology


Based on the XRD patterns presented in Figure 1, sample Bi2O3 produced via laser ablation in air consisted of the β-Bi2O3 phase (PDF-4 #04-015-6851). Sample BSO, prepared via laser ablation in water and then annealed, is represented predominantly by the Bi12SiO20 phase (PDF-4 #04-007-2767), with trace amounts (~1%) of the bismuth metasilicate phase Bi2SiO5 (PDF-4 #00-036-0287). When obtaining NC particles of β-Bi2O3/Bi12SiO20, no new phases were found to form, as only β-Bi2O3 and sillenite phases were identified in the final samples. Along with the change in the mass ratio of the β-Bi2O3/Bi12SiO20 in the resulting composites, a change in the volume ratio of the content of the corresponding β-Bi2O3 phases was also observed.



Figure 2a exhibits TEM images of sample Bi2O3. The sample is seen to consist mainly of spherical nanoparticles whose average sizes lie in the range from 8 to 27 nm, also containing a small amount of somewhat larger particles with sizes up to 50 nm. The specific surface area of sample β-Bi2O3 is Ssp = 44 m2/g. Sample BSO is mainly represented by round particles of an irregular shape (Figure 2b) and a few hundred nm in size, the presence of which can be explained by the sintering of smaller ones during annealing at 600 °C. There are also smaller particles (below 100 nm) in this sample, close to spherical, which are located on the surface of the larger round ones. Sample BSO has a small specific surface Ssp << 1 m2/g, which is also explained by the effect of temperature annealing. In the composite samples, small particles of β-Bi2O3 are seen in Figure 2c to cover (decorate) the surface of the larger BSO particles quite uniformly.



The XRD results were found to correlate with the vibrational spectroscopy data. In the FTIR spectrum of sample Bi2O3 (Figure 3a), a set of structureless vibrational bands are observed in the region from 400 to 650 cm−1. In accordance with work [50], this region is characterized by vibrations of the Bi–O bond. A low-intensity band with a maximum at 814 cm−1 corresponds to the characteristic vibrations of NO3– groups [51], which are present on the surface of Bi2O3 particles. This was previously reported for particles obtained via ablation in atmospheric air [48,49]. All the bands of the FTIR spectrum of sample BSO (Figure 3a) are in good agreement with the previously reported spectra for Bi12SiO20 [33]. For example, the strong band at ~825 cm−1 is due to absorption via the stretching vibration mode of Bi–O–Si bonds. The IR spectrum of NC particles exhibits vibrations inherent to both bismuth oxide and sillenite. And in a sample with a high content of beta oxide, sample 90-Bi2O3/10-BSO, vibrations of the NO3– group can still be observed next to those of Bi–O–Si (a double band with maxima at ~814 and ~830 cm−1).



All the main bands seen in the Raman spectrum of Bi2O3 at 124, 313, and 466 cm−1 belong to vibrations of the Bi–O phase of tetragonal β-Bi2O3 [52], while in the Raman spectrum of the BSO sample, all the identified bands belong to vibrations characteristic of Bi12SiO20 [33,53]. Correspondingly, the spectra of the composite β-Bi2O3/Bi12SiO20 particles show vibrations related to both β-Bi2O3 and Bi12SiO20 (Figure 3b).




3.2. Optical Properties of NC Particles


The UV-Vis absorbance of the samples obtained by converting the DRS measurements using the Kubelka–Munk function is presented in Figure 4. Sample BSO is seen in Figure 4a to have an absorption band edge in the region of 360–450 nm, which is consistent with the literature data for Bi12SiO20 [36,54]. Estimation of the band gap using the Tauc method for a direct gap transition provides a value of ~3.25 eV. It should be noted that the literature data on the spectral characteristics of sillenite are very different (for instance, the values of Eg were reported to be within the range 2.3–3.3 eV). This can be explained by the unique features of this semiconductor, i.e., the presence of traps in its band gap, and its photorefractive properties, as noted above in the introduction.



The edge of the absorption band of sample Bi2O3 lies in the longer wavelength region and extends to ~530 nm (Figure 4a), which corresponds well to the spectrum of β-Bi2O3 [55]. The flatter slope of the edge of the absorption band of this sample with respect to that of sample BSO confirms that β-Bi2O3 is an indirect gap semiconductor. The Tauc bandgap estimate corresponds to most of the literature data, being 2.4 eV [27,55]. The absorption spectra of NC powders are seen to be intermediate between those of samples BSO and β-Bi2O3; and an increase in the content of β-Bi2O3 leads to a corresponding long-wave shift of the spectrum. No Eg assessment of the composite samples was carried out, because the Tauc method should be used primarily for single-phase samples.



In addition to studying the spectra of both the single-phase and NC samples, we carefully prepared homogeneous mixtures of sillenite with β-Bi2O3 and compared them with the corresponding NC powders with the same ratio of components. The comparison showed that the spectra of nanocomposite particles shifted toward longer wavelengths (Figure 4b,c), which indicates a strong interaction between the different phases and confirms the formation of NCs.




3.3. Photocatalytic Properties of NC Particles


3.3.1. Decomposition of Rh B


The results of the Rh B photodecomposition in the presence of the individual single-phase samples Bi2O3 and BSO, as well as their mechanical mixture and their composites, are presented in Figure 5 and in Table 1. Rhodamine B is known as a persistent dye, and its decomposition under irradiation with 375 nm and without any photocatalyst was found to be no more than 1% after 8 h, as was previously shown in our report [41]. As a result of photocatalysis, the aromatic structure of the dye was effectively destroyed, which was accompanied by the discoloration of the tested solutions. The typical bleaching dynamics observed for all the samples and for all the irradiation wavelengths are shown in Figure 5a. When Rh B is destroyed, a hypsochromic shift in the absorption maximum is seen, which is caused by the formation of an N-deethylated intermediate, rhodamine 110 [46,56,57]. Then, the resultant intermediate product was also efficiently degraded by our photocatalysts. The absorbance was observed to decrease in the whole spectral range, including the UV region, indicating an efficient decomposition of the aromatic structure of the dye.



The efficiency of the Rh B destruction upon excitation at 375 nm for the single-phase catalysts Bi2O3 and BSO is seen to be close, with their rate constant being 0.043 and 0.031 min−1, respectively (Table 1). The interaction between the phases in the composite particles leads to an increase in the efficiency of the catalyst. At the optimal Bi2O3/BSO ratio of 50:50, the rate constant was found to increase to 0.1 min−1, i.e., more than two times when compared with that for the best single-phase semiconductor β-Bi2O3. Similar results were observed upon excitation with wavelengths of 410 and 475 nm, although the most optimal Bi2O3/BSO ratio in the composite was 90:10. This is related to the weak absorption of BSO in the visible region of the spectrum.



We also investigated the photocatalytic properties of conventional mixtures of single-phase powders prepared with the same ratios as their corresponding NCs (Table 1). A weak synergistic effect was observed for such mixtures, while overall their activity was almost two times smaller than that of composites of similar composition. Nevertheless, this result suggests that “pure” and “soft” nanoparticles produced by laser are prone to interact easily.



The increase in photocatalytic activity for the composite material can be attributed to the better separation of photogenerated charge carriers, which in our case implies the formation of type II heterojunctions between β-Bi2O3 and Bi12SiO20. However, both of these semiconductors are typically p-type. Therefore, based on their energy schemes, and taking into account the experimentally determined Eg values, type I heterojunctions were more likely to form upon contact. This implies that the observed increase in the catalytic activity of the prepared NCs requires explanation.



To establish the possible mechanisms of Rh B photodegradation, a test using selective radical scavengers that bind individual active species and prevent their participation in photocatalytic processes (the so-called spin-trapping method [58]) was carried out. As a result, it was found that for all the materials an important role in photo-stimulated processes of Rh B destruction is played by oxidative reactions that involve •O2− active species (Figure 5c–e). The addition of a selective scavenger of superoxide radicals, BQ, to the medium led to a decrease in the activity of all the catalysts. At the same time, the role of hydroxide radicals in dye photodetection was found to be much smaller. When a selective absorber of hydroxide radicals, IPA, was added, the catalytic activity of the tested catalysts did not decrease significantly, especially for the composite sample. This may prove that the energy of the holes is not sufficient for the efficient formation of •OH radicals. In this case, one can assume the direct oxidative decomposition of Rh B by means of photoholes (see the results of test with the selective hole absorber EDTA in Figure 5c–e).



The stability of the photocatalysts in the N-deethylation process was evaluated during Rh B decomposition under irradiation by LED with a wavelength of 375 nm (Figure 6). During the first cycle, the complete N-deethylation of Rh B in the presence of the catalysts BSO, Bi2O3 and 50-Bi2O3/50-BSO composite was found to occur in 3, 2 and 1 h, respectively. As seen in Figure 6a, sample BSO remained stable over five cycles. For comparison, the photocatalytic efficiency of sample Bi2O3 started to decrease slightly after three cycles (Figure 6b), which is due to the reduction of bismuth. At the same time, the composite sample demonstrated a monotonic decrease in its efficiency with each cycle (see Figure 6c). Nevertheless, even after five cycles of operation, its photocatalytic activity was still superior to that of samples BSO and Bi2O3 (Figure 6c). The observed decrease in catalytic efficiency during the cyclic stability experiments is likely to indicate a gradual disruption of the contact between the two semiconductor components of the composite. As a result, this leads to the gradual decay of the heterostructure that was obtained using such a mild mechanical method.




3.3.2. Selective Oxidation of HMF


The results obtained from the photooxidation of HMF are presented in Figure 7. In the absence of a catalyst, no changes are seen in the HMF solution. The absorption peak of HMF is known to be about 280 nm, and the HMF molecule does not absorb energy in the region longer than 320 nm [59]. Figure 7a shows schematically the pathways of the selective oxidation of HMF to various products, and Ref. [5] discusses in detail possible reactions involving photogenerated charge carriers and active particles formed in the medium. Under the used conditions, sample BSO demonstrated a very low conversion level of HMF (~2%), which is why the data had a large error and are not presented in this work. In the presence of samples Bi2O3 and 50-Bi2O3/50-BSO, the 5-HMF conversion increased with the irradiation time to 5.8 and 7.2%, respectively. In both cases, the main product of the selective photooxidation of HMF was 2,5-diformylfuran (DFF), while some amounts of 2,5-furandicarboxylic acid (FDCA) and 5-hydroxymethyl-2-furancarboxylic acid (HMFCA) were also observed. The DFF selectivity in the presence of sample Bi2O3 changed from 8.6 to 3.5%, with a maximum observed after 2 h of irradiation at a HMF conversion of 1.3% (Figure 7b). For composite sample 50-Bi2O3/50-BSO, the DFF selectivity is seen in Figure 7c to increase remarkably and vary from 8 to 7.7%, passing through a maximum of 10.6% at a HMF conversion of 4.1%. At the same conversion (~5%), the selectivity toward DFF for sample 50-Bi2O3/50-BSO was significantly higher (10.3%) than that for sample Bi2O3 (4.2%). Note that the experiments were carried out in distilled water and at a low irradiation power; changing the pH by adding an alkali agent, such as NaHCO3, and increasing the LED power should lead to a significant increase in conversion.





3.4. Electrochemical Properties of NC Particles


The photocurrent responses of the samples were measured to reveal their photocatalytic activities under irradiation with UV light. The obtained results are seen in Figure 8a to show that all the samples had cathodic behavior, which is characteristic of p-type semiconductors [60]. Sample 50-Bi2O3/50-BSO had the highest photocurrent response in comparison to samples Bi2O3 and BSO, which correlates with the Ph B photodecomposition rate constants at λ = 375 nm shown in Table 1. It is worth mentioning that the i–t curves had different morphology, which can be associated with various defect states influencing the charge separation processes and, as a result, electron–hole pair lifetime. It can be seen that all the samples demonstrated good durability, with a small decrease in photocurrent density for sample 50-Bi2O3/50-BSO, whose peak intensity stabilized after ~1000 s.



EIS measurements were performed in order to understand the charge-transport processes occurring in the prepared samples (Figure 8b). It is clearly seen that the Nyquist plots of samples Bi2O3 and BSO display two semicircles, while an additional part of semicircle observed at low frequencies characterizes sample 50-Bi2O3/50-BSO. Such a complex Nyquist plot reveals an additive effect of each component of the composite. In the high frequency region, small semicircles are found, which can be ascribed to the resistivity of the FTO substrate. The most important factor for the photocatalytic performance of materials is the charge transfer resistivity Rct, which is associated with the radius of the second semicircle. Composite 50-Bi2O3/50-BSO is seen to provide significantly lower impedance values for its semicircle, which correlates with its photocurrent response. The change in the arc radius of the tested samples follows the sequence: 50-Bi2O3/50-BSO < BSO < Bi2O3. Despite the fact that sample BSO demonstrates a lower resistivity than sample Bi2O3, they both show comparable photocurrent intensities. In this regard, structural defects, heterojunctions, surface states, working conditions (e.g., presence of organic molecules in the solution) and other factors should also be taken into consideration to understand better the photocatalytic properties of the tested materials.





4. Discussion


To explain the increase in the catalytic activity of the novel Bi2O3/BSO NCs, based on the results obtained and the literature data on the energy structure and optical properties of the corresponding semiconductors, we considered the following schematic diagram of the energy states and separation of the electron–hole pairs (see Figure 9).



Since both initial single-phase materials are p-type semiconductors [30,35], as shown in Figure 9a, upon contacting, they form type I heterojunctions (Figure 9b). Typically, this configuration of energy levels formed in NC particles does not lead to improved catalytic properties, since it does not contribute to better charge separation, and the redox potential of such a system, in general, is not better than the redox ability of the narrowest bandgap component of the heterostructure. All this is owing to the relative position of the energy levels of electrons and holes in such particles with heterojunctions (Figure 9b).



Increased photocatalytic efficiency can be achieved through better charge separation within the particle, which is realized in type II heterojunction composite particles. In this case, the redox ability of the heterostructure II is lower than the redox ability of each individual component included in it. In such a structure, a compromise is necessary between thermodynamic and kinetic factors. The second well-known approach is the creation of a z-scheme, where not only effective charge separation occurs but also the redox ability of the heterostructure in relation to its constituent individual semiconductors increases [15].



However, sillenite, which is part of our NC particles, has completely unique properties due to the special defect structure of its bandgap [36,37,61]. Upon photoexcitation, effective population of the electron donor center     B i   S i   3 +    + h+ (which is a trap level located ~1 eV above the VB) occurs [36]. As a result, Bi12SiO20 exhibits photorefractive properties, and the conductivity changes abruptly from p- to n-type [37,62]. Hence, after irradiation, the heterostructure can be presented as shown in Figure 9c. In this light, the operation of the photocatalyst can be described in terms of a type II heterojunction, which explains the increase in the photocatalytic activity of the NC particles prepared in this study.



It should be noted that a slight decrease in the thermodynamic characteristics of the system in type II heterostructures can have a dramatic effect on the processes of photocatalytic water splitting or CO2 reduction for the production of solar fuels [63]. In the case of dye decomposition, a slight decrease in the redox potential of the heterostructure may not have a significant effect on the efficiency, which increases due to the better charge separation, i.e., process kinetics (Figure 5b). And for processes such as the photooxidation of HMF, this can be an effective way to change the thermodynamics of the process, permitting control of the reaction paths and the selectivity of the yield of certain products, as can be seen in Figure 7.




5. Conclusions


The present work implements a simple method for the preparation of β-Bi2O3/Bi12SiO20 nanocomposites from individual single-phase semiconductor nanoparticles generated via pulsed laser ablation. Being “pure” and “soft”, such nanoparticles easily interact when ground as a mixture of their powders in a mortar, which leads to the formation of composite particles. Using a set of methods, it was shown that the approach used to obtain the composite material provided a homogeneous distribution of the phases of the composite components and their interaction at the interface, which was necessary for the creation of a heterostructure.



The resulting composites were demonstrated to exhibit excellent photocatalytic properties in the decomposition of Rh B, which were superior to those of both individual materials used as components. The optimal ratio of the components in the obtained composites that provides a significant increase in photocatalytic activity was established. This was achieved due to the formation of a type II heterojunction in the produced composite structures. Both materials in the composite are p-type semiconductors and, under normal conditions, they should form a type I heterostructure. However, due to the unique properties of sillenite (under photoexcitation, the trap levels in its bandgap are populated, which results in a change of conductivity from p- to n-type), the newly prepared composite is believed to work as a type II heterostructure, which explains the results obtained in this work. Cyclic stability tests showed that the heterostructure obtained using this mild mechanical method degrades with time, and thus further studies on its stabilization are required.



The prepared Bi2O3/BSO composite also exhibited catalytic activity in the selective photooxidation of HMF, which is an important direction in modern green catalytic technologies. This makes such materials promising, and further research will aim at studying this process in order to control the conversion efficiency and increase the selectivity of the yield of useful products.
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Figure 1. XRD patterns of samples β-Bi2O3 and Bi12SiO20, and their comparison with three Bi2O3/Bi12SiO20 composites. 
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Figure 2. TEM images of samples Bi2O3 (a), BSO (b), and β-Bi2O3/Bi12SiO2 (c). The composite in panel (c) has its Bi2O3/Bi12SiO2 ratio equal to 50:50. 
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Figure 3. FTIR (a) and Raman shift (b) spectra of composite β-Bi2O3/Bi12SiO20 samples with different Bi2O3/Bi12SiO20 ratios. 
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Figure 4. (a) UV-Vis spectra of β-Bi2O3/Bi12SiO20 composites and samples Bi2O3 and BSO. (b) Comparison of β-Bi2O3/Bi12SiO20 composite and Bi2O3–BSO mixture (both having Bi2O3/Bi12SiO20 of 50:50 by mass). (c) Comparison of β-Bi2O3/Bi12SiO20 composite and Bi2O3–BSO mixture (both having Bi2O3/Bi12SiO20 of 90:10 by mass). 
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Figure 5. (a) Typical photodecomposition dynamics of Rh B in the presence of a composite catalyst (with the ratio of 50:50). (b) Reaction rate constant of Rh B photodecomposition versus the composition of a catalyst, as found for three excitation wavelengths, and comparison of photocatalytic activity of catalysts Bi2O3 (c), BSO (d), and 50-Bi2O3/50-BSO (e) in the course of the degradation of Rh B with or without the addition of IPS, BQ, and EDTA. 
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Figure 6. Cyclic stability curves of samples Bi2O3 (a), BSO (b), and 50-Bi2O3/50-BSO (c) as they decompose Rh B under irradiation with λ = 375 nm. 
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Figure 7. Photocatalytic oxidation of HMF. Reaction route scheme for its oxidation (a). Results obtained in the presence of samples Bi2O3 (b) and 50-Bi2O3/50-BSO (c). 
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Figure 8. The i–t curves of the samples under UV irradiation with LED with λ = 375 nm (a); and Nyquist plots (b). 
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Figure 9. Schematic diagram of the energy states and separation of the electron–hole pairs in individual semiconductor NPs (a) and on a β-Bi2O3/Bi12SiO20 heterojunction in the dark (b) and under the influence of light (c). 
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Table 1. Photodecomposition rate constants for Rhodamine B.
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Sample

	
KN, min−1




	
λ = 375 nm

	
λ = 410 nm

	
λ = 470 nm






	
BSO

	
0.031

	
0.005

	
0.003




	
10-Bi2O3/90-BSO

	
0.038

	
0.017

	
0.009




	
50-Bi2O3/50-BSO

	
0.100

	
0.038

	
0.028




	
50-Bi2O3/50-BSO (mix)

	
0.053

	
-

	
-




	
90-Bi2O3/10-BSO

	
0.093

	
0.070

	
0.080




	
10-Bi2O3/90-BSO (mix)

	
0.057

	
-

	
-




	
Bi2O3

	
0.043

	
0.069

	
0.060
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