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Abstract

:

Monoclinic scheelite bismuth vanadate (BVO) microballs were prepared by a facile hydrothermal method and subsequently modified with 2 wt% of noble metals (NM = Au, Ag, Cu, Pt and Pd) by a photodeposition route. All materials were characterized by diffuse reflectance spectroscopy (DRS), X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS) and Fourier-transform infrared spectroscopy (FTIR). The photocatalytic performance was investigated by degradation of tetracycline antibiotic under visible light irradiation. Moreover, photocurrent generation under UV/vis was also examined. It was found that BVO modification with all tested NMs resulted in a significant improvement in photocatalytic performance. The highest activity was obtained for Cu/BVO with mainly oxidized forms of copper. Based on scavenger tests (∙O2− and ∙OH as the main responsible species for TC degradation) and redox properties, it was proposed that the Z-scheme mechanism between copper oxides and BVO was responsible for enhanced photocatalytic activity. However, the co-participation of zero-valent forms of NMs should also be considered, either as electron scavengers, plasmonic sensitizers or conductors. Presented data reveal that porous microballs, highly attractive for practical applications due to micro-sized diameter and efficient light harvesting inside the structure, could be efficiently used for environmental and energy purposes under solar radiation.






Keywords:


photocatalysis; BiVO4; degradation of pollutants; noble metals; photocurrent; surface modification












1. Introduction


The acceleration of global industrialization and the rapid growth of the world population have caused the depletion of fossil resources and serious energy and environmental problems [1,2,3]. For example, the content of antibiotics in the environment has been continuously growing, which is associated with a high risk of antimicrobial resistance as microorganisms develop the ability to defeat the medicaments designed to kill them. As a promising “green” technology, semiconductor photocatalysis exhibits great potential in pollutants’ degradation [4,5], air purification [6,7], water treatment [8,9], hydrogen generation [10,11,12] and other applications [13] and thus could open up a new strategy for solar energy utilization [14]. Titanium(IV) oxide (titania) is probably the most famous photocatalyst because of high activity, stability, abundance and low price, but it is only active under UV irradiation [15]. Accordingly, its common use is limited to the world regions with high intensity of solar radiation, but even at such conditions, only ca. 3% of sunlight (UV) could be used efficiently. Therefore, it is important to find efficient visible light (vis)-responsive photocatalysts. For example, bismuth vanadate (BiVO4, BVO) exhibits many advantages, e.g., good stability, low price, vis response and eco-friendliness, and thus is considered an interesting choice for further study [16,17,18].



BVO might exist in one of three polymorphs, i.e., monoclinic scheelite, tetragonal zircon and tetragonal scheelite, or as an amorphous phase [19,20,21]. The monoclinic scheelite structure is generally considered the most active [22,23,24]. However, the photocatalytic activity of common BVO materials is usually low due to the fast recombination of photogenerated electrons and holes [25,26,27,28]. Therefore, a variety of methods have been employed to improve photocatalytic performance, including doping [29,30,31,32], morphology design [33,34,35,36], surface modification [37,38,39] and so on.



Many procedures have already been proposed for the fabrication of BVO photocatalysts. For example, a hydrothermal method under neutral conditions in the presence of CTAB as an additive and a dilute solution of nitric acid and sodium hydroxide for adjusting the pH value was proposed by Chen et al. [40]. They found that the crystalline properties of BVO changed from a mixed-crystalline form to a monoclinic phase by extending the reaction time. As already mentioned, the monoclinic phase of BVO has the best photocatalytic performance but also high crystallinity and the strongest light absorption ability. BVO photocatalysts were also synthesized by Soriya et al. through a hydrothermal method with the addition of sodium hydroxide and nitric acid as a pH-controlling agent [41]. It was confirmed that the pure monoclinic crystalline phase had significantly higher photodegradation efficiency than the mixed-crystal form.



Here, a BVO photocatalyst, prepared by the hydrothermal method, was modified with nanoparticles (NPs) of noble metals (NMs) to achieve high photocatalytic activity, especially at the vis range of the solar spectrum. It is well known that NMs work as scavengers for photogenerated electrons, hindering their recombination with photogenerated holes [42]. Although many reports have been published for titania and ZnO modifications, there are only a few studies on the deposition of NMs on BVO [43,44]. For example, Shi et al. prepared BVO by the hydrothermal method and then deposited Au/Pd (different mass ratios) by photoinduced reduction. Indeed, Au/Pd deposited on the surface of BVO improved its photocatalytic performance and stability [45]. However, the lack of comprehensive comparison between different NMs deposited on the same BVO material makes it impossible to draw the final conclusions (about the best properties and kind of NM).



Moreover, due to the plasmonic feature of NMs, another mechanism has been proposed under longer wavelengths than the absorption edge of semiconductors, i.e., plasmonic photocatalysis [46,47,48,49]. Accordingly, high photocatalytic activity is expected for NM-modified BVO materials at a wide range of irradiation, which indeed was found and shown in this paper. Moreover, the difference between gold, silver, platinum, palladium and copper as BVO modifiers was investigated for the first time to find the best BVO material for broad application. Tetracycline (TC) was selected for photocatalytic activity testing, as a typical antibiotic pollutant, i.e., characterized by persistence, bioaccumulation and potential ecotoxicity [4,5]. Its massive discharge poses a serious threat to aquatic and terrestrial ecosystems. Therefore, its quick removal from water has become a research hotspot in water environmental remediation and has important social value and far-reaching practical significance.




2. Results and Discussion


2.1. Characterization and Analysis


The successful synthesis of pristine and modified BVO samples was confirmed by XRD and FR-IR analyses, as shown in Figure 1. The obvious diffraction peaks (Figure 1a), at 18.988°, 28.823° and 30.549° correspond to the (011), (121) and (040) crystal planes, respectively, of monoclinic scheelite BVO (PDF#14-0688). The intense and sharp peaks as well as the lack of other phases, such as vanadium oxide and bismuth oxide, suggest good crystallinity and purity of the obtained samples. Unfortunately, the lack of another phase means also the impossibility to confirm the presence of NMs (at least by XRD), which could be caused by either their low content, the small size of NPs or the formation of an amorphous phase (highly possible for less noble metals, such as silver and copper, usually co-present in oxide forms when stored under aerobic conditions [50]). However, the lack of any shift in XRD peaks confirms also that the crystalline structure of BVO was not changed by modification with NMs, and thus only the surface modification of BVO rather than any kind of doping was achieved.



Similar to XRD data, FTIR results do not confirm the presence of NMs, because of their low content, as shown in Figure 1b. However, the chemical composition of BVO was verified, as clearly observed by the peaks at 531.12, 850.07 and 745 cm−1, related to the bending vibration mode of Bi-O, V-O (with low intensity indicating that V-O on the surface was disconnected and replaced by Bi-O) and the asymmetric and symmetric stretching vibrations of VO43−, respectively. The absorption peak at 3431.62 cm−1 is associated with O–H, whereas two characteristic peaks at 1644.61 cm−1 and 1395.42 cm−1 are assigned to the stretching vibrations of C=O due to the adsorption of H2O and CO2 on the sample surface under air atmosphere. Although there is no proof of the NM presence, FTIR analysis confirmed that NMs were not incorporated inside the lattice of BVO. Accordingly, NMs should be present only on the BVO surface, which is consistent with XRD results.



Interestingly, it was found that BVO NPs formed aggregated microstructures, as shown in Figure 2. The SEM images reveal that pristine BVO forms mesoporous microballs, assembled by irregular NPs with a smooth surface. The size of the microballs varies from 1 to 1.5 microns.



DRS spectra (Figure 3) confirmed the vis response of all synthesized materials as the bandgap of BVO is ca. 2.3 eV [18]. The stronger absorption at the vis range for modified samples is caused by the NM presence. Unfortunately, it is impossible to observe clear plasmonic peaks, which could be caused by their overlapping with BVO and light scattering on the large microballs (clearly observed by high “light absorption” intensity in the whole studied range even for the pristine sample). The bandgap narrowing was not expected (no doping), and indeed all samples show almost the same bandgap values of ca. 2.3 eV (the slight differences could be caused by the mentioned overlapping with plasmonic peaks).



Since all previous methods do not confirm directly the successful deposition of NMs on the surface of BVO, XPS analysis was performed, and the obtained results are shown in Figure 4 and Figure 5 and Table 1 and Table 2.



First, the pristine sample was analyzed, and all obtained data (Figure 4) confirmed the chemical composition of BVO, as follows. Two distinct peaks at 158.99 eV and 164.35 eV, corresponding to Bi4f7/2 and Bi4f5/2, respectively, indicate that bismuth exists in the Bi3+ oxidation state. The peaks of vanadate (V2p) at 514.5 eV and 522.47 eV, corresponding to V2p3/2 and V2p1/2, respectively, relate to V5+ in BVO. In the case of oxygen, XPS spectra of O 1s could be deconvoluted into three peaks at around 530, 531 and 532 eV relating to O2− species in the lattice (OL), oxygen vacancies or defects (OV) and chemisorbed or dissociated oxygen (OC), respectively. Additionally, carbon (C1s) was analyzed, and an obvious C-C bond at ca. 284.78 eV was detected.



Finally, the presence of NMs could be confirmed, as shown in Figure 5. All NMs exist in mixed-oxidation states, as follows. Deconvolution of the gold (4f7/2) peak into three parts with binding energies of 83.28 eV, 85.82 eV and 87.68 eV indicates the presence of three valence states of gold, i.e., Au(δ+), Au(0) and Au(δ−), respectively, with the zero-valent one being predominant (ca. 56%). Similarly, three forms of palladium (3d5/2), i.e., Pd(4+), Pd(2+) and Pd(0), reaching 11.9%, 29.0% and 59.1%, respectively, could be found, among which the zero-valent form is also the main one. In the case of platinum (4f7/2), the zero-valent form is also predominant (84.1%), and the rest is Pt(2+). Interestingly, less noble metals, i.e., silver and copper, exist mainly in oxidized forms. Of course, XPS analysis describes only the surface composition, and thus the co-presence of the metallic core is more than probable (also in the case of copper), as confirmed in other studies for NM-modified titania samples, prepared also by the photodeposition method [37]. Here, two valence states of silver (Ag3d5/2), i.e., Ag(+) and Ag(0), corresponding to 367.98 eV and 366.26 eV, respectively, were detected, with the majority of the positively charged one (ca.93.0%). However, copper exists only in oxidized forms, i.e., Cu(+) and Cu(2+) at ca. 936.2 eV and 934.13 eV, respectively, with Cu(+) being predominant (ca. 82.8%).



Additionally, SEM observations and EDS analysis for NM-modified BVO samples were also performed. Although the formed NPs are very small (mainly 1–2 nm), and thus hardly detectable, as shown in Figure 6 for Ag/BVO and Cu/BVO, it could be confirmed that NMs are deposited on the BVO surface.




2.2. Photocatalytic Activities of Samples


The photocatalytic activity of bare and NM-modified BVO was evaluated by photodegradation of the TC antibiotic under vis irradiation, and the obtained data are shown in Figure 7. It is clear that TC could not be decomposed by simple photolysis (black line in Figure 7a), whereas photocatalysis might result in its ca. 40% degradation. All modified samples show much higher activity than the pristine one, confirming that modification with NMs could effectively improve the photocatalytic performance. Interestingly, Cu/BVO (the sample with only oxidized forms of NMs) is the most active, which could be caused by the possible Z-scheme mechanism between copper oxides and BVO, as proposed for other semiconductors modified with copper [51]. Of course, for the overall removal of pollutants, adsorption ability on the surface of photocatalysts should also be considered. Here, it is clear that all modified samples exhibit better adsorption ability than the pristine one (Figure 7b), indicating that NMs could effectively enhance the TC adsorption, which is helpful for the subsequent photodegradation process. The total TC removal on bare BVO is only 51.2%, whereas the TC removal efficiencies on NM-modified samples are much higher, reaching ca. 61%, 56%, 69%, 58% and 53%, for BVO modified with Au, Ag, Cu, Pt and Pd, respectively. The reaction rate constants (k), estimated from the Langmuir-Hinshelwood (L-H) model, are shown in Figure 7c. It is obvious that the fastest degradation occurs on the Cu/BVO sample, being ca. 1.6 times faster than that on bare BVO.



Additionally, the best content of copper was investigated, and the obtained data for six different samples, containing 0.1 wt%, 0.2 wt%, 0.5 wt%, 1 wt%, 2 wt% and 5 wt% of copper, are shown in Figure 7d. As expected, it was confirmed that there is an optimal content of copper (exactly the same as that selected for all other experiments), and with an increase in copper content (from 0.1 to 2 wt%), both adsorption and photodegradation accelerate, reaching the best performance for 2 wt%. However, for larger copper content (5 wt%), though adsorption still increases, the photodegradation efficiency is worsened, which might be explained by the common “shielding effect” by excessive copper deposits on the surface of BVO and thus a decrease in the light harvesting by BVO.



In order to further explore the reaction mechanism on the Cu/BVO sample, the scavenger tests were carried out, and the obtained data are shown in Figure 8. Four different scavengers were used, i.e., P-benzoquinone (BQ), disodium ethylenediaminetetraacetic acid (EDTA-2Na), isopropanol (IPA) and silver nitrate (AgNO3), to capture superoxide radicals (∙O2−), holes (h+), hydroxyl radicals (∙OH) and electrons (e−), respectively. Interestingly, it was found that photogenerated charge carriers (both electrons and holes) do not play a direct role in the photodegradation of TC since the addition of their scavengers hardly decreased the removal efficiency, i.e., from 69.23% to 67.48% and 67.53%, respectively. Accordingly, it might be concluded that the reaction does not occur directly on the photocatalyst surface. However, a significant function of reactive oxygen species (ROS), i.e., (∙O2−) and ∙OH, was revealed. It should be pointed out that the formation of superoxide radicals from the direct reduction of oxygen by photogenerated electrons is not expected for BVO, because of the too-positive position of the conduction band level [52]. Accordingly, the Z-scheme mechanism between copper oxides and BVO might be expected, i.e., photogenerated electrons from BVO recombine with photogenerated holes from CuxO, and thus photogenerated electrons and holes from CuxO and BVO might further participate in the formation of respective ROS, i.e., superoxide and hydroxyl radicals, respectively.



In order to further study the interfacial charge transfer and separation efficiency on the bare and modified BVO, photoelectrochemical tests were conducted, and the obtained data (EIS and IT) are shown in Figure 9. The instantaneous photocurrent curves of the prepared samples at four on-off cycles are shown in Figure 9a. All the samples showed photoelectric response with good reproducibility during the four switching intermittent irradiation cycles, indicating high photostability of obtained materials. Moreover, the photocurrent density of NM-modified BVO samples was much higher than that of bare BVO. It was found that the order of photocurrent density correlates well with photodegradation ability (Figure 8) as follows: Cu/BVO > Au/BVO > Pt/BVO > Ag/BVO > Pd/BVO > BVO. The highest photocurrent density was obtained for the Cu/BVO sample, reaching 0.37 μA cm−2, which was 6.5 times higher than that of bare BVO. Nyquist impedance plots of all samples are shown in Figure 9b. The transfer speed of electrons between the working electrode and the electrolyte solution was reflected by the curve, where a smaller radius of the arc suggests the faster speed of interfacial charge transfer. Similarly, for all other data, Cu/BVO and bare BVO exhibit the fastest and the slowest charge migration, respectively.




2.3. Mechanism of the Photocatalytic Degradation of Organic Compounds on NM-Modified BVO


Based on the above experimental results, the possible photodegradation mechanism on the NM/BVO photocatalysts could be proposed as follows. First, BVO is excited with irradiation equal to and/or shorter than its bandgap edge (λ < 520 nm). It should be pointed out that the microball porous structure allows efficient light harvesting, and thus all photons with proper energy (even scattered) could be eventually absorbed and used for photocatalytic reaction. Additionally, the co-existent NM oxides, especially in the case of less noble metals, such as copper and silver, could also be excited, resulting in the formation of photogenerated charge carriers. The position of conduction and valent bands for both oxides suggests that either type II heterojunction or the Z-scheme mechanism is possible. However, it must be remembered that though heterojunction might hinder charge carriers’ recombination, it is not recommended, considering redox properties, since photogenerated electrons and holes would have less negative and less positive potentials, respectively. Additionally, the transfer of electrons from the conduction band (CB) of copper oxide to the CB of BVO should result in the formation of hydrogen peroxide rather than superoxide radicals. However, scavenger tests (Figure 8) reveal that superoxide radicals are participating in the overall mechanism of TC degradation. Therefore, the Z-scheme mechanism seems the most probable and attractive, as presented in Figure 10.



Moreover, the participation of the zero-valent form of NMs should be also considered, and thus various additional pathways might be proposed. First, NMs might work as scavengers for electrons generated on NM oxides (or BVO), and then superoxide radicals (or H2O2) are formed on their surface. Second, NMs might be a plasmonic sensitizer, especially those with plasmon resonance localized at longer wavelengths than the absorption edge of BVO. Accordingly, it is possible that in the case of gold with localized surface plasmon resonance (LSPR) at wavelengths longer than 520 nm (the position depending on the size and shape of NM NPs), plasmonic photocatalysis could happen. Here, both mechanisms suggested in the literature could be expected, i.e., electron and energy transfer, since even slight overlapping between the LSPR peak and BVO allows energy transfer [35]. Finally, the NM might work as a conductor between BVO and NM oxides for faster charge transfer (2nd-generation Z-scheme structures). However, further detailed studies, e.g., by action spectra analysis, are necessary for the clarification of these possibilities and are now under investigation. Moreover, the mechanism of TC decomposition should also be investigated to ensure that photodegradation products are not more toxic than TC, as pointed out by Zhang et al. [53] and Wang et al. [54]. The most advisable is to achieve complete oxidation (mineralization) or the conversion of TC into valuable chemical compounds (fuels).



Additionally, the stability of Cu/BVO was investigated, and the obtained data are shown in Figure 11. During five cycles, a slight decrease in the overall performance was observed, which could be caused by the photocatalyst lost during centrifugation. However, other possibilities, e.g., self-oxidation/reduction by photogenerated charge carriers, could not be neglected, and thus detailed studies are necessary before commercialization.



To conclude, quite good stability of Cu/BVO was confirmed, suggesting its high potential for environmental applications, but the material needs further investigation. The most probable mechanism for Cu/BVO is based on the Z-scheme concept with efficient charge transfer between CuxO and BVO (as suggested by the scavenger tests and the redox properties). In the case of other photocatalysts (but also Cu/BVO), the co-participation of zero-valent NMs should also be considered.





3. Experiment


3.1. Preparation of BVO and NM/BVO


For the preparation of bare BVO, the chemical reagents, purchased from Aladdin company (Shanghai Aladdin Bio-Chem Technology Co., Ltd., Shanghai, China), were used without further treatment. The bare BVO was prepared as follows: 2.7164 g Bi(NO3)3·5H2O, 0.682 g NaVO3 and 0.2041 g CTAB were dissolved in deionized water (60 mL), and then after magnetic stirring for 30 min, a yellow suspension was obtained, which was transferred into an inner Teflon reactor (100 mL) with outer stainless steel shell for hydrothermal reaction (160 °C for 24 h). After the reaction was completed and the temperature inside the reactor was cooled down to room temperature, the precipitate was washed (first with ethanol and then with deionized water), centrifuged and freeze dried.



Next, for the surface modification, NM salts, i.e., H2PtCl6∙6H2O, HAuCl4∙3H2O, AgNO3, CuSO4∙5H2O and K2PdCl6, purchased from Aladdin company, were used to modify BVO with NPs of platinum, gold, silver, copper and palladium, respectively, and obtained photocatalysts were named accordingly, as follows: Pt/BVO, Au/BVO, Ag/BVO, Cu/BVO and Pd/BVO. The modification was carried out via photodeposition method. In brief, 500 mg of bare BVO powder was put into a glass bottle, and aqueous solution of weighted salt of NM precursor (2 wt% of BVO; 10 mg NM) was added to BVO powder; then, 25 mL of methanol aqueous solution (50 vol.%) was poured into the bottle, and the air inside the bottle was replaced by Ar through 15 min bubbling. Next, the bottle was sealed with a rubber septum and irradiated with high-pressure mercury lamp (300 W) for 1 h. After irradiation, the powder was collected after washing (three times with methanol and then with deionized water) and freeze drying. The obtained NM/BVO samples were named accordingly to the respective NM, e.g., Ag/BVO corresponds to silver-modified BVO sample. A brief diagram showing the preparation of NM-modified BVO is shown in Figure 12.




3.2. Characterization


The crystalline phase and crystallinity of samples were analyzed by X-ray diffraction (XRD; PANalytical Empyrean, Almelo, The Netherlands, Cu-Kα radiation, scanning rate of 10°/min). The morphology was observed by scanning electron microscopy with energy dispersive X-ray spectroscopy (SEM/EDS, Hitachi SU8010, FESEM, Tokyo, Japan, BE + SBE, face scan). The surface composition and valence state of elements were evaluated by X-ray photoelectron spectroscopy (XPS; PHI5000 Versaprobe VersaProbe III, Chigasaki, Japan). The Fourier transform infrared (FTIR) spectrogram of samples was measured with a TensorII FTIR spectrophotometer (Bruker, Billerica, MA, USA) and the optical adsorption properties with a SHIMADZU UV-2600 UV–vis spectrometer (DRS, Tokyo, Japan).




3.3. Photocatalytic and Electrochemical Evaluation


The photocatalytic activities of samples were evaluated during photodegradation of tetracycline hydrochloride (TC) as a model organic pollutant under vis irradiation (300 W Xe lamp and 420 nm cutoff filter). The reaction temperature was maintained at 298 K with circulating cooling water.



In brief, 30 mg of sample was added to 100 mL of TC solution (25 mg/L), the obtained suspension was stirred first in the dark for 1 h to reach an equilibrium of adsorption–desorption and then irradiated for 2 h with 6 mL sampling at regular intervals of 15 min. The withdrawn samples were centrifuged (to remove the photocatalyst powder) at 4500 rpm for 5 min, and the supernatant was analyzed at 357 nm with UV-Vis spectrophotometer. Scavenger tests were carried out to explore the reaction mechanism on Cu/BVO sample, where four different scavengers were used, i.e., P-benzoquinone (BQ), disodium ethylenediaminetetraacetic acid (EDTA-2Na), isopropanol (IPA) and silver nitrate (AgNO3), to capture superoxide radicals (∙O2−), holes (h+), hydroxyl radicals (∙OH) and electrons (e−), respectively. The concentrations of all scavengers were the same (0.2 mM). They were added to TC solution (25 mg/L) containing 30 mg of Cu/BVO powder. The photocatalytic stability of Cu/BVO was investigated during five subsequent cycles. After each cycle, the powder was centrifuged and used without any other treatment.



The photoelectrochemical (PEC) properties of samples were tested on a CHI760E electrochemical workstation in a conventional three-electrode system. The counter, the reference and the working electrodes were a platinum sheet, Ag/AgCl and fluorine-doped conductive glass (FTO) coated with the analyzed sample, respectively. The working electrode was prepared as follows: 4 mg of sample was added to the mixture of 125 μL ethanol, 375 μL deionized water and 50 μL nafion (5%) and sonicated for 1 h, and then 13.5 μL of the mixture was evenly coated on FTO, followed by drying at 40 °C for 24 h. A 0.1 M Na2SO4 solution and a 200 W xenon lamp were used as electrolyte and excitation light source, respectively. Transient photocurrent densities and EIS plots of samples were measured at 0.2 V.





4. Conclusions


Mesoporous BVO microballs could be successfully prepared by a facile hydrothermal method, and a simple photodeposition process results in the fabrication of NM-modified photocatalysts.



BVO modification with NMs results in significant improvements in photoabsorption properties and thus the resultant photocatalytic performance for both experiments, i.e., degradation of TC and photocurrent generation. Among tested NMs, modification with copper (existing mainly in oxidized forms) results in the best photocatalytic activity. It is thought that TC photodegradation proceeds via ROS, i.e., superoxide and hydroxyl radicals, generated on the surface of copper oxides and BVO, respectively, according to the Z-scheme mechanism. The co-participation of zero-valent metals through various possible mechanisms (e.g., as scavengers of photogenerated electrons, plasmonic sensitizers and conductors) should also be considered but needs further clarification.



To conclude, it was found that all tested NMs (Au, Pt, Pd, Cu and Ag), even at low content (2 wt%), could efficiently improve the performance of the BVO photocatalyst. The facile synthesis allows one to prepare efficient, vis-responsive materials of large diameter (micro-sized range) and is thus highly convenient for practical applications (simple filtration after use). Additionally, the porous morphology seems to be highly attractive for efficient light capture inside the structure (light harvesting). It is thought that NM-based BVO of porous microball morphology could be broadly used for environmental and energy applications.







Author Contributions


Conceptualization, Z.W.; methodology, Z.W.; investigation, L.W., X.Y., J.S. and J.Z.; resources, Z.W.; writing—original draft preparation, Z.W., L.W. and X.Y.; writing—review and editing, E.K.; visualization, K.W.; supervision, Y.C., Z.W. and E.K.; funding acquisition, Z.W. and E.K. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the National Natural Science Foundation of China (NSFC) (51802087), the Natural Science Foundation of the Hubei province of China (2019CFB524) and the Green Industry Leading Program of Hubei University of Technology (XJ2021002101). The project was co-financed by the Polish National Agency for Academic Exchange within the Polish Returns Program (BPN/PPO/2021/1/00037).




Data Availability Statement


The data presented in this study are available on request from the corresponding author (Z.W.).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Hoffmann, M.R.; Martin, S.T.; Choi, W.Y.; Bahnemann, D.W. Environmental applications of semiconductor photocatalysis. Chem. Rev. 1995, 95, 69–96. [Google Scholar] [CrossRef]

	



Bahnemann, D.W.; Kholuiskaya, S.N.; Dillert, R.; Kulak, A.I.; Kokorin, A.I. Photodestruction of dichloroacetic acid catalyzed by nano-sized TiO2 particles. Appl. Catal. B Environ. 2002, 36, 161–169. [Google Scholar] [CrossRef]

	



Esswein, A.J.; Nocera, D.G. Hydrogen production by molecular photocatalysis. Chem. Rev. 2007, 107, 4022–4047. [Google Scholar] [CrossRef] [PubMed]

	



Deng, Y.; Tang, L.; Zeng, G.; Wang, J.; Zhou, Y.; Wang, J.; Tang, J.; Wang, L.; Feng, C. Facile fabrication of mediator-free Z-scheme photocatalyst of phosphorous doped ultrathin graphitic carbon nitride nanosheets and bismuth vanadate composites with enhanced tetracycline degradation under visible light. J. Colloid Interface Sci. 2018, 509, 219–234. [Google Scholar] [CrossRef]

	



Cheng, L.; Jiang, T.; Yan, K.; Gong, J.; Zhang, J. A dual-cathode photoelectrocatalysis-electroenzymatic catalysis system by coupling BiVO4 photoanode with hemin/Cu and carbon cloth cathodes for degradation of tetracycline. Electrochim. Acta 2019, 298, 561–569. [Google Scholar] [CrossRef]

	



Verbruggen, S.W. TiO2 photocatalysis for the degradation of pollutants in gas phase: From morphological design to plasmonic enhancement. J. Photoch. Photobio. C 2015, 24, 64–82. [Google Scholar] [CrossRef]

	



Mamaghani, A.H.; Haghighat, F.; Lee, C.-S. Role of titanium dioxide (TiO2) structural design/morphology in photocatalytic air purification. Appl. Catal. B Environ. 2020, 269, 118735. [Google Scholar] [CrossRef]

	



Huang, D.; Wen, M.; Zhou, C.; Li, Z.; Cheng, M.; Chen, S.; Xue, W.; Lei, L.; Yang, Y.; Xiong, W.; et al. ZnxCd1-XS based materials for photocatalytic hydrogen evolution, pollutants degradation and carbon dioxide reduction. Appl. Catal. B Environ. 2020, 267, 118651. [Google Scholar] [CrossRef]

	



Skoutelis, C.; Antonopoulou, M.; Konstantinou, I.; Vlastos, D.; Papadaki, M. Photodegradation of 2-chloropyridine in aqueous solution: Reaction pathways and genotoxicity of intermediate products. J. Hazard. Mater. 2017, 321, 753–763. [Google Scholar] [CrossRef]

	



Kudo, A. Recent progress in the development of visible light-driven powdered photocatalysts for water splitting. Int. J. Hydrogen Energy 2007, 32, 2673–2678. [Google Scholar] [CrossRef]

	



Tong, R.; Sun, Z.; Zhong, X.; Wang, X.; Xu, J.; Yang, Y.; Xu, B.; Wang, S.; Pan, H. Enhancement of visible-light photocatalytic hydrogen production by CeCO3OH in G-C3N4/CeO2 System. ChemCatChem 2019, 11, 1069–1075. [Google Scholar] [CrossRef]

	



Hussain, T.; Junaid, M.; Qayyum, H.A. Preparation of Ba-doped SrTiO3 photocatalyst by sol-gel method for hydrogen generation. Chem. Phys. Lett. 2020, 754, 137741. [Google Scholar] [CrossRef]

	



Monfort, O.; Roch, T.; Gregor, M.; Satrapinskyy, L.; Raptis, D.; Lianos, P.; Plesch, G. Photooxidative properties of various BiVO4/TiO2 layered composite films and study of their photocatalytic mechanism in pollutant degradation. J. Environ. Chem. Eng. 2017, 5, 5143–5149. [Google Scholar] [CrossRef]

	



Nair, A.K.; Roy George, D.; Jos Baby, N.; Reji, M.; Joseph, S. Solar dye degradation using TiO2 nanosheet based nanocomposite floating photocatalyst. Mater. Today Proc. 2021, 46, 2747–2751. [Google Scholar] [CrossRef]

	



Malato, S.; Blanco, J.; Caceres, J.; Fernandez-Alba, A.R.; Aguera, A.; Rodriguez, A. Photocatalytic treatment of water-soluble pesticides by photo-Fenton and TiO2 using solar energy. Catal. Today 2002, 76, 209–220. [Google Scholar] [CrossRef]

	



Mohamed, N.A.; Arzaee, N.A.; Mohamad Noh, M.F.; Ismail, A.F.; Safaei, J.; Sagu, J.S.; Johan, M.R.; Mat Teridi, M.A. Electrodeposition of BiVO4 with needle-like flower architecture for high performance photoelectrochemical splitting of water. Ceram. Int. 2021, 47, 24227–24239. [Google Scholar] [CrossRef]

	



Tayebi, M.; Lee, B.-K. The effects of W/Mo-Co-doped BiVO4 photoanodes for improving photoelectrochemical water splitting performance. Catal. Today 2021, 361, 183–190. [Google Scholar] [CrossRef]

	



Samsudin, M.F.R.; Jayabalan, P.J.; Ong, W.-J.; Ng, Y.H.; Sufian, S. Photocatalytic degradation of real industrial poultry wastewater via platinum decorated BiVO4/g-C3N4 photocatalyst under solar light irradiation. J. Photochem. Photobiol. A 2019, 378, 46–56. [Google Scholar] [CrossRef]

	



Gao, X.; Wang, Z.; Fu, F.; Li, W. Effects of PH on the hierarchical structures and photocatalytic performance of Cu-doped BiVO4 prepared via the hydrothermal method. Mater. Sci. Semicond. Process. 2015, 35, 197–206. [Google Scholar] [CrossRef]

	



Yao, M.; Liu, M.; Gan, L.; Zhao, F.; Fan, X.; Zhu, D.; Xu, Z.; Hao, Z.; Chen, L. Monoclinic mesoporous BiVO4: Synthesis and visible-light-driven photocatalytic property. Colloids Surf. A 2013, 433, 132–138. [Google Scholar] [CrossRef]

	



Obregón, S.; Colón, G. On the different photocatalytic performance of BiVO4 catalysts for methylene blue and rhodamine B degradation. J. Mol. Catal. A Chem. 2013, 376, 40–47. [Google Scholar] [CrossRef]

	



Ahmed, T.; Zhang, H.; Xu, H.; Zhang, Y. M-BiVO4 hollow spheres coated on carbon fiber with superior reusability as photocatalyst. Colloids Surf. A 2017, 531, 213–220. [Google Scholar] [CrossRef]

	



Chen, S.; Huang, D.; Xu, P.; Gong, X.; Xue, W.; Lei, L.; Deng, R.; Li, J.; Li, Z. Facet-engineered surface and interface design of monoclinic scheelite bismuth vanadate for enhanced photocatalytic performance. ACS Catal. 2020, 10, 1024–1059. [Google Scholar] [CrossRef]

	



Lamdab, U.; Wetchakun, K.; Phanichphant, S.; Kangwansupamonkon, W.; Wetchakun, N. InVO4–BiVO4 composite films with enhanced visible light performance for photodegradation of methylene blue. Catal. Today 2016, 278, 291–302. [Google Scholar] [CrossRef]

	



Sun, J.; Guo, Y.; Wang, Y.; Cao, D.; Tian, S.; Xiao, K.; Mao, R.; Zhao, X. 2-H2O2 assisted photoelectrocatalytic degradation of diclofenac sodium at g-C3N4/BiVO4 photoanode under visible light irradiation. Chem. Eng. J. 2018, 332, 312–320. [Google Scholar] [CrossRef]

	



Ramadan, W.; Dillert, R.; Koch, J.; Tegenkamp, C.; Bahnemann, D.W. Changes in the solid-state properties of bismuth iron oxide during the photocatalytic reformation of formic acid. Catal. Today 2019, 326, 22–29. [Google Scholar] [CrossRef]

	



Liu, Y.; Zhao, G.-J.; Zhang, J.-X.; Bai, F.-Q.; Zhang, H.-X. First-principles investigation on the interfacial interaction and electronic structure of BiVO4/WO3 heterostructure semiconductor material. Appl. Surf. Sci. 2021, 549, 149309. [Google Scholar] [CrossRef]

	



Li, B.; Lai, C.; Zhang, M.; Liu, S.; Yi, H.; Liu, X.; An, N.; Zhou, X.; Li, L.; Fu, Y.; et al. N, S-GQDs and Au nanoparticles Co-modified ultrathin Bi2MoO6 nanosheet with enhanced charge transport dynamics for full-spectrum-light-driven molecular oxygen activation. Chem. Eng. J. 2021, 409, 128281. [Google Scholar] [CrossRef]

	



Zhao, Z.; Dai, H.; Deng, J.; Liu, Y.; Au, C.T. Effect of sulfur doping on the photocatalytic performance of BiVO4 under visible light illumination. Chin. J. Catal. 2013, 34, 1617–1626. [Google Scholar] [CrossRef]

	



Khazaee, Z.; Khavar, A.H.C.; Mahjoub, A.R.; Motaee, A.; Srivastava, V.; Sillanpää, M. Template-confined growth of X-Bi2MoO6 (X: F, Cl, Br, I) nanoplates with open surfaces for photocatalytic oxidation: Experimental and DFT insights of the halogen doping. Sol. Energy 2020, 196, 567–581. [Google Scholar] [CrossRef]

	



Li, H.; Zhang, J.; Huang, G.; Fu, S.; Ma, C.; Wang, B.; Huang, Q.; Liao, H. Hydrothermal synthesis and enhanced photocatalytic activity of hierarchical flower-like Fe-doped BiVO4. Trans. Nonferrous Met. Soc. China 2017, 27, 868–875. [Google Scholar] [CrossRef]

	



Cai, J.; Xia, Y.; Gang, R.; He, S.; Komarneni, S. Activation of MoS2 via tungsten doping for efficient photocatalytic oxidation of gaseous mercury. Appl. Catal. B Environ. 2022, 314, 121486. [Google Scholar] [CrossRef]

	



Wang, Y.; Lu, N.; Luo, M.; Fan, L.; Zhao, K.; Qu, J.; Guan, J.; Yuan, X. Enhancement mechanism of fiddlehead-shaped TiO2-BiVO4 Type II Heterojunction in SPEC towards RhB degradation and detoxification. Appl. Surf. Sci. 2019, 463, 234–243. [Google Scholar] [CrossRef]

	



Kumar, R.; Sudhaik, A.; Raizada, P.; Hosseini-Bandegharaei, A.; Thakur, V.K.; Saini, A.; Saini, V.; Singh, P. An overview on bismuth molybdate based photocatalytic systems: Controlled morphology and enhancement strategies for photocatalytic water purification. J. Environ. Chem. Eng. 2020, 8, 104291. [Google Scholar] [CrossRef]

	



Samuel, E.; Joshi, B.; Kim, M.-W.; Swihart, M.T.; Yoon, S.S. Morphology engineering of photoelectrodes for efficient photoelectrochemical water splitting. Nano Energy 2020, 72, 104648. [Google Scholar] [CrossRef]

	



Guo, L.; Li, J.; Lei, N.; Song, Q.; Liang, Z. Morphological evolution and enhanced photoelectrochemical performance of V4+ self-doped, [010] oriented BiVO4 for water splitting. J. Alloys Compd. 2019, 771, 914–923. [Google Scholar] [CrossRef]

	



Zhou, Z.; Chen, J.; Wang, Q.; Jiang, X.; Shen, Y. Enhanced photoelectrochemical water splitting using a Cobalt-sulfide-decorated BiVO4 photoanode. Chin. J. Catal. 2022, 43, 433–441. [Google Scholar] [CrossRef]

	



Janus, M.; Kusiak, E.; Choina, J.; Ziebro, J.; Morawski, A.W. Enhanced adsorption of two azo dyes produced by carbon modification of TiO2. Desalination 2009, 249, 359–363. [Google Scholar] [CrossRef]

	



Li, H.; Li, W.; Wang, F.; Liu, X.; Ren, C.; Miao, X. Fabrication of Pt nanoparticles decorated Gd-doped Bi2MoO6 nanosheets: Design, radicals regulating and mechanism of Gd/Pt-Bi2MoO6 photocatalyst. Appl. Surf. Sci. 2018, 427, 1046–1053. [Google Scholar] [CrossRef]

	



Chen, Q.; Zhou, M.; Ma, D.; Jing, D. Effect of preparation parameters on photoactivity of BiVO4 by hydrothermal method. J. Nanomater. 2012, 2012, 1–6. [Google Scholar]

	



Phiankoh, S.; Munprom, R. Effect of PH on crystal structure and morphology of hydrothermally-synthesized BiVO4. Mater. Today Proc. 2018, 5, 9447–9452. [Google Scholar] [CrossRef]

	



Herrmann, J.M.; Courbon, H.; Pichat, P. Regioselective isotopic exchange between propane and deuterium over illuminated PtTiO2 catalyst below room temperature. J. Catal. 1987, 108, 426–432. [Google Scholar] [CrossRef]

	



Fan, H.; Wang, D.; Xie, T.; Lin, Y. The preparation of high photocatalytic activity nano-spindly Ag-BiVO4 and photoinduced carriers transfer properties. Chem. Phys. Lett. 2015, 640, 188–193. [Google Scholar] [CrossRef]

	



Hirakawa, H.; Shiota, S.; Shiraishi, Y.; Sakamoto, H.; Ichikawa, S.; Hirai, T. Au nanoparticles supported on BiVO4: Effective inorganic photocatalysts for H2O2 production from water and O2 under visible light. ACS Catal. 2016, 6, 4976–4982. [Google Scholar] [CrossRef]

	



Shi, H.; Li, Y.; Wang, K.; Li, S.; Wang, X.; Wang, P.; Chen, F.; Yu, H. Mass-Transfer Control for Selective Deposition of Well-Dispersed AuPd Cocatalysts to Boost Photocatalytic H2O2 Production of BiVO4. Chem. Eng. J. 2022, 443, 136429. [Google Scholar] [CrossRef]

	



Li, S.; Xue, B.; Chen, J.; Liu, Y.; Zhang, J.; Wang, H.; Liu, J. Constructing a plasmonic p-n heterojunction photocatalyst of 3D Ag/Ag6Si2O7/Bi2MoO6 for efficiently removing broad-spectrum antibiotics. Sep. Purif. Technol. 2021, 254, 117579. [Google Scholar] [CrossRef]

	



Bi, J.; Fang, W.; Li, L.; Li, X.; Liu, M.; Liang, S.; Zhang, Z.; He, Y.; Lin, H.; Wu, L.; et al. Ternary reduced-graphene-oxide/Bi2MoO6/Au nanocomposites with enhanced photocatalytic activity under visible light. J. Alloys Compd. 2015, 649, 28–34. [Google Scholar] [CrossRef]

	



Li, M.; Li, D.; Zhou, Z.; Wang, P.; Mi, X.; Xia, Y.; Wang, H.; Zhan, S.; Li, Y.; Li, L. Plasmonic ag as electron-transfer mediators in Bi2MoO6/Ag-AgCl for efficient photocatalytic inactivation of bacteria. Chem. Eng. J. 2020, 382, 122762. [Google Scholar] [CrossRef]

	



Zhang, L.; Lin, C.; Valev, V.K.; Reisner, E.; Steiner, U.; Baumberg, J.J. Plasmonic enhancement in BiVO4 photonic crystals for efficient water splitting. Small 2014, 10, 3970–3978. [Google Scholar] [CrossRef]

	



Fan, H.; Yi, G.; Zhang, Z.; Zhang, X.; Li, P.; Zhang, C.; Chen, L.; Zhang, Y.; Sun, Q. Fabrication of Ag particles deposited BiVO4 photoanode for significantly efficient visible-light driven photoelectrocatalytic degradation of β-Naphthol. J. Environ. Chem. Eng. 2022, 10, 107221. [Google Scholar] [CrossRef]

	



Li, H.; Hong, W.; Cui, Y.; Hu, X.; Fan, S.; Zhu, L. Enhancement of the visible light photocatalytic activity of Cu2O/BiVO4 catalysts synthesized by ultrasonic dispersion method at room temperature. Mater. Sci. Eng. B 2014, 181, 1–8. [Google Scholar] [CrossRef]

	



Shao, H.; Wang, Y.; Zeng, H.; Zhang, J.; Wang, Y.; Sillanpää, M.; Zhao, X. Enhanced photoelectrocatalytic degradation of bisphenol a by BiVO4 photoanode coupling with peroxymonosulfate. J. Hazard. Mater. 2020, 394, 121105. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Y.; Zhou, J.; Chen, X.; Wang, L.; Cai, W. Coupling of heterogeneous advanced oxidation processes and photocatalysis in efficient degradation of tetracycline hydrochloride by Fe-based MOFs: Synergistic effect and degradation pathway. Chem. Eng. J. 2019, 369, 745–757. [Google Scholar] [CrossRef]

	



Wang, J.; Zhi, D.; Zhou, H.; He, X.; Zhang, D. Evaluating tetracycline degradation pathway and intermediate toxicity during the electrochemical oxidation over a Ti/Ti4O7 anode. Water Res. 2018, 137, 324–334. [Google Scholar] [CrossRef] [PubMed]








[image: Catalysts 12 01293 g001 550] 





Figure 1. (a) XRD patterns and (b) FTIR spectra of bare and modified BVO samples. 
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Figure 2. SEM images ((a) low maginification; (b) high magnification) of BVO sample. 
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Figure 3. UV-Vis absorption spectra. 
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Figure 4. XPS spectra of BVO sample: (a) Bi 4f, (b) V 2p, (c) O 1s, (d) C 1s. 






Figure 4. XPS spectra of BVO sample: (a) Bi 4f, (b) V 2p, (c) O 1s, (d) C 1s.



[image: Catalysts 12 01293 g004]







[image: Catalysts 12 01293 g005 550] 





Figure 5. XPS spectra of NM/BVO samples: (a)Au 4f, (b) Ag 3d, (c) Cu 2p, (d) Pt 4f, (e) Pd 3d. 
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Figure 6. SEM (a) and EDS (b–e) analyses for: (a) Ag/BVO; (b–e) Cu/BVO for Cu (b), Bi (c), V (d) and O (e). 
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Figure 7. The photocatalytic performances of bare and modified BVO in the degradation of TC: (a) adsorption−photocatalytic degradation process; (b) removal rate; (c) the histogram of first-order rate constant k; (d) influence of copper content on the photocatalytic performance of Cu/BVO. 
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Figure 8. Trapping experiments of active species during photocatalytic degradation on Cu/BVO. 
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Figure 9. (a) Transient photocurrent responses and (b) Nyquist impedance plots of all samples. 
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Figure 10. Schematic drawing of proposed Z-scheme mechanism for TC oxidation on Cu/BVO photocatalyst. 
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Figure 11. The stability tests for Cu/BVO photocatalysts. 
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Figure 12. The schematic drawing showing the preparation procedure of NM-modified BVO. 
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Table 1. Surface composition of bare and modified BVO samples determined by XPS analysis.
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Samples

	
Content (at.%)

	
Ratio




	
Bi

	
V

	
O

	
C

	
Me

	
V/Bi

	
O/Bi

	
C/Bi

	
Me/Bi






	
BVO

	
11.6

	
17.4

	
38.6

	
32.2

	
-

	
1.5

	
3.3

	
2.8

	
-




	
Au/BVO

	
11.0

	
12.4

	
38.2

	
39.9

	
1.0

	
1.1

	
3.5

	
3.6

	
9.1




	
Ag/BVO

	
10.2

	
11.3

	
39.7

	
38.4

	
1.1

	
1.1

	
3.9

	
3.8

	
10.9




	
Cu/BVO

	
7.4

	
15.9

	
48.3

	
33.2

	
1.0

	
2.2

	
6.5

	
4.5

	
13.5




	
Pt/BVO

	
7.1

	
6.3

	
39.6

	
45.3

	
0.7

	
0.9

	
5.6

	
6.4

	
9.9




	
Pd/BVO

	
10.4

	
14.0

	
39.4

	
35.3

	
0.1

	
1.4

	
3.8

	
3.4

	
0.9
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Table 2. Fraction of oxidation states of Au, Ag, Cu, Pt and Pd from deconvolution of XPS peaks of Au 4f7/2, Ag 3d5/2, Cu 2p3/2, Pt 4f7/2 and Pd 3d5/2.
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Element

	
Au

	
Ag

	
Cu




	
Form

	
Au(δ+)

	
Au(0)

	
Au(δ−)

	
Ag(+)

	
Ag(0)

	
Cu(2+)

	
Cu(+)




	
content

	
6.5%

	
55.8%

	
37.7%

	
93.0%

	
7.0%

	
17.2%

	
82.8%




	
Element

	
Pd

	
Pt

	




	
Form

	
Pd(4+)

	
Pd(2+)

	
Pd(0)

	
Pt(2+)

	
Pt(0)




	
content

	
11.9%

	
29%

	
59.1%

	
15.9%

	
84.1%
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