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Abstract

:

As a green and sustainable technology to relieve environmental pollution issues, semiconductor photocatalysis attracted great attention. However, most single-component semiconductors suffer from high carrier recombination rate and low reaction efficiency. Here, we constructed a novel visible-light-driven Z-scheme g-C3N4/AgBr-Ag photocatalyst (noted as CN-AA-0.05) using a hydrothermal method with KBr as the bromine source. The CN-AA-0.05 photocatalyst shows an excellent photocatalytic degradation performance, and a rhodamine B (RhB) degradation ratio of 96.3% in 40 min, and 2-mercaptobenzothiazole (MBT) degradation ratio of 99.2% in 18 min are achieved. Mechanistic studies show that the remarkable performance of CN-AA-0.05 is not only attributed to the enhanced light absorption caused by the Ag SPR effect, but also the efficient charge transfer and separation with Ag nanoparticles as the bridge. Our work provides a reference for the design and construction of efficient visible-light-responsive Z-scheme photocatalysts, and an in-depth understanding into the mechanism of Z-scheme photocatalysts.
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1. Introduction


Organic pollutants in environmental water bodies such as dyes and pesticides seriously endanger the ecological environment and human health [1]. Due to the requirements of green and low carbon, the greatest expectation for the treatment of organic pollutants in water is semiconductor photocatalytic degradation [2,3,4]. However, single-component semiconductors are commonly confronted with low efficiency due to the poor charge transfer and separation [5,6,7,8]. The construction of Z-scheme photocatalytic systems that mimic natural photosynthesis is a promising strategy to improve the photocatalytic efficiency of semiconductor photocatalysts [9,10,11]. A Z-scheme photocatalytic system generally consists of an oxidation reaction catalyst (PS II), a reduction reaction catalyst (PS I), and an electron mediator [5,6]. Under irradiation, both PS II and PS I catalysts of the Z-scheme system generate photo-generated charges [5,6]. The photo-generated electrons of PS II migrate to the electron mediator and recombine with the photo-generated holes of PS II, then the photo-generated electrons in PS I induce a reduction reaction while the photo-generated holes in PS II induce an oxidation reaction [5,6]. Since the reduction reaction and oxidation reaction occur at different sites, the Z-scheme system not only reduces the thermodynamic requirements of the photocatalytic reaction, providing a large space for the selection and design of photocatalytic materials, but also promotes the separation and transport of photo-generated carriers, greatly inhibiting the recombination of carriers [5,6].



Graphitic carbon nitride (g-C3N4) is a unique two-dimensional semiconductor photocatalyst without metal elements. It is regarded as one of the most likely semiconductors for large-scale applications in the future because of low cost, high stability, and visible-light-responsive activity [12,13]. Z-scheme systems based on g-C3N4, such as WO3/g-C3N4 [14,15,16], Ag3PO4/g-C3N4 [17,18], TiO2/g-C3N4 [19,20,21], and AgX/g-C3N4 [22], were reported to be widely used in various environmental remediation reactions. To further improve the performance of g-C3N4-based Z-scheme photocatalysts, researchers also tried to introduce a third component such as noble metal nanoparticles into the system [23,24,25]. On one hand, noble metal nanoparticles can act as electron acceptors to further promote the interfacial charge transfer and separation. On the one hand, noble metal nanoparticles can induce a surface plasmon resonance (SPR) effect and, effectively enhance the light absorption ability. For example, Shen [23] et al. constructed g-C3N4/Ag/Ag3PO4 composites by a simple in-situ deposition method. The g-C3N4/Ag/Ag3PO4 shows a phenol degradation kinetic constant of 1.13 min−1, almost 60 and 2.5 times higher than that of pure g-C3N4 and Ag/Ag3PO4, respectively. In addition, the CdS/Ag/g-C3N4 Z-scheme photocatalyst reported by Qian [24] et al. has a high H2 evolution rate of 1376.0 μmol h−1∙g−1 in lactic acid scavenger solution, which is 3.12 and 1.76 times that of CdS and CdS/g-C3N4, respectively.



In this work, we prepared a series of novel visible-light-driven Z-scheme g-C3N4/AgBr-Ag photocatalysts with different component ratios, through a hydrothermal method with KBr as the bromine source. Different from other methods [26,27,28] that use CTAB as the bromine source, our method with KBr as the bromine source avoids the surfactant contamination of water body. In addition, compared with the method of combining g-C3N4 and AgBr by direct physical means, our method of compounding different components by a hydrothermal process led to the formation of a new component metallic Ag. The g-C3N4/AgBr-Ag Z-scheme photocatalyst showed excellent photocatalytic degradation activities of RhB and MBT under visible light irradiation. Moreover, the stability and the possible photocatalytic mechanism of the g-C3N4/AgBr-Ag Z-scheme photocatalyst were also investigated in detail.




2. Results and Discussion


Figure 1a shows the XRD patterns of the CN, Ag/AgBr, and CN-AA-X catalysts (X = 0.03, 0.05, or 0.07), and CN-AA-0.05-D. The characteristic peaks at 13.1° and 27.5° for CN sample are clearly observed, which are attributed to the (1 0 0) in-plane of tris-triazine units and the (0 0 2) diffraction planes of g-C3N4, respectively [29]. The diffraction peaks at 26.8°, 31.0°, 44.4°, 55.1°, 64.6°, 73.3°, and 81.8° for the Ag/AgBr sample are assigned to the (1 1 1), (2 0 0), (2 2 0), (2 2 2), (4 0 0), (4 2 0), and (4 2 2) planes of AgBr crystal (JCPDS 06-0438), respectively [30], and the faint diffraction peak at 38.1° for Ag/AgBr sample corresponds to the metallic Ag. For all the CN-AA-X catalysts, the characteristic peaks present the coexistence of Ag, AgBr, and g-C3N4 phases, although the characteristic peaks ascribed to the metallic Ag are much weaker due to the low content. For the CN-AA-0.05-D catalyst, the characteristic peaks are similar to those of CN-AA-X catalysts, except that no peak ascribed to the metallic Ag is observed.



The microstructures and morphologies of prepared CN, CN-AA-0.05, and CN-AA-0.05-D catalysts are revealed by SEM, TEM, and HRTEM observations (Figure 1b–f). It can be seen that the pure g-C3N4 presents a compact lamellar structure with a rough surface (Figure 1b). Some slit-shaped pores appear in the CN-AA-0.05 sample due to the introduction of Ag/AgBr (Figure 1c). The CN-AA-0.05-D shows a microstructure similar to that of pure g-C3N4, but some irregular particles deposition is observed on the surface (Figure 1e). Figure 1d is the TEM of CN-AA-0.05, in which the Ag/AgBr nanoparticle is anchored on the surface of g-C3N4. The Ag/AgBr nanoparticle is confirmed by HRTEM image, as shown in Figure 1f, and the particle displays three distinct areas with different lattice fringes. The lattice with d spacing of 0.24 nm corresponds to the (1 1 1) plane of metallic Ag, while those of 0.28 and 0.33 nm can be indexed to the (2 0 0) plane and the (1 1 1) plane of AgBr, respectively. This undoubtedly shows the effectiveness of hydrothermal treatment to partially reduce Ag+ to Ag0. All of these confirm the formation of the contact interface between AgBr, g-C3N4, and metallic Ag.



The elemental composition and chemical valence state of as-prepared CN, CN-AA-0.05, and CN-AA-0.05-D catalysts were investigated by XPS (Figure 2). It is clearly shown in Figure 2a that CN consists of C, N, and small amounts of adsorbed O elements, while both the CN-AA-0.05 and CN-AA-0.05-D samples consist of Ag, Br, C, N, and O elements. Figure 2b shows the C 1s XPS spectra of CN, CN-AA-0.05, and CN-AA-0.05-D samples. For all the three samples, the peaks at 284.62, 285.93, and 287.81 eV correspond to the surface adventitious carbon, sp2 C atoms bonded to N in an aromatic ring (N-C=N), and sp3 hybridized C atoms [C-(N)3], respectively [31]. According to the N 1s XPS spectra of the CN, CN-AA-0.05, and CN-AA-0.05-D samples (Figure 2c), the peaks at 398.31, 398.93, 400.60, and 404.42 eV are attributed to the signals of sp2 hybridized aromatic N atoms bonded to carbon atoms (C-N=C), tertiary N bonded to C atoms in the form of N-(C)3, N–H structure, and charging effect, respectively [32]. Figure 2d displays the Ag 3d XPS spectra of the CN-AA-0.05 and CN-AA-0.05-D samples. For the CN-AA-0.05 sample, the two peaks corresponding to the Ag 3d5/2 and Ag 3d3/2, respectively, can be fitted to four peaks. The Ag+ in AgBr is responsible for the peaks at 367.08 eV and 373.18 eV, while metallic Ag is responsible for the peaks at 367.80 eV and 374.36 eV [30,33]. For the CN-AA-0.05-D sample, only peaks ascribed to the Ag+ can be observed, which is consistent with the XRD result. It implies that the hydrothermal treatment plays a key role in the formation of metallic Ag. For both the CN-AA-0.05 and CN-AA-0.05-D samples, the two peaks at 67.68 and 68.77 eV in Figure 2e are attributed to the Br 3d5/2 and Br 3d3/2, respectively [30].



The optical property of CN, AgBr, CN-AA-X (X = 0.03, 0.05 or 0.07), and CN-AA-0.05-D were determined by UV–vis DRS test (Figure 3a). CN shows an absorption edge of about 460 nm, while AgBr exhibits an absorption edge of about 480 nm. For the CN-AA-X sample, the absorption intensity enhances compared with that of CN, and the absorption intensity increases with the increasing X value (the Ag/AgBr content), mainly due to the surface plasmon absorption of Ag and the interaction between Ag and AgBr. The estimated bandgaps of CN, AgBr, CN-AA-0.03, CN-AA-0.05, CN-AA-0.07, and CN-AA-0.05-D are 2.48, 2.36, 2.43, 2.38, 2.39, and 2.40 eV, respectively (Figure 3b) [34,35].



PL spectra (Figure 3c) and time-resolved fluorescence decay spectra (Figure 3d) were measured to study the transfer and annihilation processes of photo-generated carriers of CN-AA-0.05 and other comparative catalysts. As shown in Figure 3c, the PL intensity of CN is the highest, and the PL intensity decreases significantly after the introduction of Ag/AgBr. For CN-AA-0.05, the PL intensity is the lowest. These results indicate that an appropriate amount of Ag/AgBr introduction can effectively suppress the recombination of photo-generated carriers, thereby enhancing the catalytic performance. According to Figure 3d, the carrier lifetime of the CN-AA-0.05 catalyst is much shorter than that of CN, which indicates the efficient charge transfer among the components of the Z-scheme system.



Figure 3e shows the FTIR spectra of the pure g-C3N4 and CN-AA-X catalysts. The broadband at 3000–3400 cm−1 corresponds to the stretching modes of terminal NH2 or NH groups. The absorption peaks at 1641 and 1567 cm−1 are attributed to C=N stretching, and 1406, 1330, and 1241 cm−1 are assigned to the aromatic C-N stretching [36,37]. Additionally, the sharp characteristic ring breath peak of the triazine units is found at 808 cm−1 [36,37]. It is noticed that the introduction of Ag/AgBr does not obviously affect the FTIR of g-C3N4.



The photocatalytic activities of CN, AgBr, CN-AA-X (X = 0.03, 0.05 or 0.07), and CN-AA-0.05-D materials were firstly evaluated by the degradation of dye RhB under visible light. As shown in Figure 4a, CN shows a photocatalytic degradation rate of 41.2% within 50 min, while AgBr or CN-AA-0.05-D exhibit a slightly better photocatalytic degradation performance than CN. For all CN-AA-X catalysts, the activities increase significantly compared with pure CN or AgBr, demonstrating the importance of the construction of g-C3N4/AgBr-Ag heterojunction photocatalysts for enhancing the photocatalytic performance. CN-AA-0.05 exhibits the best photocatalytic degradation performance of RhB among all CN-AA-X catalysts, with a degradation rate of 96.3% within 40 min, which indicates that there is an optimal Ag/AgBr introduction amount for the enhancement of photocatalytic degradation performance. Finally, after the first-order kinetic curve fitting, the calculated degradation rate constants are 0.008 min−1 for CN, 0.014 min−1 for AgBr, 0.030 min−1 for CN-AA-0.03, 0.061 min−1 for CN-AA-0.05, 0.032 min−1 for CN-AA-0.07, and 0.017 min−1 for CN-AA-0.05-D (Figure 4b). Subsequently, the activities of photocatalytic degradation MBT under visible light by these materials were further investigated. As shown in Figure 4c, CN-AA-0.05 exhibits the best photocatalytic degradation performance of MBT, with a degradation rate of 99.2% within 18 min. The activity trend of CN, AgBr, CN-AA-0.03, CN-AA-0.05, CN-AA-0.07, and CN-AA-0.05-D for photocatalytic degradation of MBT is the same as that of RhB, and the calculated degradation rate constants are 0.0234, 0.040, 0.128, 0.197, 0.157, and 0.049 min−1, respectively (Figure 4d). The slope values of the linear fit corresponding to CN-AA-0.03, CN-AA-0.05, and CN-AA-0.07 seem to be affected especially by the very last irradiation point (i.e., 40 min) in Figure 4b. This may be due to degradation characterization of RhB. Degradation of RhB is accompanied by the blue shift of the absorption maximum due to the N-deethylation reaction, as we reported before [38], but the recorded value is still the maximum absorption position of RhB (553 nm), resulting in a deviation from first-order linear fitting.



In conclusion, the CN-AA-0.05 composite material prepared by hydrothermal method with the AgNO3 addition amount of 0.05 g shows the best degradation performance, with the RhB degradation rate of 96.3% in 40 min and the MBT degradation rate of 99.2% in 18 min. As shown in Figure 5, the MBT degradation rate of CN-AA-0.05 remains above 90% after five cycles of 20 min per cycle, which demonstrates the excellent stability of the CN-AA-0.05 catalyst.



The reactive species that may be involved in a photocatalytic process mainly include ·OH, ·O2−, h+, and e−. To accurately infer the mechanism of a photocatalytic reaction, it is first necessary to determine the type of active species that plays the most critical role in the photocatalytic process. Here, the essential active species during the MBT degradation process were investigated by quenching experiments [39]. EA (10 mmol/L), BQ (12 mmol/L), EDTA-2Na (12 mmol/L), and Cr(VI) (0.05 mmol/L) were applied to quench ·OH, ·O2−, h+, and e−, respectively. As shown in Figure 6a, the addition of BQ and EDTA-2Na greatly reduces the photocatalytic degradation performance of MBT, which indicates the important roles of ·O2− and h+ in the photocatalytic degradation process. The addition of EA has little effect on MBT degradation, suggesting a negligible contribution of ·OH. Furthermore, the addition of Cr(VI) enhances the activity of photocatalytic degradation of MBT, which is attributed to the fact that more h+ can react with MBT rather than recombine with electrons due to the quenching of electrons by Cr(VI). In detail, under visible light irradiation, CN-AA-0.05 can be photo-excited to yield electron (e–) and hole (h+). On one hand, organic pollutants that react irreversibly with photo-generated h+ can enhance the photocatalytic electron–hole separation, which results in more CB electrons for Cr(VI) reduction. On the other hand, photoelectrons transfer to the conduction band and are captured by oxygen to form O2●−, or by Cr(VI) to form lower valent state chromium, which results in more holes for organic pollutants oxidation. The synergistic effect of Cr(VI) reduction and organic pollutants degradation over semiconductor photocatalysis was reported previously [40,41,42].



To identify the carrier transfer mechanism in the photocatalytic degradation process over CN-AA-0.05, radical spin-trapping experiments were further carried out. For the O2●− spin-trapping test, there is no signal in dark, however, characteristic peaks of DMPO-OOH adduct (pointing to superoxide radical) emerge under visible light (Figure 6b). This result is coherent with the scavenging investigation, where O2●− seems to have an important contribution to MBT degradation. For the ·OH spin-trapping test, the quartet ascribed to DMPO-OH spin-adduct (hydroxyl radical EPR fingerprint) is also observed under visible light (Figure 6c), but the signal disappears in an oxygen-free condition. It is very well-known that in aqueous solution, the DMPO-OOH spin-adduct has a lifetime of ca. 30 s that rapidly evolves into DMPO-OH spin-adduct [43]. This indicates that the observed DMPO-OH signal should be the transformation product of DMPO-OOH, which verifies the negligible contribution of ·OH to MBT degradation.



Based on the above results and the related literature [44,45,46,47], the possible photocatalytic mechanism of CN-AA-0.05 was proposed (Figure 7). Under visible light, both g-C3N4 and AgBr are excited to generate eCB− and hVB+. The eCB− of AgBr are quickly transferred to metallic Ag through the Schottky barrier, and, subsequently, the electrons in Ag are transferred to the VB of g-C3N4 and recombine with the hVB+ of g-C3N4. That is, Ag acts as an electron transfer bridge. Therefore, the eCB− of g-C3N4 with strong reduction capability and hVB+ of AgBr with strong oxidation capability remain, enabling the Z-scheme mechanism. The eCB− of g-C3N4 can further react with O2 to form crucial active species O2·−, which, together with hVB+ of AgBr, can oxidize and degrade organic pollutants.




3. Experimental Section


3.1. Catalyst Preparation


The g-C3N4 powders were synthesized by heating melamine in a muffle furnace. In a typical process, 10 g melamine was placed in a crucible with a cover. The crucible was heated to 550 °C at a heating rate of 5 °C/min and then kept for 3 h. After cooling to the room temperature, the yellow product g-C3N4 was obtained and noted as CN.



The g-C3N4/AgBr-Ag was synthesized as follows: X g of AgNO3 (X = 0.03, 0.05, or 0.07) and 0.5 g of g-C3N4 were added to 80 mL of ethylene glycol, and the mixture was stirred at room temperature for 1 h. Then, 0.7X g KBr was added, and the mixture was stirred for another 6 h. Subsequently, the obtained mixture was transferred to an autoclave for the hydrothermal reaction at 180 °C for 10 h. Finally, the product was washed with deionized water 5 times, washed with ethanol once, and dried in an oven at 50 °C. The obtained sample was noted as CN-AA-X (X is the added mass of AgNO3). For comparison, g-C3N4/AgBr-Ag without hydrothermal treatment was also prepared by the same method, which was marked as CN-AA-X-D.




3.2. Catalyst Characterization


The crystal structures of the samples were investigated on a Bruker D8 Advance X-ray diffractometer (XRD) using Cu Kα radiation source. The morphologies and microstructures of catalysts were observed by scanning electron microscopy (SEM) and transmission electron microscopy (HRTEM) on a Zeiss Sigma500 (Oberkochen, Baden-Württemberg, Germany) and a JEOL JEM 2100F electron microscope (Tokyo, Japan), respectively. X-ray photoelectron spectroscopy (XPS) was performed on a Kratos AXIS SUPRA spectrometer (Manchester, UK). The UV–vis diffuse reflectance spectra (DRS) were obtained by a Cary 5000 spectrophotometer (Santa Clara, CA, USA) using BaSO4 as the reflectance standard. Photoluminescence (PL) spectra and time-resolved fluorescence emission decay spectra were recorded on an Edinburgh FS5 fluorescence spectrometer (Edinburgh, UK) with the excitation wavelength of 350 nm. Fourier-transform infrared (FTIR) spectra of synthesized samples were obtained on a spectrophotometer (Vertex70, Bruker, Saarbrucken, Germany) using the standard KBr disk method. Electron paramagnetic resonance (EPR) analyses were performed on a Bruker E500 spectrometer (Karlsruhe, Germany). Reactive radicals with short lifetimes are difficult to study directly by EPR spectroscopy. The spin-trapping approach allows us to identify the radical by causing them to react with trap molecules chosen so as to obtain relatively stable radical adducts [48]. DMPO (5,5-Dimethyl-1-pyrroline N-oxide) was used as spin-trap agent, ·OH was detected in deionized water, but ·O2− was detected in methyl sulfoxide (DMSO) solution in the present study. EPR tests were performed as follows: reaction solutions in 1 mm quartz capillary inside a 4 mm quartz tube were introduced into EPR cavity and tested before/after visible light irradiation. Oxygen-free spin-trapping investigation was performed through nitrogen bubbling of the solutions prior to the experiment. Sweep width of 100 G, microwave power of 0.2 mW, sweep time 5.24 s, microwave frequency of 9.41 GHz, and microwave attenuation of 30 dB were used during test.




3.3. Photocatalytic Tests


The photocatalytic activities of prepared photocatalysts were evaluated by the degradation of rhodamine B (RhB) and 2-mercaptobenzothiazole (MBT) under visible light. The light source used in the tests was a xenon lamp (300 W) with a 420 nm cut filter, and the distance between the reactor and the light source was 5 cm. For all photocatalysis experiments, 15 mg of photocatalyst was dispersed in MBT (30 mL, 20 mg/L) or RhB (30 mL, 50 mg/L) aqueous solution, and the suspension was stirred in the dark for 1 h. Then, the lamp was turned on to initiate the photocatalytic reaction. A total of 3 mL of suspension was taken at given time intervals, followed by centrifugation to remove the photocatalyst completely. The concentrations of RhB and MBT in the degradation process were determined by a UV–vis spectrometer (UV-2600) at wavelengths of 553 nm and 312 nm, respectively. Similar to aforementioned catalytic removal processes in the presence of sample CN-AA-0.05, EA (10 mmol/L), BQ (12 mmol/L), EDTA-2Na (12 mmol/L), and Cr(VI) (0.05 mmol/L) were added into reaction system to quench ·OH, ·O2−, h+, and e−, respectively. Each experiment was conducted three times.



MBT was selected as the target for the stability test experiment. The number of cycles was 5, and the reaction time for each cycle was 20 min.





4. Conclusions


Here, a novel visible-light-driven Z-scheme g-C3N4/AgBr-Ag photocatalyst was fabricated by a simple hydrothermal method with KBr as the bromine source. Compared with pure g-C3N4 or AgBr, the photocatalytic degradation activity of organic pollutants over g-C3N4/AgBr-Ag is significantly enhanced. Hydrothermal treatment is believed to transforms part of AgBr into metallic Ag. Metallic Ag initiates the SPR effect and acts as an electron transfer bridge, which finally improves the visible light absorption capacity and carrier separation efficiency of Z-scheme g-C3N4/AgBr-Ag. Our work not only provides an experimental basis for the design and construction of efficient visible-light-responsive Z-scheme photocatalysts, but also provides an in-depth understanding into the mechanism of Z-scheme photocatalytic degradation of organic pollutants.
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Figure 1. (a) XRD patterns of CN, Ag/AgBr, CN-AA-X(X = 0.03, 0.05 or 0.07), CN-AA-0.05-D. (b) The SEM image of CN. (c) SEM images of CN-AA-0.05 and (d) TEM images of CN-AA-0.05. (e) The SEM image of CN-AA-0.05-D. (f) The HRTEM image of CN-AA-0.05. 
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Figure 2. Full (a), C 1s (b), N 1s (c) XPS spectra of CN, CN-AA-0.05 and CN-AA-0.05-D; Ag 3d (d), Br 3d (e) XPS spectra of CN-AA-0.05 and CN-AA-0.05-D. 
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Figure 3. (a) UV–vis DRS and (b) plots of (ahν)1/2 versus energy (hν) of CN, AgBr, CN-AA-X (X = 0.03, 0.05, 0.07), and CN-AA-0.05-D. (c) The PL spectra of CN and CN-AA-X (X = 0.03, 0.05, 0.07). (d) The time-resolved fluorescence decay spectra of CN and CN-AA-0.05. (e) The FTIR spectra of CN and CN-AA-X (X = 0.03, 0.05, 0.07). 
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Figure 4. Photocatalytic (a) RhB and (c) MBT degradation activities of CN, AgBr, CN-AA-X (X = 0.03, 0.05, 0.07), and CN-AA-0.05-D. Kinetic curves of photocatalytic degradation of (b) RhB and (d) MBT by CN, AgBr, CN-AA-X (X = 0.03, 0.05, 0.07), and CN-AA-0.05-D. 
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Figure 5. The cycling experiments of photocatalytic degradation of MBT by CN-AA-0.05 catalyst. 
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Figure 6. (a) Effects of different scavengers on photocatalytic degradation of MBT over CN-AA-0.05. (b) EPR spectra of CN-AA-0.05 in DMSO with DMPO as the capture agent. (c) EPR spectra of CN-AA-0.05 in deionized water with DMPO as the capture agent. 
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Figure 7. Schematic illustration of proposed photocatalysis mechanism of g-C3N4/AgBr-Ag composites under visible light irradiation. 
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