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Abstract

:

Polyoxometalates (POMs) have shown great potential for applications in photocatalysis due to their unique structural features, tunable band gap, and environmental benignity. Herein, a Fe ion-incorporated Co4W6O21(OH)2·4H2O sphere network POM was successfully synthesized via a simple hydrothermal process. A DFT calculation proved that the Fe ion partially replaced cobalt atoms, forming FexCo4−xWOH, which played a crucial role in modulating the electron state and the band structure. The as-prepared FexCo4−xWOH exhibited excellent Fenton-like photocatalytic activity; the degradation rate of RhB improved 3.69 times compared with the sample without doping. The favorable performance of FexCo4−xWOH is a result of the synergistic effects of the Fenton reaction and the activation of H2O2 under visible irradiation, which can generate a mass of •O2− and •OH species in the unique sphere network structure. This study supplied a new idea for designing highly-active Fenton-like POM photocatalysts for environmental remediation.
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1. Introduction


In recent years, it has been reported that combining a photoinduced reaction with other advanced oxidation processes (AOPs) can increase the yield of oxidation products and thus improve catalytic efficiency [1,2]. The Fenton reaction is one of the important AOPs reactions, which has been widely used in sewage treatment. The combination of Fenton chemistry and light irradiation, with its high reactivity and non-selectivity of the hydroxyl radical (HO•), has become a highly efficient oxidation technology, which can greatly promote the decomposition of toxic degraded organic pollutants in wastewater [3,4,5,6,7,8]. Some high-performance photocatalysts for Fenton photodegradation, such as WO3/ZnFe2O4/BiOBr, Fe-based MOFs, C/Fe-Mn-O, etc. [9,10,11], have been developed during the past years.



Polyoxometalates (POMs) based on transition metals have been considered as promising photocatalysts because of their unique structural features, low cost, tunable band gap, and environmental benignity. Iron-containing POMs have been investigated for the fabrication of Fenton-like photocatalysts for degradation pollutants by some research groups. For example, An et al. reported the use of Keggin-type phosphotungstate POM/TiO2 Fenton-like photocatalysts with rearranged oxygen vacancies to promote synergetic degradation. Compared with the pristine TiO2, the synergistic degradation activity of a Fenton photocatalyst for toxic dye and 5-Sulfosalicylic acid was increased by 5 times and 3.5 times, respectively. This improvement was ascribed to the excellent effect of oxygen vacancy regulation in activating oxygen and H2O2 molecules to form •O2− and •OH radicals [12]. Therefore, in the view of materials science, iron-containing POMs are proper candidates for designing AOPs-based functional photocatalysts.



Recently, we reported on original 3D framework Co4W6O21(OH)2·4H2O (denoted as CoWOH) microstructures for the first time. The XRD analysis revealed that the polyoxoanion had a Silverton structure, which contained six {W2O9} units connected at the angle forming an {X-O12} icosahedron and three types of Co coordination. The ion radius of Fe is close to that of the Co cation, which is favorable for its substitution at the Co site. The Fe element has a different number of 3d electrons and can regulate the electronic structure of POMs. Moreover, the electron configuration of Fe2+ is 3d6, which is suitable for octahedral or tetrahedral positions, while the electron configuration of Co cations is 3d6–8, which is conducive to octahedral coordination, according to the stable energy of the crystal field [13,14]. We predict that replacing Co cations with the iron element could introduce a Fenton reaction for the Co-based POMs and improve their photocatalytic performance.



With this in mind, we fabricated Fe2+ doping Silverton-type CoWOH nanomaterials via an in situ hydrothermal self-assembly route. Considering the similar ion radius and electronic orbit of Fe and Co, we speculate that the Fe element can occupy parts of the sites of cobalt in six coordination to form FexCo4−xWOH. The effect of Fe incorporation on the chemical formation energy and structure of CoWOH is investigated for the first time. Its mechanistic and photocatalytic properties were studied in detail. Therefore, this report provides some valuable ideas for the development and research of new materials as Fenton reagents.




2. Experimental Section


2.1. Materials Preparation


Fe2.1Co1.9W6O21(OH)2·4H2O (called FeCoWOH-3) was synthesized via the facile hydrothermal method with the assistance of SSA (Scheme 1). In a typical process, FeCl2·6H2O, CoCl2·6H2O, and 0.6597g sodium tungstate dihydrate (Na2WO4·2H2O) were added into 20 mL deionized (DI) water with vigorous stirring to form a transparent solution at room temperature. The mole feed ratio of Fe and Co is 1:3, and the total molar amounts remain at 2 mmol. After that, 2 mmol of 5-sulfosalicylic acid (SSA) was dissolved in the mixture solution. Afterwards, the uniform brick-red solution was transferred to a stainless autoclave and heated at 150 °C for 6 h. Then, the resulting Murrey precipitates were washed several times, alternately with deionized water and anhydrous ethanol, and dried for 5 h at 70 °C under vacuumed conditions. All the used chemicals were provided by Chuan Dong Ltd., Chongqing, China (analytical grade) and could be used without further purification.




2.2. Characterization


The as-prepared samples were analyzed via an X-ray diffraction system (XRD, Shimadzu ZD-3AX, Kyoto, Japan). The morphologies of the precipitates were examined via scanning electron microscopy (SEM, Nova 400 Nano-SEM, FEI, Hillsboro, OR, USA) and high-resolution transmission electron microscopy (HRTEM, Titan G2 60–300, FEI, Hillsboro, OR, USA) with an EDX detector. The structure and surface components of the materials were measured using a Fourier transform infrared spectrometer (FTIR, Magna-IR-750, Thermo Fisher Scientific, Waltham, MA, USA), and X-ray photoelectron spectroscopy (XPS, Escalab, 250Xi, Al Kα, Thermo Fisher Scientific, Waltham, MA, USA). UV–vis diffuse reflectance spectra were obtained for the dry-pressed disk samples via a TU-1900 recording spectrophotometer, and the Shimadzu ICPS-7500 spectrometer was adopted to conduct inductively coupled plasma–atomic emission spectroscopy (ICP-AES, Kyoto, Japan) analysis. Electron spin resonance (ESR, Bruker, Billerica, MA, USA) tests were performed using a Bruker A300 spectrometer.




2.3. Photo-Assisted Fenton-like Degradation of Pollutants


The photocatalytic measurement was performed using the previously reported method [14]. A 300W Xe lamp (PLS-SXE 500, CEAULIGHT Beijing, Beijing, China) with a 420 nm cutoff filter (420 nm < λ < 760 nm) was used as the light source (light intensity 50 mW cm−2). Typically, the photocatalyst (20 mg) was dispersed into 40 mL Rhodamine B (RhB) (20 mg/mL) aqueous solution under a 300 W Xe lamp (as modeling sunlight) at 298 K. Before photocatalytic experiment, the test solution was stirred in the dark for about 30 min to achieve a stable equilibrium between adsorption and desorption. Changes in RhB concentration were determined via a UV–vis spectrophotometer (TU-1901, Beijing, China).




2.4. Recycling Performance of the FeCoWOH-3 Photocatalyst as Photocatalyst


After degradation, the catalysts were collected by filtration, whereas the photocatalytic activity of the composites did not deteriorate significantly even after four consecutive cycles, indicating the extraordinary stability of the synthesized samples, as displayed in Figure S5 in the Supporting Information.





3. Results and Discussion


3.1. Characterization of the Obtained Samples


The crystal structures of CoWOH and FeCoWOH-3 were measured via X-ray diffraction (XRD). As shown in Figure 1a, all of the diffraction peaks can be well indexed as the orthorhombic structure of CoWOH (JCPDS 47-0142). However, the incorporation of Fe atoms introduced some detectable peaks, where the two peaks are marked with black stars. These wide diffraction peaks may come from the substrate or other amorphous matter, which has little effect on our whole structure. The partial enlarged XRD spectra are shown in Figure 1b. To further understand the influence of Fe doping on the structure of CoWOH, we performed a Rietveld refinement for FeCoWOH-3 samples using a GSAS program (Figure 1c). The results demonstrate that Fe atoms were successfully doped in CoWOH. The FeCoWOH-3 sample maintains the cubic structure of CoWOH with the space group of Im3. The doped Fe atoms mainly occupy Co sites, owing to their similar ionic radius and electronic orbit. The morphologies of CoWOH and FeCoWOH-3 were characterized via SEM and TEM. As shown in Figure 2a and Figure S1a,b, the CoWOH sample shows sphere networks composed by nanobelt self-assembly (Figure 2a), exhibiting a uniform diameter of several hundred nanometers (Figure 2b). After incorporating Fe atoms, the size of the sphere become slightly larger compared to the undoped CoWOH sphere (Figure 2c,d). The morphology of the samples was further explored using TEM images (Figure 2e and Figure S1c,d). For FeCoWOH-3 in Figure 2e, the average diameter of the individual nanobelt was about 8 nm. The SAED patterns of FeCoWOH-3 are shown in Figure 2f, which display several white rings, revealing the polycrystal nature of the FeCoWOH-3 sample. In addition, the N2 adsorption/desorption isotherms test was employed to estimate the Brunauer–Emmett–Teller (BET) specific surface area of the CoWOH and FeCoWOH-3 samples (Figure S2). Obviously, the surface area increased from 66.725 m2/g for CoWOH to 108.420 m2/g for FeCoWOH-3. Generally speaking, the larger the specific surface area of the catalyst, the higher the catalytic efficiency. This is because the active sites of the catalyst are mainly distributed on its surface. The larger the specific surface area is, the more active sites there are. The more active sites there are on the surface of the catalyst, the easier it is to activate the molecules, and the greater the area of contact between the reactants and the catalyst, the faster the reaction. This demonstrates that the doping iron atoms replace some of the cobalt atoms, distort the crystal lattice (as shown in Figure S3), and alter the structure of the catalyst’s pores; thus, they increase the specific surface area of the catalyst [15]. It is well known that surface area often plays a critical role in improving the photocatalytic properties. In order to investigate its surface, FeCoWOH-3 microspheres were investigated using EDX mapping (Figure 3f), and the results demonstrated that the Fe, Co, O, and W elements were uniformly distributed on the surface of the sample. Further, the inductively coupled plasma atomic emission spectroscopy (ICP-AES; see Table S1 in the Supporting Information) was used to quantify the contents and proportions of Co, Fe, and W. The analysis shows the sum of the formula Fe2.1Co1.9W6O21(OH)2·4H2O, which is approximately consistent with the feed ratio of Co: Fe = 3:1 in the precursor.



The XPS measurement was conducted to investigate the surface chemical states and electronic structure of the materials. The appearance of C 1s is due to the inevitable adsorption of hydrocarbons on the surface of FeCoWOH-3 microcrystals [16,17]. The high-resolution XPS spectra of Co 2p, Fe 2p, W 4f, and O 1s of the obtained samples are shown in Figure 4a–d. The Co 2p spectrum consists of spin-orbit split 2p3/2 and 2p1/2 components (Figure 4a) with the same chemical information [18]. Hence, only the higher-intensity Co 2p3/2 peak and corresponding satellite peak were analyzed. A sharp peak observed at 780.9 eV is related to the existence of Co 2p3/2 and a broad satellite peak is located at 786.1 eV. The appearance of a broad and prominent satellite peak demonstrates the typical Co2+ oxidation state. Figure 4b displays the XPS spectrum of the two main peaks of Fe 2p (Fe 2p3/2 and Fe2p1/2). The peaks at 710.8 eV and 724.0 eV belonged to the Fe2+, while the peaks at 726.0 eV and 713.2 eV together with the shakeup satellites (716.2 eV) demonstrated the presence of Fe3+ on the surface. The presence of the Fe(Ⅲ) peak was inevitable during the preparation of a compound containing iron [19]. Moreover, Figure 4c presents the O 1s XPS spectrum which can be divided into three characteristic components, denoted as O1, O2, and O3, respectively. The O1 peak at 533.2 eV can be attributed to the adsorption of H2O or H2O near the surface [20,21]. The O2 peak at 531.2 eV is assigned to the oxygen in the OH- groups of Co4W6O21(OH)2·4H2O, and the O3 peak at 530.5 eV belongs to the lattice oxygen species of (O2−) [21,22,23]. At the binding energies of 37.6 eV and 35.4 eV, the W 4f core-level spectrum (Figure 4d) shows the spin doublets W 4f5/2 and W 4f7/2, respectively, demonstrating the existence of W6+ species on the surface [24].



Further, we used a theoretical calculation to illustrate the formation energy during the incorporated processing of metal cations in the FexCo4−xWOH. Density functional theory (DFT)-optimized crystal structures of CoWOH are shown in Figure 5a; the polyoxoanion has a Silverton structure, which contains twenty four {WO6} groups. In the volume phase, two {WO6} octahedrons are connected coplanar to form {W2O9} units, and six {W2O9} units are connected at the angle to form an {X-O12} icosahedron. In addition, there are two types of Co coordination, where one is coordinated by six O forming {CoO6} octahedral, and the other is surrounded by ten O atoms forming {CoO10}, and the third is surrounded by twelve O atoms forming {CoO12}. All oxygen atoms belong to one of three kinds of chemical environments: the first oxygen atoms belong to the bridging oxygen atoms within the {W2O9} unit, the second oxygen atoms belong to the bridging oxygen atoms between the {CoOx} unit and {WO6}, and the third oxygen atoms are the bridging oxygen atoms between the {CoOx} unit and {CoOx}. Figure 5b displays the Wyckoff position of the cobalt atoms in the CoWOH, which shows three different occupying situations for cobalt atoms. “2a” is the cobalt atom at the vertex, “6b” is the cobalt atom at the {CoO10} unit, and “8c” is the cobalt atom at the {CoO6} unit. The preface also mentioned that the radius of the Fe ion is similar to that of the Co ion, which makes it favorable for iron to replace Co. In addition, the electron configuration of Fe2+ is 3d6, suitable for octahedral, while the electron configuration of Co cations is 3d6–8. So, we calculated the formation energies of iron at different sites, as shown in Figure 5c. The calculated results show that the formation energy is the lowest at the Wyckoff position of “8c”, indicating that iron preferentially replaces cobalt atoms at octahedral sites. Then, we calculated again the formation energies of different precursor concentrations of iron at octahedral sites. The results show that the most stable formation energy occurs when the ratio of iron to cobalt is equal (Figure 5d). This is consistent with the ratio of iron to cobalt in the final sample, which is close to 1:1. In addition, from the perspective of crystal engineering, it has been reported that the hybrid degree of the transition metal 3d orbital and oxygen 2p orbital is stronger after doping iron, and the energy band center of these two orbitals is closer, which provides a stronger driving force for oxygen exchange between the catalyst surface and adsorption groups [25]. We will demonstrate later that the successful sites’ elective incorporation of Fe benefits the enhancement of the photocatalytic activity of CoWOH.



The FeCoWOH-3 hierarchical microspheres were tested via FT-IR spectroscopy to characterize functional groups (Figure 6a). The strong absorption peaks located in the range of 400–1000 cm−1 are indicated for the vibrational mode peaks of the Co-O, W-O, and W-O-W bonds, respectively. The result suggests that the structure of FeCoWOH-3 is similar to that of CoWOH. The peaks at 850 cm−1 and 668 cm−1 are related to the O-W-O and W-O bonds, respectively. The obvious peak that appeared at 1650 cm−1 indicates the existence of the O-H stretching vibration mode of water molecules. In addition, the weak band at 1468 cm−1 belongs to the H-O-H bond of adsorbed water [26,27,28]. To further verify the optical absorption properties of samples, the UV–vis diffuse reflection spectroscopy was measured (Figure 6b). The absorption edge of CoWOH is about 562 nm because of the intrinsic transition. According to the mathematical relationship between absorption wavelength and band gap, E(eV) = 1240/λ(nm), the calculated optical gap is 2.21 eV. After the doped Fe element, the absorption peak shows a blue-shift, and the absorption edge of FeCoWOH-3 is about 540 nm. Similarly, the band gap is about 2.30 eV. However, the visible light absorption of the FeCoWOH-3 is enhanced in contrast to the pure CoWOH. The UV–vis spectral results further indicate that the doping of the Fe ion changes the electron state and the band structure of CoWOH.




3.2. Photodegradation of RhB


The visible-light photocatalytic degradation of RhB was selected as a model to verify the photocatalytic activity of FeCoWOH-3. The absorption spectrum of the degradation process of 40mL RhB solution (added 0.6mL H2O2) via FeCoWOH-3 is shown in Figure 7a. The spectrogram showed that the absorption peak of RhB solution completely disappeared after 25 min, which demonstrated the excellent photocatalytic performance of the FeCoWOH-3 microstructures. The XRD patterns of FeCoWOH-3 samples after the reaction are provided in Figure S6. The XRD data show that the structure of our sample remains basically unchanged after the reaction, which further indicates the stability of its structure. In addition, we have made a performance comparison with similar materials in the same industry. Table S2 of the table showing the support materials further indicates the excellent performance of our materials. Moreover, Fe2.1Co1.9W6O21(OH)2·4H2O presents a 3.69 times enhanced degradation rate of RhB compared with the pristine sample; such a large improvement is ascribed to the unique sphere network structure and the Fenton-like catalyst mechanism, which can not only react with Fe species to generate hydroxyl radicals, but can also capture photogenerated electrons quickly and improve photoinduced carrier separation in the presence of H2O2. Even though the addition of H2O2 in the photocatalytic system enhanced the activity of TiO2, it can be seen from the different curves in Figure 7b that the removal effect of TiO2 on the dye is still unsatisfactory. Therefore, the coexistence of FeCoWOH-3 and H2O2 significantly improved the catalytic performance, indicating that there was a synergistic effect between photocatalysis and hetero-Fenton-like reactions. It also demonstrates the great potential of Fenton-like photocatalysts.



In addition, in order to have a basic understanding of the mechanism of Fenton-like photocatalysis, experiments were carried out to capture different active substances. Isopropanol (IPA), ethylene diaminetetra acetic acid disodium salt (EDTA-2Na), and benzoquinone (BQ) were applied to inhibit the activities of hydroxyl radicals (•OH), holes (h+), and superoxide radicals (•O2−), respectively [29,30,31]. In Figure 7c, we exhibit the active species trapping tests of the FeCoWOH-3 photocatalyst in the degradation process of RhB. Based on the introduction of BQ, the photocatalytic activity showed a significant decline, indicating that •O2− was the main active substance in the RhB degradation process. The addition of IPA presented a certain inhibitory effect on the degradation of RhB, proving that OH has a moderate effect. In contrast, the RhB degradation was almost unchanged after the addition of EDTA-2Na in the solution. Therefore, •O2− and •OH can be considered as the main species of RhB degradation by FeCoWOH-3 materials, especially •O2−, as shown in Scheme 2. The generation of •O2− and •OH, with the presence of FeCoWOH-3, was further detected by the electron spin resonance (ESR) instrument. As shown in Figure 8a, six typical signals were detected in methanol solution when the sample was exposed to visible light, and compared with the dark state, the light intensity increases obviously, indicating that •O2− is formed during this process. Meanwhile, similar results are observed in Figure 8b. Hence, a stronger ESR signal of •OH was found on the surface of FeCoWOH-3. Based on the above experiments, the possible reaction steps in the photocatalytic RhB degradation process of RhB can be summarized as follows:


FeCoWOH-3 + hν = FeCoWOH-3 (e− + h+)



(1)






Fe2+ + H2O2 → Fe3+ + HO− + •OH



(2)






H2O2 + •OH ↔ HOO• + H2O



(3)






HOO• → H+ + •O2−



(4)






2HOO• → H2O + O2



(5)






Fe3+ + H2O2 → Fe2+ + H+ + HOO•



(6)






Fe3+ + HOO• → Fe2+ + H+ + O2



(7)






RhB + •O2− + •OH → other products → CO2 + H2O



(8)







Except for the pure Fenton reaction, the amounts of hydrogen peroxide for the degradation of RhB dyes without a catalyst under visible-light irradiation were determined, as shown in Figure S4. When the hydrogen peroxide concentration is lower than 0.25%, the increase in hydrogen peroxide concentration leads to the increase in hydroxyl. It promotes the forward progression of the above Equations (3)–(5). When the concentration of hydrogen peroxide is higher than 12.5%, the excess hydrogen peroxide cannot produce more free radicals through decomposition, but quickly oxidizes Fe2+ to Fe3+ at the beginning of the reaction, thus consuming hydrogen peroxide and inhibiting the production of hydroxyl.





4. Conclusions


In summary, the Fe ion incorporated cobalt-POM with a hollow sphere structure has been successfully synthesized through a facile self-assembly hydrothermal strategy, and it was used as an efficient Fenton-like photodegradation catalyst. Our theoretical calculations show that Fe ions tend to be located at octahedral points, which can further adjust the electronic structure of FexCo4−xWOH and the band gap. Its excellent photocatalytic activity is ascribed to the synergistic effects of the Fenton reaction and the activating H2O2 under visible irradiation, which can generate a mass of •O2− and •OH species in the unique sphere network structure. The current results provide new insights into the Fenton-like POMs that can effectively promote the activation processes of coexisting Fe species and H2O2, and pave the way for new methods for the design and synthesis of high-performance, easily-obtained enhanced photodegradation materials.
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Scheme 1. The synthesis of FeCoWOH-3 in Fe:Co = 1:3 at 159 °C for 6 h via a facile hydrothermal route. 
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Figure 1. (a) XRD patterns of CoWOH and FeCoWOH-3 samples. (b) Partial enlarged XRD spectra. (c) Experimental neutron powder diffraction pattern and Rietveld refinement for FeCoWOH-3 with Co/Fe feed ratio of 1:3. 






Figure 1. (a) XRD patterns of CoWOH and FeCoWOH-3 samples. (b) Partial enlarged XRD spectra. (c) Experimental neutron powder diffraction pattern and Rietveld refinement for FeCoWOH-3 with Co/Fe feed ratio of 1:3.



[image: Coatings 13 01084 g001]







[image: Coatings 13 01084 g002 550] 





Figure 2. (a,b) Typical SEM images of CoWOH; (c,d) FeCoWOH-3 samples; (e) HRTEM images of FeCoWOH-3; (f) the SAED pattern of the FeCoWOH-3. 
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Figure 3. HRTEM-EDX elemental mapping of the FeCoWOH-3. (a) HAADF; (b) Co element; (c) Fe element; (d) O element; (e) W element; (f) EDX mapping. 
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Figure 4. XPS analysis of prepared FeCoWOH-3, (a) Co 2p, (b) Fe 2p, (c) O 1s, (d) W 4f. 
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Figure 5. (a) The structure of CoWOH; (b) the Wyckoff position of the cobalt atoms in the CoWOH; (c) the formation energy of iron in each Wyckoff position; (d) the relationship between formation energy and Fe proportions in FeCoWOH. 
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Figure 6. (a) FT-IR spectrum curve of FeCoWOH-3. (b) UV–vis absorption spectra of CoWOH and FeCoWOH-3. 
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Figure 7. (a) Absorption spectra and (b) comparison of different catalytic reactions for degradation of RhB dyes. (c) Active species trapping experiments of FeCoWOH-3 catalyst under visible-light irradiation. 
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Scheme 2. Band diagram and mechanism of charge separation and migration for FeCoWOH. 
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Figure 8. (a) ESR spectra of DMPO-•O2− adducts in aqueous solution over FeCoWOH-3; (b) ESR spectra of DMPO-•OH adducts in aqueous solution over FeCoWOH-3. 
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