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Abstract

:

Fe-Ce/layered double hydroxides (LDHs) were synthesized via a facile route by exploiting the “structural memory” of the LDH when the calcined MgAlLDH and ZnAlLDH were reconstructed in the aqueous solutions of FeSO4/Ce(SO4)2. XRD analysis shows the formation of heterostructured catalysts that entangle the structural characteristics of the LDHs with those of Fe2O3 and CeO2. Furthermore, X-ray photoelectron spectroscopy (XPS), Raman spectroscopy, TG/DTG, SEM/EDX and TEM results reveal a complex morphology defined by the large nano/microplates of the reconstructed LDHs that are tightly covered with nanoparticles of Fe2O3 and CeO2. Calcination at 850 °C promoted the formation of highly crystallized mixed oxides of Fe2O3/CeO2/ZnO and spinels. The photo-electrochemical behavior of Fe-Ce/LDHs and their derived oxides was studied in a three-electrode photo-electrochemical cell, using linear sweep voltammetry (LSV), Mott–Schottky (M-S) analysis and photo-electrochemical impedance spectroscopy (PEIS) measurements, in dark or under illumination. When tested as novel catalysts for the degradation of phenol from aqueous solutions, the light-driven catalytic heterojunctions of Fe-Ce/LDH and their derived oxides reveal their capabilities to efficiently remove phenol from water, under both UV and solar irradiation.
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1. Introduction


Environmental pollution, climate change and the lack of a sustainable energy supply are key challenges in the rapid development of human society [1]. The quest to provide clean water is crucial for creating a healthy life, though large quantities of pollutants, such as phenols, dyes and halobenzene compounds, are released from industry and greatly contribute to a reduction in water quality and water scarcity [2]. Due to their complex and stable chemical structure, organic pollutants cannot be removed by common treatment methods such as adsorption, extraction or biodegradation [3]. That is why there is an urgent need to find more effective degradation methods for a clean and sustainable water supply.



The photocatalytic technique promises to address the above issues, being a green and energy-saving technology which makes efficient use of solar energy, in various fields including the photocatalytic degradation of organic pollutants or hydrogen production [4]. The degradation of organic pollutants to harmless products involves the participation of active radicals such as hydroxyl (HO·) and superoxide (·O2−) produced during the reaction of H2O or O2 with photogenerated charges [5]. In order to improve photocatalytic properties, the selection of an optimal catalyst is a key step. Semiconductors are the preferred photocatalysts to target pollutant degradation due to their non-toxic nature, low cost, high stability, relatively good band edge and band gap energy positions [6]. Photocatalyst efficiency is correlated with the redox potential and relative positions of band edges of the substrate and semiconductor photocatalysts [7]. The rapid recombination of photogenerated carriers on the semiconductor surface together with low photocatalytic and low visible light harvesting efficiencies are the major disadvantages of the most studied semiconductors used as photocatalysts and limit their large-scale applications [8]. In order to overcome these impediments and to improve photocatalytic activity by modulating the energy band positions, charge transfer mechanisms and light absorption capabilities of semiconductors, some of their modification strategies developed in recent years include the construction of heterojunction systems, defect engineering or co-catalyst loading [7]. Doping of high bandgap semiconductors with non-metallic or metallic elements also provided a good response when exposed to visible light [9].



In this view, there is a lot of focus on the development of heterostuctures based on the close junction of a semiconductor unit with the LDH-type matrix, able to join the characteristics of both components. Very recent results revealed that heterostructures of the LDHs with semiconductor units, such as TiO2, α-Fe2O3, ZnO, Ag2CO3, CdS or g-C3N4, allow the improvement of structural properties by providing wider light absorption ranges, the inhibition of the recombination of photogenerated carriers, and consequently higher photoactivity [6].



Layered double hydroxides (LDHs) are two-dimensional lamellar hydroxides, presenting a similar structure to the naturally mineral hydrotalcite [10]. Their general chemical formula is: [M2+1−xM3+x·(OH)2]x+ (An−x/n)·yH2O, where M2+ is a divalent cation (e.g., Mg2+, Zn2+, Ni2+, Cu2+); M3+ is a trivalent cation (e.g., Fe3+, Al3+, Cr3+); An− is a charge compensation anion (e.g., CO32−, NO3−, Cl−), located in the interlamellar space between two brucite-like layers; and x is the stoichiometric coefficient, defined as the ratio between M3+/(M2+ + M3+) [11]. The physical and chemical properties of the LDHs are unique, due to their large surface area (ranging from a few m2/g to 100 m2/g), which allows their use in adsorption processes, pharmaceutical applications (due to a lack of toxicity, chemical inertia, compatibility, viability) and purification techniques [2]. LDHs have the ability to incorporate and disperse more than one transition metal cation, thus being able to regulate the redox properties of the system; therefore, they can be designed to reach specific band gap values for the hydrogen and oxygen evolution reactions [12,13] and visible light absorption [14], as well as low potentials for redox reactions [15]. LDH-based photocatalysts have demonstrated the excellent photodegradation of phenol-based compounds under visible light irradiation [16,17]. The as-synthesized MgAl/ZnAl-based LDHs have demonstrated low degradation efficiency for phenols with highly stable aromatic rings. However, their photocatalytic performances can be significantly enhanced by integrating them into heterostructures. From calcination treatments at moderate temperatures, LDHs are transformed in poorly crystalized mixtures of mixed oxides (MMOs) [18,19]. However, the structure of the most LDHs can be recovered by the ”the structural memory effect” when the derived mixed oxides are introduced in aqueous solutions containing anions [20,21]. For example, Mantilla and al. reported the mixed oxides obtained via the calcination of Zn/(Al + Fe)/LDHs as photocatalysts with a high activity towards the photodegradation of phenol and p-cresol [22]. The MMOs derived from Zn-LDHs calcinated at 300–600 °C contain additional phases of ZnO, have higher crystallinity, and a specific surface area that facilitates the charge carrier transfer and improves photocatalytic performances [23]. Recently, ZnFe-MMOs or ZnTi-MMOs have been synthesized via the calcination of their ZnFe-LDH and ZnTi-LDH precursors at different temperatures and used with very good performances in water purification processes under simulated solar light irradiation [24,25,26]. Among metal oxide-semiconductors, ceria (CeO2) is one of the most recognized photocatalysts due to its high oxygen storage capacity, photostability and ecological properties [27]. The increased interest in this material is determined by its wide band gap (~3.2 eV), thus being considered for applications in photocatalysis [28], sensors [29], water treatment [30] and solar cells [31]. Despite these advantages, the photocatalytic properties of CeO2 are restricted by the rapid recombination of photo-generated electrons and holes [32]. To entangle the photocatalytic properties of the LDH to that of CeO2, we previously reported on CeO2/Mg(Zn)Al-LDH heterostructures [33]. On the other hand, hematite (αFe2O3) with small range bandgap (~2.2 eV), which can collect visible light, is a semiconductor material widely used in water splitting and as a supercapacitor electrode due to advantages such as: good chemical stability, photocorrosion resistance [33,34,35] and absorption capacity in the region of visible light [36]. Disadvantages of this material include: low mobility and the fast recombination properties of charge carriers resulting in the 2–4 nm diffusion lengths of the minority carriers [34]. Due to low electrical conductivity and hematite metastability, Fe2O3-CeO2 heterostructuring might be useful to prevent the recombination of electrons and photo-generated holes, resulting in a higher efficiency of photocatalytic degradation [37].



Based on the above information, we present here Fe-Ce/MgLDH, Fe-Ce/ZnLDH and the mixed metal oxides derived via calcination as novel photocatalytic systems. More precisely, the structural, surface, morphological and electrochemical properties of the Fe-Ce/LDHs and their derived mixed oxides are revealed as related to the photocatalytic performances for the degradation process of phenol under the irradiation with UV or simulated solar light. Furthermore, a degradation mechanism is proposed.




2. Materials and Methods


2.1. Photocatalyst Synthesis


For the synthesis of the photocatalysts, the precursors used without further purification were: Mg(NO3)2·6H2O (Sigma-Aldrich, St. Louis, MO, USA), Al(NO3)3·9H2O (Sigma-Aldrich), Zn(NO3)2·6H2O (Sigma-Aldrich), Ce(SO4)2·4H2O (Sigma-Aldrich), Na2CO3 (Sigma-Aldrich), NaOH (Sigma-Aldrich) and FeSO4·7H2O (Sigma-Aldrich). A simple co-precipitation method was used to synthesize the LDH materials (MgAlLDH, with an Mg/Al atomic ratio = 2:1, and ZnAlLDH, with an Zn/Al atomic ratio = 3:1) as previously described [38,39]. The insertion of iron and cerium cations into the lamellar structures was achieved by the structural reconstruction of LDHs in the aqueous solution of Ce(SO4)2·4H2O and FeSO4·7H2O. The as-obtained solids were washed and dried in an oven at 80 °C over night. They were noted as Fe-Ce/MgAlLDH and Fe-Ce/ZnAlLDH, respectively. The corresponding MMOs were obtained after a supplementary calcination stage at 850 °C for 4 h (samples denoted Fe-Ce/MgAlLDH_850 and Fe-Ce/ZnAlLDH_850, respectively).




2.2. Characterization


2.2.1. Material Characterization


The X-ray powder diffraction (XRD) patterns were obtained on a Rigaku Smart Lab diffractometer in the 2θ range of 10–800 with a 0.020 step, using Cu Kα radiation and a Ni filter. Phase identification was performed using the ICSD database. Raman spectra were recorded at room temperature using an in Via confocal Raman microscope (Renishaw) with a diode DPSS visible laser source (532 nm) and a Peltier cooled CCD detector. The single beam power of the laser was 25 mW and the 50× objective of the microscope was used. A Thermo Scientific (Waltham, MA, USA) (Evolution 600) spectrometer equipped with an integrated sphere was used to record the UV-Vis diffuse reflectance spectra (DRS) in the wavelength range of 200–800 nm. The morphology of the samples was evidenced using scanning electron microscopy (SEM) (SU8010 from Hitachi, Chiyoda City, Tokyo) and transmission electron microscopy (TEM) (JEOL 1200 EX II). The chemical composition was determined using an energy-dispersive X-ray spectrometer (EDX, Oxford Instruments, Abingdon, UK) coupled to SEM. The surface composition and oxidation states of the elements in the samples were investigated using X-ray photoelectron spectroscopy (XPS). XPS spectra were obtained using a Perkin-Elmer model 5500-MT spectrophotometer equipped with MgKα radiation (1253.6 eV), at 15 kV and 20 mA. TG/DTG thermogravimetric analysis was carried out using the Perkin- Elmer Pyris Diamond TG/DTA thermobalance, by heating the samples up to 850 °C, with a heating rate of 10 °C/min, in an N2 atmosphere.




2.2.2. Electrochemical Measurements


Electrochemical characterization of the samples was performed using a Zahner IM6eX electrochemical station and a potentiostat/galvanostat PG581 in a three-electrode photoelectrochemical set-up with: a working electrode with the photocatalysts spread out on a glass plate covered with fluorinated tin oxide (FTO), a Pt wire as a counter electrode, a Ag/AgCl electrode as the reference electrode, and a 2.0 M Na2SO4 solution with a pH value of 6.5 as a support electrolyte for the experiments. The working electrodes were prepared using a previously described procedure [33].



Photo-electrochemical impedance spectroscopy (PEIS) measurements were performed in the frequency range of 2.5 MHz–100 mHz with an AC amplitude of 10 mV. Mott–Schottky plots were recorded under dark conditions at a frequency of 1 kHz in the potential range −0.6 V to +0.6 V (vs. Ag/AgCl) with an amplitude of 10 mV.




2.2.3. Photocatalytic Experiments


The photocatalytic activity of the investigated photocatalysts was evaluated by measuring the degradation of a 1.0 g/L phenol aqueous solution. This was performed both under irradiation with UV light and simulated solar light, after an initial stage of solution equilibration by stirring for 30 min in the dark. The suspension was stirred at a constant rate during the experiment, and the temperature was kept constant at 25 °C. Samples were collected at different irradiation times, with the overall duration of each experiment being 4 h. A 125 W UV lamp with a primary emission at a wavelength of 355 nm was used in the experiments under UV light. Tests under solar irradiation were conducted with a ScienceTech Inc. (London, ON, Canada) SLB300B (300 W xenon lamp) simulator. The Surveyor Thermo Electron HPLC system (Thermo Scientific) was used to identify, quantify and measure the degradation products as previously presented [33]. A portable spectrophotometer DR 890 with a DRB 200 thermostat and HACH LANGE cuvette testing system was used for the determination of the total organic carbon (TOC) content of the irradiated samples. The phenol photodegradation efficiency was evaluated from the conversion values that were calculated with Equation (1), where C0 and C are the values of initial concentration and the concentration at time t, respectively.


  X =    C 0  − C    C 0    * 100  



(1)










3. Results and Discussion


3.1. Structural and Optical Characterization of the Photocatalysts


The structural features of the catalysts were examined using XRD analysis (Figure 1A). The XRD pattern of Fe-Ce/MgAlLDH clearly reveals the presence of 003 and 006 diffraction peaks located at 2θ = 10.320 and 2θ = 20.350, pointing out the structural reconstruction of the LDHs with a c value of 2.57. Furthermore, the peaks from 2θ = 35.600 and 61.600 could be indexed to the 104 and 300 reflection planes of the hexagonal α-Fe2O3 (JCPDS: 33-0664), while peaks from 2θ = 28.920 and 2θ = 48.120 could be attributed to the 111 and 220 planes of the CeO2 fluorite structure. The EDX analysis given in Table 1 shows a Mg/Al ratio around 2 and a Zn/Al atomic ratio of ~3, while the Fe/Ce molar ratio is ~5, pointing out differences between the catalysts, which can be a consequence of the insertion of cerium cations into the LDH layers during reconstruction. After calcination, the layered structure of the original LDH was completely destroyed and additional reflections corresponding to Fe2O3, CeO2, Al2O3 and MgAl2O4 spinel phases can be identified in Figure 1A.



Additionally, the distribution of CeO2 onto the surface of Fe2O3 via interfacial Ce-O-Fe bonding, as previously reported [40], could be considered. The characteristic peaks of the crystalized CeO2 phase are weak and broad (Figure 1A), indicating the presence of nanosized crystallites [41]. The amorphous character of MMOs that was already reported and is most likely related to amorphous Al3+ phases can generate defects which affect, in particular, the optical properties and the corresponding photocatalytic activity of these materials [42].



Figure 1B shows the XRD pattern of the Fe-Ce/ZnAlLDH where the characteristic diffraction peaks of the LDH were clearly identified and defined by the cell parameters a = 0.31 nm and c = 2.54 nm. The slight increase in the c parameter (related to the interlayer distance) may be due to the presence of the SO42− anions together with the intercalated charge-compensation anion CO32−, or to the thicker metal hydroxide layers due to the addition of CeO2 and Fe2O3 on the surface of the brucite-like layer. The a parameter is consistent with that of a ZnAlLDH sample and confirms that the oxide phases of Fe2O3 with the 104 diffraction peak at 2θ = 35.250 and CeO2 with the 311 reflection plane (2θ = 56.120) were formed on the LDH surface. After the calcination at 850 °C, the XRD pattern (Figure 1B) presented the ZnO and Al2O3 oxide phases as the main component from the basic LDH structure and the reflections that correspond to the Fe2O3 hexagonal phase (104, 113, 018 and 214 planes) and CeO2 cubic fluorite (111, 200, 220, 222, 400 and 331 reflection planes). Compared to the XRD patterns of the MMOs derived from MgAlLDH, an increase in the intensity of the peaks corresponding to the crystalline phases can be noticed. Moreover, the characteristic peaks became narrower, indicating an increase in the crystallite size. A decrease in the Fe/Ce molar ratio in MMO compared to parent LDH was also noticed (5.33 compared with 5.42 for LDH sample).



The Raman spectra of the investigated samples are shown in Figure 2. While Fe-Ce/MgAlLDH and Fe-Ce/ZnAlLDH samples have no significant bands in the investigated range, the samples calcined at 850 °C exhibited a band at about 460 cm−1, attributed to the fluorite phase of CeO2, in agreement with the XRD data. Other bands that could be ascribed to hematite (α-Fe2O3), maghemite (γ-Fe2O3) or magnetite (Fe3O4) were also evidenced in the Raman spectra of MMOs (Figure 2) [43].



The UV-Vis spectroscopy was used for optical property investigations (Figure 3A). For the Fe-Ce LDH, there are two strong absorption bands at 280 nm and 340 nm, respectively, with a shoulder at 450 nm and the absorption edge extension to 650 nm, showing broad absorption in the visible-light region. This absorption profile is characteristic of the Fe2O3 present on the LDH surface, and could be attributed to the d-d transition of Fe3+ ions [44]. Furthermore, a broad absorption in the visible region (λ = 400–550 nm) could be the result of the photosensitizing effect of Ce3+ [26]. For the MMOs derived from Fe-Ce LDH, the UV-Vis spectra show the same red-shift in the optical absorption band toward the visible region that may be ascribed to a tuned transfer of light-induced electrons and holes among the semiconductor oxides of the heterojunction and the formation of some localized band gap states caused by the vacancies of Ce3+ [45]. The band gap energy (Eg) was determined from the absorption spectra using the equation:


(αhν)1/n = A(hν − Eg)



(2)




where α, ν and A are the absorption coefficient, light frequency and proportionality constant, as previously described [46]. For semiconductors, the band gap can be the result of a direct electron transition (n = 2) or indirect transition (n = 1/2). Figure 3B, C shows the plots of (αhν)1/2 vs. hν and (αhν)2 vs. hν of the analyzed samples. The point where the steepest slope of each graph intersects with (αhν)1/2 = 0 or (αhν)2 = 0, represents the value for Eg. For Fe-Ce/MgAlLDH, Fe-Ce/ZnAlLDH, Fe-Ce/MgAlLDH_850 and Fe-Ce/ZnAlLDH_850 samples, the Eg values for n = 1/2 were 0.64, 1.16, 1.38 and 1.3 eV, and for n = 2, were 1.98, 2.19, 2.15 and 2.09 eV, respectively.



The Eg values of the samples when n = 2 are more credible as they are closer to the Eg value of 2.2 eV for Fe2O3 [37], confirming a direct electron transition. Fe2O3, as a narrow band gap semiconductor, could be a possible donor of electrons and a sensitizer under visible light irradiation for a wide band gap semiconductor such as ZnO and CeO2. In the solid solution of mixed oxides, there is a new band structure with orbitals from metals and oxygen combined in a structure with a lower band gap than those of semiconductor oxides components. Comparing the values of the band gap of the Fe-Ce/MgAlLDH and Fe-Ce/ZnAlLDH samples, a difference of 0.21 eV is observed, which indicates that the photocatalyst composition has a significant influence on the Eg value of the semiconductor material [47]. Band gap energies for uncalcined Fe-Ce/MgAlLDH and Fe-Ce/ZnAlLDH samples were 1.98 eV and 2.19 eV, respectively. After calcination, there was a slight increase in the band gap for Fe-Ce/MgAlLDH_850 to 2.15 eV and a slight decrease for Fe-Ce/ZnAlLDH_850 to 2.09 eV. These effects are due to different interactions between the CeO2 and Fe2O3 semiconductor oxides. Furthermore, the Ce3+/Ce4+ ratio in the photocatalyst could influence the band gap position, knowing that a higher concentration of Ce4+ produces a narrower band gap that allows photocatalytic activity under visible light. As the XPS spectra revealed, both Ce3+ and Ce4+ cationic species have been identified in the analyzed samples.



In Figure 4, the SEM images and the corresponding EDX spectra of the synthesized Fe-Ce/LDH samples are shown. The morphology of the Fe-Ce/MgAlLDH sample is revealed as agglomerates with a sponge-like aspect that increased the heterogeneity of the surface, with CeO2 and Fe2O3 nanoparticles randomly dispersed on the LDH surface. After the calcination of Fe-Ce/MgAlLDH at 850 °C, the stratified structure of the sample was destroyed and metal oxide crystallization occurred. The disappearance of the characteristic peaks for the lamellar structure in the X-ray diffractograms (Figure 1) supports the collapse of this structure during the calcination process. The Fe-Ce/ZnAlLDH photocatalyst presents the same morphology as Fe-Ce/MgAlLDH, specific to the morphology of LDHs but with much more interconnected particles, which reveals a wider distribution of their sizes and a greater surface heterogeneity due to the smaller particles of CeO2 and Fe2O3 dispersed on their surface. After Fe-Ce/ZnAlLDH calcination, larger and more agglomerated metal oxide particles were formed, which further increased the heterogeneity of their surface.



The structural characteristic of the reconstructed Fe-Ce LDHs and the corresponding MMOs were also revealed via TEM analysis (Figure 5). As show in Figure 5A, the ZnAlDLH samples showed large interconnected platelet nanoparticles, with an average size of 200 nm, typical for LDH morphology [48]. In the reconstructed Ce-Fe/ZnAlLDH samples (Figure 5B), the nanoparticles of Fe2O3 and CeO2 (~25 nm) are highly dispersed on the surface of the LDH particles, almost completely covering them. For the Ce-Fe/MgAlLDH sample (Figure 5C), a morphology similar to the ZnAlLDH counterpart is observed. TEM images of the MMOs reveal the Fe2O3 and CeO2 nanoparticles (~30 nm) entangled with the irregular aggregates of crystalline and amorphous oxide particles, probably resulting from the collapse of the stratified structure and partial crystallization of the mixed oxides.




3.2. XPS Analysis


In order to further investigate the composition and the chemical states of different species in the Fe-Ce/Mg(Zn)AlLDH_850 samples, X-ray photoelectron spectroscopy (XPS) analyses were performed. The wide survey spectrum in Figure 6 illustrated the binding energy peaks which were attributed to O1s, Fe2p, Ce3d and Zn2p. As shown in Figure 6B, the peaks located at 710.2 and 723.6 eV in the Fe2p high resolution XPS spectra are attributed to Fe2p3/2 and Fe2p1/2, respectively [45]. The energy of these peaks corresponds to Fe3+ from Fe2O3 [49] and confirms the presence of this iron oxide in the MMOs obtained after calcination of the Fe-Ce/ZnAlLDH sample.



Figure 6C presents the high resolution Ce3d spectra and the deconvolution results which can be assigned to 3d5/2 and 3d3/2 spin-orbit states denoted as u and v, respectively. Both Ce4+ (u, u″, u‴, v, v″, and v″″) and Ce3+ (u′ and v′ 0) chemical states of cerium were evidenced [50]. This result confirms that a mixture of Ce3+/Ce4+ oxidation states exists on the sample surface. Usually, when Ce3+ is present, charge deficiency is compensated by oxygen vacancies in the lattice of CeO2, resulting in the formation of oxygen defects [51]. These ones are important both for the enhancement of the activity and stability of the photocatalyst and for the activation of hydrogen production from oxygen-containing bonds, such as that in the water-splitting reaction. Furthermore, they act as an electron scavenger and generate superoxide radicals. The presence of Ce4+ in a higher concentration could be correlated with a narrower bandgap and a better activity of ceria in the visible region of light spectra, which is the case of the analyzed MMO sample (Table 2).




3.3. Thermal Analysis (TGA-DTA)


The thermal stability of the LDH-type samples was determined as a function of temperature via thermogravimetric analysis coupled with differential thermal analyses (TG-DTA).



Figure 7 presents the TG/DTG profiles for the LDHs modified after reconstruction with Fe and Ce and for the pristine Mg(Zn)AlLDHs. The total mass loss for the Fe-Ce/MgAlLDH sample was 42.10%, and for the MgAlLDH precursor, it was 47.24%. For these samples, there were two endothermic peaks centered at 230 °C and 407 °C, for Fe-CeMgAlLDH and 250 °C and 426 °C for the MgAlLDH sample, respectively. The first peak can be attributed to the release of water molecules physically adsorbed, or from interlayer region, and the second one corresponds to the decomposition of carbonate and dehydroxylation of brucite-like layers. Over this temperature range, the LDH-type sample underwent dehydroxylation and decarbonation reactions and the formation of metal oxides and spinel species. For Fe-Ce/ZnAlLDH and ZnAlLDH samples, total mass loss was lower than for their counterparts based on MgAlLDH (28.93% for Fe-Ce/ZnAlLDH and 34.04% for ZnAlLDH). In addition, the temperature ranges of thermal decomposition were also different, characterized by endothermic peaks located at lower temperature values than for the samples with MgAlLDH. In this regard, the first mass loss occurred at 200 °C and the second one at 280 °C (Fe-Ce/ZnAlLDH) or 260 °C (ZnAlLDH). This behavior demonstrates the easier loss of water and decomposition of the compensation anions. A supplementary endothermic peak was located at 600 °C in the thermogram of the Fe-Ce-ZnAlLDH sample, corresponding to a greater amount of metal oxides and spinel species. The better crystallinity of these samples was sustained by their XRD profile (Figure 1).




3.4. Photoelectrochemical Study


The current density voltage (I-V) curves were carried out in an aqueous solution of 0.2 M Na2SO4, in dark and light illumination conditions both for hydrotalcites layered materials (Fe-Ce/MgAlLDH, Fe-Ce/ZnAlLDH) and their corresponding mixed oxides (Fe-Ce/MgAlLDH_850, Fe-CeZnAlLDH_850) in order to evaluate their photo electrochemical properties. The results of photocurrent measurements on the prepared LDH- or MMO-type photo electrodes showed that bare MgAlLDH and ZnAlLDH and their corresponding MMOs yielded a very low current density over the entire voltage scan window and were considered for further comparison with the Ce/Fe-modified materials (Table 2). For all tested materials, the current starts to generate at around −1 V vs. Ag/AgCl (−0.42 V vs. RHE) and increases toward the anodic direction with respect to the applied bias either under dark or illumination conditions, denoting their n-type semiconductor properties. A slight shift toward more negative potentials can be seen for the samples under illumination (Table 2), indicating a more favorable oxidation reaction on the surface. A lower band bending for the photo-generated charge carrier separation and an accelerated transport of the charges at the electrode–electrolyte interface can explain this behavior [52]. The photocurrent density was greater under illumination for all electrodes, confirming the semiconductor properties of the tested electrode materials. The increase in the current density for the Fe-Ce-modified LDH-type samples indicates a narrower band gap for these new materials, which allowed an enhanced absorption of visible light (Table 2, Figure 4). Furthermore, there was a synergetic effect of Fe2O3 and CeO2 highly dispersed on the MgAlLDH or ZnAlLDH surface that facilitated electron transport. For the MMOs photocatalysts, a vectorial transfer of the photogenerated electrons and holes among Fe2O3-CeO2-ZnO mixed oxides could be considered, hindering their recombination [45]. Analyzing the current density at an onset potential of 0.5 V vs. Ag/AgCl (Table 2), the best results were obtained for that Fe-Ce/ZnAlLDH_850 sample that showed an increase with one order of magnitude for the current density when switching from dark to simulated solar illumination. Moreover, the corresponding LDH precursor sample exhibited the highest value for the current density under investigation conditions. These results can be correlated with the smallest Mott–Schottky slope and the highest photoelectron life time.
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Table 2. Photo-electrochemical properties of LDH- and MMO-type electrodes.
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Electrode

	
Voc (V)

vs. Ag/AgCl

	
Current Density (µA/cm2) at 0.5 V vs. Ag/AgCl

	
Vfb

(V) vs. Ag/AgCl 1

	
Band Gap

Eg (eV) 2

	
EVB 3




	
Dark

	
Illum.

	
Dark

	
Illum.






	
Fe-Ce/MgAlLDH

	
−0.13

	
−0.18

	
1.11

	
6.52

	
−0.40 (0.18)

	
1.98

	
2.16




	
Fe-Ce/MgAlLDH_850

	
−0.21

	
−0.23

	
1.37

	
2.68

	
−0.48 (0.10)

	
2.15

	
2.25




	
Fe-Ce/ZnAlLDH

	
−0.13

	
−0.21

	
17.8

	
55.53

	
−0.63 (−0.05)

	
2.19

	
2.14




	
Fe-Ce/ZnAlLDH_850

	
−0.15

	
−0.19

	
0.68

	
6.63

	
−0.67 (−0.09)

	
2.09

	
2.00








1 From M-S plots (in parenthesis are the potential in V vs. RHE); 2 From DRUV spectra; 3 EVB = Efb + Eg.











In order to investigate the electrical properties of the new synthesized photocatalysts, electrochemical impedance spectroscopy measurements were performed. The Mott–Schottky (M-S) plots of all the tested anodes allowed the evaluation of the flat band potential (Vfb) as the intercept of the linear fit of the plot C−2 vs. the applied potential bias with the potential axis (Table 2). According to the M-S plots, the positive slope indicates that all the investigated photocatalysts are n-type semiconductors. For this type of semiconductor, the conduction band corresponds approximately to the flat band potential. As the slope of the Fe-Ce/ZnAlLDH sample is the smallest, this photocatalyst probably presented the highest density of charge carriers. A higher charge donor density is an important factor for electronic conductivity within the photoelectrode, which can also improve the efficiency of photogenerated electron-hole pair separation and transport. Generally, after the calcination of the Ce/Fe LDH samples, a decrease in carrier density can be noticed. Even if for the calcined samples the carrier density was smaller, the shift of Vfb toward more negative values can compensate for this decrease.



To further explore the electrochemical behavior of the electrodes based either on Fe/Ce-modified LDH or their corresponding mixed oxides obtained from their calcination at 8500C, photo electrochemical impedance spectroscopy (PEIS) measurements were performed in the frequency range 100 mHz–2.5 MHz. Nyquist plots were obtained for the LDH- or MMO-type samples in order to investigate change in charge transfer resistance under illumination (Figure 8A). An EIS Spectrum Analyser software was used to fit the Nyquist plots of the impedance spectra recorded under illumination [53]. A constant phase element (CPE) was used to simulate a non-ideal capacitor, being usually assigned to the inhomogeneity, surface roughness, porosity and tortuosity of the electrode materials. Therefore, a CPE in parallel with a resistance appears as a depressed semicircle in the Nyquist plot [54]. The equivalent circuit model used to fit the Nyquist plots of the EI spectra is shown in the inset of Figure 8A. The order of magnitude of the CPE values was further used to assign features such as grain/bulk (10−12 F) from a high frequency region or grain boundaries (10−11–10−8 F, depending mostly on their microstructure) in a low frequency region [55]. The sample Fe-CeZnAlLDH_850 exhibited the lowest total electrical resistance among the investigated samples (Table 3), in agreement with the previous photoelectrochemical parameters.



The Bode plots of EI spectra are shown in Figure 8B, evidencing a change in the phase angle in the 60–75° range, which could be ascribed to the partial redox and capacitive nature of Ce/Fe-modified LDH-type samples or their corresponding MMOs [33]. The Bode plots allow the evaluation of photoelectrons’ life times (τ), this parameter being correlated to the maximum frequency peak (fpeak) from the low frequency region according to Equation (3) [56]:


  τ =  1    2 π  f  p e a k        



(3)







The life time of the photoelectrons for all tested photocatalysts is shown in Table 4. The highest photoelectron life time was calculated for the sample Fe-Ce/ZnAlLDH, indicating a more facile electron transport at the electrode/electrolyte interface and a decreased probability for electron and hole recombinations.



The diagrams of energy levels for the new heterostructured LDH and MMO photocatalysts obtained in this study were constructed using the values of band gap energy (Eg) calculated from UV-Vis spectra, those of conduction band (ECB) from photoelectrochemical measurements, and valence band (EVB) calculated as the sum of Eg and Efb (Figure 9). According to these diagrams, the photocatalyst materials with a suitable potential for water reduction (more negative than the hydrogen reduction potential of −0.58 V (vs. Ag/AgCl, calculated at pH 6.5) are Fe-Ce/ZnAlLDH and Fe-Ce/ZnAlLDH_850 (Table 2, Figure 9). Moreover, all the investigated photocatalysts are active in the water oxidation reaction as their oxidation potential is more positive than the oxidation potential of H2O (+0.65 V vs. Ag/AgCl at the same pH of 6.5). It is well known that the photocatalysts with suitable potential for both H2 and O2 evolution could be used for water splitting. Therefore, all investigated LDH- and MMO-type photocatalysts could be efficient in the advanced oxidation reactions (AOR) of different organic pollutants from aqueous media.




3.5. Photocatalytic Activity


The photocatalytic activity of the Fe-Ce/layered double hydroxides and their derived oxides was also investigated. The samples were tested for the photocatalytic degradation of phenol in aqueous solution, under illumination with UV and simulated solar light. In the absence of the catalyst, the phenol photolysis was less than 5%. In a previous study, the phenol photodegradation activity of the parent MgAlLDH, ZnAlLDH and their corresponding MMOs was tested in the same conditions [33]. Only the Zn-containing samples presented photocatalytic activity (20% phenol degradation for ZnAlLDH and 25% for the corresponding MMO, after 4 h irradiation with UV light), with lower degradation yields under solar light irradiation (2% and 5% for the same samples), and were not further considered for comparison. The results of phenol photodegradation tests performed on Fe-Ce-modified LDH-based materials assessed using degradation rate (C/C0) vs. reaction time (t) are shown in Figure 10.



The best results were obtained for the samples based on ZnAlLDH. The ZnO presented as a supplementary phase either in the reconstructed Fe-Ce/ZnAlLDH, or the corresponding Fe-Ce/MMOs enhanced photocatalytic efficiency in the phenol degradation reaction both due to its intrinsic high photocatalytic activity and the synergistic effects of heterojunction with the other semiconductor metal oxides (Fe2O3 and CeO2). Furthermore, the Zn-containing samples presented a higher Fe/Ce atomic ratio, as the chemical composition from EDX analysis revealed (Table 1). The availability in a greater proportion of Fe2O3 could enhance the separation of photo-generated electron-hole pairs [57] and extend the visible response [58], with both effects being beneficial for photocatalytic activity. The presence of ceria in these heterostructured photocatalysts allows a superior photocatalytic activity due to the redox properties of Ce4+/Ce3+, by facilitating the formation of labile oxygen vacancies and a high mobility of the bulk oxygen species. Moreover, it allows the transfer of the electron from the 4f orbital of Ce3+ to absorbed oxygen with the formation of superoxide radicals and the prevention of the recombination of the photo-generated charges [27] In the photocatalytic tests under UV irradiation, the best degradation efficiency was obtained for the LDH-reconstructed catalysts, reaching a maximum phenol conversion of 87% (for Fe-Ce/ZnAlLDH). In the same time, MMOs gave better results in photocatalytic degradation under irradiation with simulated solar light (74% phenol degradation for Fe-Ce/ZnAlLDH_850 sample). It is worth mentioning that the textural and structural properties of LDH and MMO photocatalysts are quite different. For the LDH-type photocatalysts, large nano/microplates of the reconstructed LDHs are tightly covered with nanoparticles of Fe2O3 and CeO2. A better separation and lower recombination of charges could be a consequence of their high dispersion on the LDH support, leading to increased photoactivity. Calcination at 850 °C of the LDH precursors promoted the formation of the highly crystallized mixed oxides of Fe2O3/CeO2/ZnO and spinels with a homogeneous distribution of the component phases. In these type of structures, CeO2/Fe2O3/ZnO(MgAl2O4) heterojunctions can be built up, allowing a directed migration and separation of charge carriers; thus, the oxidation and reduction reactions occur at spatially separated active sites, preventing the recombination of charge carriers (electrons and holes). These characteristics are beneficial for the pollutant photodegradation reaction. As expected, the photocatalysts with the best phenol degradation results also presented the right energy band values that allow its advanced degradation by active radicals (·O2− and ·OH) (Figure 9).



The first-order Langmuir–Hinshelwood kinetic model represented by Equation (4) was used to establish the kinetic parameters and the optimal time for phenol degradation under irradiation with UV light and simulated solar light.


  ln    C   C 0      = −  K  a p p   t  



(4)




where C0 and C—initial and final phenol concentration, Kapp—apparent constant of the first order reaction rate in min−1, and t—reaction time.



All the experiments were performed for 4 h to have a common basis of comparison between them. In Table 5, both the Kapp values (from the graph ln (C/C0) vs. reaction time (t)) and the correlation coefficient, R2, are reported for all samples tested under UV and simulated solar light irradiation. All heterostructures fit well with this first-order kinetic model and consequently the value of the apparent rate constant follows the same order. For the photocatalyst with the best photocatalytic activity (Fe-Ce/ZnAlLDH), the value of the Kapp is nine times higher in UV than in visible light (0.0079 min−1 and 0.0009 min−1, respectively). All the experiments were performed for 4 h to have a common basis of comparison between them.



From the comparison of phenol photodegradation activity of the new synthesized heterostrucures based on Fe-Ce/LDHs with other LDH-type photocatalysts (Table 6), we can state that the photocatalytic systems we propose show high efficiency.



The mineralization degree of organic pollutants was evaluated by determining the total organic carbon (TOC). Figure 11 shows the degradation of organic compounds via the phototcatalysis process by measuring the total organic carbon concentration. Under UV light, the best mineralization is obtained with the photocatalyst Fe-Ce/ZnAlLDH_850, reaching a value of 85%, while under simulated solar light, the highest mineralization was 38% for the Fe-Ce/ZnAlLDH sample. It is obvious that the photocatalysts with the best activity presented the greatest mineralization degree of the organic pollutant. As the kinetic studies revealed (Table 5), the phenol degradation reaction was slower under solar light illumination. A lower mineralization degree was expected for the same duration of the experiment than under UV conditions.



The main intermediates which resulted from the phenol degradation, identified after HPLC analysis, were maleic acid, fumaric acid, hydroquinone and resorcinol. Their presence sustains that the photodegradation process involve ·O2− and ·OH radical species [33].



On the basis of the above analysis and discussion, we proposed a possible mechanism of phenol photodegradation catalyzed by the Fe-Ce-ZnAlLDH_850 heterostructure (Scheme 1). Thus, after sample irradiation with UV/solar light, the electrons undergo a jump from the valence band (VB) to the conduction band (CB) of the semiconductor metal oxides of the heterojunction and left the holes in their valence band. Due to a different band position of ZnO and Fe2O3 semiconductors, after their photo activation, it is possible that electrons (e−) transfer from the CB of ZnO to the CB of Fe2O3 and the holes (h+) can transfer from the VB of Fe2O3 to the VB of ZnO. The photogenerated charges in both semiconductors can react with O2 to form ·O2− (e−) and with H2O or HO− to form ·OH (h+). Furthermore, electrons in the CB of Fe2O3 and ZnO can be transferred to Ce4+ on the surface of CeO2 to generate Ce3+ ions, which can react with O2 molecules to further generate ·O2− and Ce4+. The main intermediates resulting from the phenol degradation identifiedafter HPLC analysis were maleic acid, fumaric acid, hydroquinone and resorcinol. Their presence sustains that the photodegradation process involve ·O2− and ·OH radical species [33]. The photodegradation of phenol occurs in several steps as follows: (i) phenoxy radical formation with activation of para and orto positions conducting to hydroquinone and catechol intermediate; (ii) benzoquinone formation and aromatic ring opening to form aliphatic (muconic, maleic, oxalic, formic) acids; and (iii) mineralization to carbon dioxide and water.



Beside this mechanism in which phenol degradation occurs mainly based on photogenerated radicalic species, a ligand-to-metal charge-transfer (LMCT) mechanism could also be considered, as previously reported for other LDH-type photocatalysts [66]. In this case, the adsorption of the phenol on the catalyst surface is essential and the molecules are attached to the LDH surface either via a phenolate linkage reaction or physisorbed via hydrogen bonding [61]. Under UV or simulated solar light irradiation, an electron could be transferred from the ligand (phenol) to the metal sites of the photocatalyst (most likely to the 4f band of CeO2) and thereafter to an electron acceptors such as O2, forming a radical species that attacks the pollutant molecule.



In summary, the synthesized materials can be efficiently used for phenol photodegradation under solar light by generating ·O2− and HO− reactive oxygen species that allow the mineralization of the pollutant down to the CO2 and H2O end-products.





4. Conclusions


Fe-Ce/LDHs heterostructures have been obtained using a simple and inexpensive synthesis method, consisting of the reconstruction of the LDHs in an aqueous solution of iron and cerium sulphates. The corresponding MMOs have been obtained from the calcination of Fe-Ce/LDHs at 850 °C. Their structural, textural and electrochemical characterization revealed a close junction between Fe2O3-CeO2 and the LDH nanounits. The reconstructed LDHs and the derived MMO revealed better photocatalytic performances in comparison to the “as synthesised” LDHs in the process of phenol degradation from aqueous solutions due to the increase in charge separation and the extended visible optical response. The activity and stability of the new materials have been improved in the presence of the Ce4+/Ce3+ couple, while their electrochemical potentials make the novel materials suitable for hydrogen and oxygen evolution reactions.
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Figure 1. X-ray diffraction patterns of the synthesized samples: Fe-Ce/MgAlLDH (A) and Fe-Ce/ZnAlLDH (B). 
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Figure 2. Raman spectra of as-synthesized Fe-Ce/MgAlLDH and Fe-Ce/ZnAlLDH and their calcined counterparts. 
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Figure 3. (A) UV-Vis diffuse reflectance spectra and plots of (B) (αhν)1/2 vs. hν and (C) (αhν)2 vs. hν for the synthesized samples: Fe-Ce/MgAlLDH, Fe-Ce/ZnAlLDH. 
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Figure 4. SEM images and EDX spectra of the as-synthesized Fe-Ce/MgAlLDH and Fe-Ce/ZnAlLDH and their calcined counterparts. 
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Figure 5. TEM images of: ZnAlLDH (A), Fe-Ce/ZnAlLDH (B), Fe-Ce/MgAlLDH (C), Fe-Ce/ZnAlLDH_850 (D), and Fe-Ce/MgAlLDH_850 (E). 
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Figure 6. The XPS spectra of Fe-Ce/ZnAlLDH_850 sample including: (A) a wide survey and high resolution spectra of (B) Fe2p and (C) Ce3d, respectively. 
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Figure 7. The TG/DTG profiles of (A) Fe-Ce/MgAlLDH, (B) MgAlLDH, (C) Fe-Ce/ZnAlLDH and (D) ZnAlLDH samples. 
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Figure 8. EI spectra of photo anodes in open circuit vs. Ag/AgCl reference electrode. (A) Nyquist plots and (B) Bode phase plots. 
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Figure 9. Diagrams of energy levels for the tested photocatalysts. 
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Figure 10. Photocatalytic degradation of phenol under (A) UV and (B) simulated solar light irradiation in the presence of different LDH-based catalysts. 
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Figure 11. Evolution of total organic carbon (TOC) vs. reaction time under (A) UV and (B) simulated solar light irradiation. 
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Scheme 1. Possible mechanism of phenol photodegradation (* was used to mark the radicals). 
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Table 1. Compositional and structural parameters for LDH-type photo catalysts.
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Sample

	
Mg/Al

Molar Ratio

	
Zn/Al Molar Ratio

	
Fe/Ce

Molar Ratio

	
LDH Cell Parameters (nm)




	
a

	
c






	
Fe-Ce/MgAlLDH

	
1.99

	
-

	
5.07

	

	
2.57




	
Fe-Ce/MgAlLDH_850

	
2.32

	
-

	
5.28

	
-

	
-




	
Fe-Ce/ZnAlLDH

	
-

	
2.90

	
5.42

	
0.31

	
2.54




	
Fe-Ce/ZnAlLDH_850

	
-

	
3.06

	
5.33

	
-

	
-
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Table 3. Electrical resistances of LDH- and MMO-type electrodes.
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	Sample
	Rb, Ω
	Rgb, Ω





	Fe-CeZnAlLDH
	347
	1.24 × 105



	Fe-CeZnAlLDH_850
	633
	7.03 × 104



	Fe-CeMgAlLDH
	702
	8.09 × 104



	Fe-CeMgAlLDH_850
	861
	2.35 × 105
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Table 4. Photo-electrochemical properties of LDH- and MMO-type electrodes.
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Electrode

	
Mott–Schottky Slope

	
Photoelectron Life Time (τ)




	
Dark

	
Illum.






	
Fe-Ce/MgAlLDH

	
176.61

	
1.11

	
6.52




	
Fe-Ce/MgAlLDH_850

	
193.33

	
1.37

	
2.68




	
Fe-Ce/ZnAlLDH

	
4.20

	
17.8

	
55.53




	
Fe-Ce/ZnAlLDH_850

	
87.95

	
0.68

	
6.63
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Table 5. Kinetic parameters for the photocatalytic degradation of phenol.
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Sample

	
UV Light Irradiation

	
Simulated Solar Light Irradiation




	
Kapp (min−1)

	
R2

	
Kapp (min−1)

	
R2






	
Fe-Ce/MgAlLDH

	
0.0077

	
0.9948

	
0.0003

	
0.8936




	
Fe-Ce/ZnAlLDH

	
0.0079

	
0.9906

	
0.0009

	
0.9457




	
Fe-Ce/MgAlLDH_850

	
0.0033

	
0.9288

	
0.0034

	
0.9969




	
Fe-Ce/ZnAlLDH_850

	
0.0037

	
0.9721

	
0.0054

	
0.9907
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Table 6. Phenol photodegradation on different LDH photocatalysts.
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	Photocatalyst
	Phenol Initial Conc. (mg/L)
	Light Source
	Time
	Phenol Degrad. (%)
	Ref.





	NiFe-LDH
	20 mL, 20 ppm
	UV λmax = 510 nm
	120 min
	
	[59]



	Ag@Ag3PO4/g-C3N4/NiFeLDH
	
	Sunlight
	2 h
	90%
	[14]



	NiFe-LDH/N-rGO/g-C3N4
	20 mL, 20 ppm
	125 W medium Hg lamp (λmax = 420 nm)
	120 min
	75%
	[12]



	ZnAlLDH/Ag
	20 mg/mL
	300 W Xenon lamp
	210 min
	80%
	[60]



	CeO2/MgAlLDH
	80 mg/L
	UV lamp (115 V, 254 nm, 4400 μW/cm2, without filter)
	7 h
	50
	[61]



	ZnAl and ZnGaAlLDH and MMOs
	40 mg/L

80 mg/L
	UV lamp (115 V, 254 nm, 4400 μW/cm2, without filter)
	6 h
	80

60
	[62]



	Mn-doped ZnAlLDH
	30 mg/L
	UV lamp (254 nm and 2.8 W)
	6 h
	95
	[63]



	SnO2-ZnAlLDH
	40 mg/L
	UV lamp (254 nm and 4.4 mW/cm2)
	2 h
	91
	[64]



	ZnAlCeLDH

Ce (3.5%, 5.0%, and 10% mol)
	40 mg/L
	UV lamp (254 nm and 4400 μW/cm2)
	4 h
	90
	[26]



	ZnAlLa MMOs
	40 mg/L
	UV-Vis lamp (254 nm, 4400 μW/cm2)
	300 min
	97
	[65]



	CeO2/ZnSn-LDH
	50 mg/L
	UV lamp
	4 h
	92
	[66]



	Fe-Ce/ZnAlLDH

Fe-Ce-MMOs
	20 mg/L

20 mg/L
	UV lamp (125 W)

Xenon lamp (300 W)
	4 h

4 h
	87

74
	This work
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
Intensity (a.u.)

CeO 2

., Fe-Ce/ZnAILDH_850

ON
(V)
|.|I.
o]

Q Fe-Ce/ZnAlLDH

e-Ce/MgAILDH 850

Fe-Ce/MgAILDH

200

400 600 800 1000
Raman shift (cm™)





media/file30.png
CO, +H,0+

other intermediates

Fe O,

CO, +H,0+





media/file8.jpg
Fe-Ce/ZnAILDH_850





media/file18.png
Counts/s

17,000
16,000
15,000

14,000

13,000—-
12,000—-
11,000—-
10,000—-
9,000—-

8,000

Fe2p1/2

Fe2p3/2

730

I
720

I
710

Binding energy (eV)

(B)

700

Counts/s

5,000

4,800 |
4,600 |
4,400 |
4,200 |
4,000 |
3,800 |

3,600

3,400

940

I
930

950 ' 91|o
Binding Energy (eV)

(©)

I
900

I
890






media/file21.jpg
(A)

sonto
& o
g
e
% 2000
Ry
25 0em)
©
H
:

‘Frequency (Hz)

s @en)

T a0 20 S0 a0 S0
z8 (@em)

Frsqueney (1)





media/file13.png
?

B.

Fe-Ce/ZnAILDH

A. ZnAlLDH

C.

AILDH






media/file26.png
0.8

0.6

C/C,

0.4+

0.2 4

—=— Fe-Ce/MgAILDH_UV

|—4— Fe-Ce/MgAILDH 850 UV,

A

—e— Fe-Ce/ZnAILDH_UV

—v— Fe-Ce/ZnAILDH 850 UV

0.0

50 100 150

Time (min)

200

250

|B

| —2—Fe-CeMgAILDH 850 solary

—&— Fe-Ce/MgAILDH_solar
—e— Fe-Ce/ZnAILDH_solar

—v— Fe-CeZnAILDH 850 solar

50 100 150
Time (min)

200

250





media/file27.jpg
g T
=
b
b A "B

“Tine (i)
“Tine i)





media/file12.jpg
Ce/ZnAILDH_850 E. Fe-Ce/MgAILDH 850






media/file3.jpg
Intensity (a.u.)

o
2

o
g
3

€0,

600

Raman shift (cm™)

Fe-Ce/ZnAILDH_850

Fe-Ce/MgAILDH_850

Fe-Ce/MgAILDH






media/file9.png
Spectrum 5

0

Fe

Ce

C

Mg

Al

S

Weight % 30%

_ ) _ N R N RN RN R
SU2010 15.0kY =500k SE[L) . . e . : . ;

10 15 2 25 30 35 keV

Spectrum 4

Weight % 50%

10 15 20 25 30

Spectrum 3

0

In
fe
Na
s

Al
Ce

Weight%  40%

o : | C :
SUB010 15.0kY »5.00k SE{L 0 5 10 15 20 25 30 35 keV

Fe-Ce/ZnAILDH






media/file22.png
(A)

—O— Fe-Ce/ZnAILDH
4 —4— Fe-Ce/ZnAILDH_850
6.0x10 —»— Fe-Ce/MgAILDH
—8— Fe-Ce/MgAILDH_850
dark
CPE CPE
T s
< 4.0x10*- NjE\ B
($) &) R b
G G
S’ N’
w wn
: 4 : —4— Fe-Ce/ZnAILDH
N 2.0x10% N —4 Fe-Ce/ZnAILDH_850
—p— Fe-Ce/MgAILDH
/ —®— Fe-Ce/MgAILDH_850
dark
00 I I I 1X1 03
0 | 1x10* 2x10* 3x10° ) N 4ennd  eunrd  moard  Auand
0 1x10° 2x10° 3x10° 4x10° 5x10°
Z'S (Q cm? 2
( ) Z'S (Qcm”)
100
100 -
Fe-Ce/ZnAILDH ] !
80 - Fe-Ce/ZnAILDH_850 80 - —&— Fe-Ce/ZnAILDH )
Fe-Ce/MgAILDH —4— Fe-Ce/ZnAILDH_850
Fe-Ce/MgAILDH_850 —»— Fe-Ce/MgAILDH >
60 60 J —&— Fe-Ce/ZnAILDH_850
~ — illumination :
) o
GJ q.) 40 -
S 404 )
o &
& © 20-
C 4 c
g 20 D,- >
1 0 i
0 -
-20 4
_20 n DL LLLY B LLLL BRI LLLY BRI LLLY IR LLLL L AL LLLL BN LLL, B
o 1 " 1000 10,000 100/0001000.000 0.1 1 10 100 1,000 10,000 100,0001,000,000
' ' ' I Frequency (Hz)

Frequency (Hz)





media/file19.jpg
) ®)






media/file7.jpg
Fe-Ce/ZnAILDH





media/file28.png
0.8 +

o
»
1

C/C, (TOC)
©
~

0.2 1

0.0

—a— Fe-Ce/ZnAILDH_UV
—eo— Fe-Ce/MgAILDH_UV
—a— Fe-Ce/ZnAILDH_850_UV
—v— Fe-Ce/MgAILDH_850_UV

I ' I ! I '
100 150 200 250

Time (min)

C/C, (TOC)

1.00

0.95
0.90

0.85

o o
~ o®
o o
1 1

0.70

0.65

0.60

—8— Fe-Ce/ZnAILDH_solar
—&— Fe-Ce/MgAILDH_solar

—A— Fe-Ce/ZnAILDH_850_solar
—w— Fe-Ce/MgAILDH_850_solar

T
50

1 ' 1 ! I
100 150 200
Time (min)

250





media/file10.png
-

I

Y

SL8010 15,0k x5 .00k SEL

&

-

*._?“ag “wy T
A B

¥
o A
.

0]
Zn
Fe
C
Ce
Al
Na
Si

Spectrum 2

Weight %

3J






media/file14.png
D.  Fe-Ce/ZnAILDH_850 E. Fe-Ce/MgAILDH_850

100 nm






media/file11.jpg
L4

B. Fe-Ce/ZnAILDH






media/file6.png
(ahv)1/2cm-1/2eV1/2

Fe-Ce/ZnAlILDH
Fe-Ce/MgAILDH
Fe-Ce/ZnAILDH 850
Fe-Ce/MgAILDH 850

Fe-Ce/ZnAILDH_850 / , 4
§ Fe-Ce/MgAILDH 850 7 p
Eg=2.19 eV D
1 Eg=1.98 eV )
Eg=2.09 eV /
/4
g

o

y /o

/S

)

p

o =

El
=
Q
=
<
O
S
o
)]
O
<
200 300 400 500 600 700 800
Wavelength (nm)

5 Fe-Ce/ZnAILDH
Fe-Ce/ZnAlLDH Fe-Ce/MgAILDH
Fe-Ce/MgAILDH B

4 Fe-Ce/ZnAILDH_850 4
Fe-Ce/MgAILDH 850

| E=116 eV >
NQ
3 - Eg=0.64 eV E
| E,=13eV o E_=2.15eV
g > 2o

2] E=1.38eV / e

14 //

_ // oA
0 i

O 1 1 1 1 2

2 3 4 5

hv(eV)






media/file15.jpg
2/edz o4

2/1dz o4
WNT 23
WINT 24

pgad

—_—

Z/1dzuz Jﬂ/w

sz20
deuz

W7 uz

NN uZ
SlI0O —

T

1000

50,000-]
40,000
30,000

s/s)Unoy

20,000

10,000

600 400 200 0

800

1200

Binding energy (eV)

(A)





nav.xhtml


  nanomaterials-13-00981


  
    		
      nanomaterials-13-00981
    


  




  





media/file2.png
Fe-Ce/ZnAILDH 850
Fe-Ce/ZnAILDH

ouz

(‘'ne) Arsuau]

gAILDH

— Fe-Ce/MgAILDH_850

—— Fe Ce/M

v C

0% "0YIvBI

(‘n'e) Aysudjuy

40 60 80

2-theta (deg)

20

40 60 80

2-theta (deg)

20





media/file20.png
Weight (%)

- ' | FeCeMgAILDH
95 - e
| =
= L 02 E
o
85 E
80 + 04 =
1 T=23508 .%
75 - z
3 ~-0.6 g:)
70 4 ..r.-—u
1 2
65 _ --08 &
] [
60 -
] L 1.0
S T=407°C
200 400 600 800
Temperature (°C)
(A)
: : : : 0.1
100 - | FeCeZnAILDH
' L 0.0
i 10.60% - =
=01 g
™
90 - g .
' 5
85 11.15% L .03 D
=
2
80 - N 42
fuy]
2
5 @
75 a
70 -
° T=200°C
T T T T 0.7
200 400 600 800

Temperature (°C)

(€)

! T T T 01
100 - l MgAILDH |
- 0.0
=)
90 - E
[ )]
< £
= 5
k= =
= =
70 - 2
®
2
@
SO =1 D
50 -
T=250°C --0.8
[ ] I 4 I i
0 200 400 600 800
Temperature (°C)
105 T ) r
] | ZnAILDH
100 4 L 0.0
95 - =
] L .0.2 -g
. 90 £
é 85 q g
B o L 045
) 1
2 g0 =
B L) 14.10% g
75 - T L 06 3
] )
0
70 -
654  T=200°C — P
I T = T
200 400 600 800

Temperature (°C)

(D)





media/file23.jpg
E(V)vs.NHE

Fe-Ce/ZnAILDH_850 Fe-Ce/MgAILDH_850

Fe-Ce/ZnAILDH Fe-CalMoAOH






media/file5.jpg
(@) em eV

Absorbance (a.)

A rccanion

P recezmunit s
— recentpnon 55

BRI

S0 oo 70 80

e

ey
sy

(avyem’ey

hev)






media/file24.png
A E(V)vs NHE

- Fe-Ce/ZnAILDH_850 Fe-Ce/MgAILDH_850
g
Q /0
> 2
0
1
OH/OH 2
H,O/OH’
3
Fe-Ce/ZnAILDH Fe-Ce/MgAILDH
4






media/file29.jpg
henol] «— 1 h_h CO, +H,0+

CO, +H,0+
other intermediates





media/file1.jpg
v

E

o

2etheta (deg)

)






media/file16.jpg
Countsls

om.
som.

=

Fezpn

Biningenergy (o)

(B)

e v Yoy

g ey (1)

©





media/file25.jpg
CICy

|
S
A M TR

Time (min)





media/file17.png
s¢o

deuz

WINT Uz

AT Uz

S1O

2/cdz o4

Z/1dzuz

50,000+

40,000 -
30,000+

S/SJUN0D

20,000 —

10,000 —

1000 800 600 400 200 0

1200

Binding energy (eV)

(A)





