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Abstract

:

This study investigates the thermal decomposition of acetyl acetonates of Ni(II) and Fe(III) via a sonochemical process at 20 kHz for 50 min. In the absence of magnetic fields the reactions of Ni(II) and Fe(III) acetyl acetonates under ultrasonic treatment produce Ni(OH)2 and FeO(OH) nanoparticles coated with carbon. The synthesized materials with different Ni-Fe stoichiometries, Ni90-Fe10, Ni80-Fe20, and Ni50-Fe50 wt%, were subjected to catalytic activity for dye decolorization of Reactive Black 5 (RB5, 100 mg/L) at room temperature using visible radiation. The correlation between the structural and optoelectronic properties and the catalytic performance of the Ni-Fe system with different stoichiometries is reported.
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1. Introduction


In recent years, low-dimensional transition metal oxides/hydroxides have demonstrated outstanding potential in a wide range of scientific and technological applications due to their valuable catalytic, magnetic, and electronic properties [1,2]. The material size reduction to nanometric scale usually exhibits novel properties compared to their bulk or discrete counterparts. These phenomena fundamentally arise from the finite size and surface defects of a material and because its electronic properties start to change by the so-called quantum size effect. Therefore, a key objective of contemporary materials research is the capacity to control nanocrystals in a systematic manner. In particular, the fabrication of nanometer-ordered structures is the key to photocatalytic technology and the treatment of dyes in synthetic and real graywater effluents [3]. Specifically, to promote the surface charge separation of photocatalysts, various transition metal oxides have been synthesized with potentially improved photocatalytic performance. The employed synthesis techniques include photodeposition [4], impregnation [5], adsorption [6,7], and sonochemistry [8]. Among the synthesis methods mentioned, sonochemistry has proven to be an efficient method for the synthesis of nanometric materials. The chemical effects of ultrasound derives principally from acoustic cavitation: the formation, growth, and implosive collapse of bubbles in a liquid. The collapse of bubbles generates localized hot spots with transient temperatures of ∼5000 K and cooling rates in excess of 1010 K/s. It is the underlying phenomenon responsible for sonochemistry [9,10].



Recently, reports have indicated that materials like sulfides and oxyhydroxides when used as photocatalytic materials, produce a greater photocurrent than metal oxides. Ni(OH)2 and FeO(OH) are widely used in the field of photoelectric water splitting for hydrogen and oxygen evolution [11]. FeO(OH) is a semiconductor with a band gap of 2.12 eV, which can be excited under visible-light irradiation [12]. A large tunnel structure is the main feature of this iron oxohydroxide material; it also possesses good electron conduction and can effectively promote carrier generation and improve water oxidation kinetics due to the richness of OH functional groups provided to the surface [13]. On the other hand, Ni(OH)2 shows excellent electrochemical properties due to it containing nickel ions in a Ni3+ oxidation state, and the average oxidation state of nickel in this phase is 3.3–3.7 [14], which implies a higher oxidation activity [15]. However, studies on the use of Ni(OH)2 as a photocatalyst are rare. There are also few reports on exploiting the catalytic activity Ni(OH)2 and FeO(OH) as photocatalytic materials in dye degradation.



Therefore, in the present work, Ni(OH)2 and FeO(OH) nanostructures with different Ni-Fe stoichiometries were synthesized by thermal decomposition of Ni and Fe acetylacetonates via sonochemical synthesis. The synthesized materials were evaluated as photocatalysts based on decoloration of RB5 dye (100 ppm). Based on the obtained results, a probable mechanism of carbon structure formation is also suggested.




2. Materials and Methods


2.1. Sonochemical Synthesis of Ni-Fe Samples


All chemicals used in this work were of analytical grade and used as received without further purification. As iron and nickel sources, Fe(C5H7O2)3 (97%) and Ni(C4H7O2) (98%) were used, respectively. To obtain different stoichiometries of Ni-Fe, the following procedure was used: 11.94 g of nickel precursor was mixed with acetone (50 mL) and methanol (50 mL); the mixture was stirred using a magnetic stirrer for 15 min at room temperature until a suspension was formed, which was then sonicated using an ultrasonic processor (20 kHz) for 40 min. After this time, 1.86 g of iron source was injected into the system, followed by additional sonication as before. Finally, the precipitate was collected and washed with ethanol and deionized water several times, and then dried in the air at 60 °C using magnetic stirring. The as-prepared samples correspond to Ni90-Fe10 wt%. The same procedure was followed for Ni80-Fe20 wt%, and Ni50-Fe50 wt%.




2.2. Characterization Tools


The X-ray powder diffraction (XRD) patterns were collected using a Bruker diffractometer D8 Focus with a monochromatic Cu Kα (λ = 1.5418 Å) radiation source (30 keV and 35 mA), which was used in Debye–Scherrer geometry to acquire the diffraction profile over a 2θ range between 5 and 50° with an angular step of 0.050 (2θ). The morphology of the materials was investigated by a field emission scanning electron microscope (FESEM, FEI-Nova 200 NanoLab, Hillsboro, OR, USA) operated at 10 kV. Crystallographic analysis was performed using high-resolution transmission electron microscopy (HRTEM, FEI-Titan, 300 kV and Cs = 1.2 nm). HRTEM samples were prepared by dropping the sample solution onto a carbon-coated Cu grid and drying at room temperature. The sample solutions were prepared by dispersing the synthesized samples in ethanol. Fourier-transform infrared (FTIR) spectra over the spectra range of 400–4000 cm−1 were recorded using a Perkin-Elmer Spectrum GX infrared spectrometer. Every spectrum was the average of 64 scans taken at 2 cm−1 resolution. X-ray photoelectron spectroscopy (XPS) measurements were performed under ultra-high vacuum (2 × 10−9 mbar) using a Thermo Fisher Scientific ESCALAB 250 equipped with a monochromatic Al Kα X-ray source (hv = 1486.6 eV). The energy resolution was set to 1.2 eV to minimize data acquisition time while maximizing the signal-to-noise ratio, and the photoelectron take-off angle was 37° with respect to the surface normal. All binding energies were referenced to the C 1s core level photoemission line at 285.0 eV [16]. To ensure the consistency of the results, all measurements for freshly prepared samples were recorded. To test for reproducibility, three different sites were assessed on each sample.




2.3. Dye Decolorization Evaluation


Reactive Black 5 (RB5) was chosen as the synthetic dye of industrial and ecological interest to study the decolorization ability of the as-prepared samples. The initial RB5 dye concentration was 100 mg/L of RB5 and 100, 150, and 200 mg of the Ni-Fe catalyst in a mixture of 200 mL. The mixture was stirred for 10 min at room temperature to achieve full and stable dispersion of the as-prepared samples—RB5 solution. Samples were taken from each reaction mixture, and the decrease in absorbance at λ = 596 nm was recorded at specific time intervals. The percentage of dye decolorization was calculated using Equation (1):


Decolorization (%) = [(Ai − At)/Ai] × 100



(1)




where Ai is the initial absorbance of the dye, and At is the absorbance of the dye at any time interval. Each decolorization experiment was performed in triplicate according to [17], and the mean decolorization percentage was reported [18]. Based on the absorption sideband wavelength of the as-prepared samples obtained by UV-Vis diffuse reflectance spectroscopy, the forbidden bandwidths of the corresponding samples were calculated and combined in the Kubelka–Munk formula [19].


(αhν)2 = K (hν) − Eg



(2)




where: α, h, v, Eg, and K are the absorption coefficient, Planck’s constant, light frequency, bandgap, and proportionality constant, respectively.





3. Results and Discussion


The diffraction patterns of the sonochemically as-prepared samples (Figure 1) indicate that all three samples are polycrystalline, which confirms the success of the sonochemical synthesis.



3.1. Ni50-Fe50 wt% Sample


The powder XRD pattern, as seen in Figure 1a, reveals that the formation of Ni(OH)2 and FeO(OH) structures is a mixture of two oxide hydroxides FeO(OH) and Ni(OH)2·2H2O. The diffraction peaks observed at 2θ ≅ 16.97 and 25.24° are assigned as (200) and (130) reflection lines of the FeO(OH) phase and match well with JCPDS No. 04-016-5487. The peaks observed at 2θ ≅ 12. 84, 23.67, 33.11, and 35.61° are assigned as (001), (002), (110), and (111) reflection lines, respectively, of the α-Ni(OH)2 phase and match well with JCPDS No. 22-0444. Certainly, the additional diffraction peaks draw attention to the three samples due to the presence of a carbon structure such as C60 fullerene, which is seen at 2θ ≅ 10.83, 21.68, and 28.28°, which agree with (111), (222), and (420) reflection lines, respectively, and match well with JCPDF file 044-0558. We assume that the carbon structure was formed during ultrasonic irradiation (20 kHz). The sonochemical conditions can create extreme conditions inside a cavitating bubble, and high local temperatures (up to ~5000 °C) and pressures (up to ~1000 atm) can be generated. These violent bubble formations grow and collapse and can provide the driving force required for the thermal dissociation of Fe(C5H7O2)3, (Ni(C4H7O2)), acetone, and methanol, which in turn leads to the thermal dissociation and formation of carbon structures such as C60. According to the scenario put forth by Smalley et al., tiny carbon atoms would combine to form linear species, which would then interact with other linear species to build rings. The rings would get bigger until they reached the 25–35 atom range, when more short linear chains were added. According to the party line theory, polycyclic networks that resemble open graphitic sheets become the size domain’s thermodynamically most advantageous structure.




3.2. Ni80-Fe20 wt% Sample


The XRD pattern is presented in Figure 1b. The diffraction peaks confirm the presence of a phase mixture corresponding to FeO(OH) and Ni(OH)2·2H2O. The diffraction peaks at 2θ ≅ 16.97 and 25.24° are assigned as (200) and (130) reflection lines of the FeO(OH) phase and match well with JCPDS No. 04-016-5487. The peaks observed at 2θ ≅ 12.84, 23.67, 33.11, 35.61, and 48.62° are assigned as (001), (002), (110), (111), and (103) reflection lines of the α-Ni(OH)2 phase. These values agree well with the crystalline α-Ni(OH)2 diffraction peaks (JCPDS No. 22-0444). Additional diffraction peaks at 2θ ≅ 10.83°, 21.68°, and 28.28° confirm the presence of carbon structure (C60) and agree with (111), (222), and (420) reflection lines and match well with JCPDF file 044-0558. Additionally, diffraction peaks which appear at 2θ < 7° could be attributed to the systematic assembly of nanoscale constituents into highly ordered heterogeneous superlattices of Ni-Fe-C.




3.3. Ni90-Fe10 wt% Sample


The XRD pattern is presented in Figure 1c. The diffraction pattern corresponds to a mixture of FeO(OH) and Ni(OH)2·2H2O phases. It shows additional peaks, relative to the Ni50-Fe50 wt% and Ni80-Fe20 wt% diffractograms, at 2θ ≅ values of 12.06, 25.12, 31.24, 37.09, 44.97, and 45.83° are assigned as (100), (130), (101), (211), (310), and (411) reflection lines of the FeO(OH) phase, respectively, and match well with JCPDS No. 04-016-5487. The peaks observed at 2θ ≅ 12.84, 23.67, 33.11, 39.20, 41.38, 35.61, and 48.620 are assigned as (001), (002), (110), (111), (200), (103), and (004) reflection lines of the α-Ni(OH)2 phase, respectively. These values are in good agreement with the diffraction peaks of crystalline α-Ni(OH)2 (JCPDS No. 22-0444). The additional diffraction peaks confirming the presence of carbon structure (C60) at 2θ ≅ 10.83, 21.68, and 28.28° agree with (111), (222), and (420) reflection lines and match well with JCPDF file 044-0558. The diffractogram shows the reflections at values 2θ < 7° that are attributed to the systematic assembly of nanoscale constituents into highly ordered heterogeneous superlattices of Ni-Fe-C.



The SEM image shown in Figure 2A presents the laminar morphology of the sample Ni50-Fe50 wt%. The sample tends to form agglomerates of 2D laminar structures. The formed Ni50-Fe50 wt% lamellar is several micrometers long (Figure 2B). Similar 2D arrangements are observed for Ni80-Fe20 wt% sample sonochemically synthesized applying 20 kHz (Figure 2C). Several layers piled up, and the outline of their 2D arrangements is shown in Figure 2D. For the sample Ni90-Fe10 wt%, laminar morphology of several micrometers (Figure 2E) was observed at 20 kHz. Even the smallest broken part of the Ni90-Fe10 wt% sample showed laminar morphology of the comprised particles. The SEM image in Figure 2F shows that ~5–7 μm long particles piled up together and formed a layered morphology. It can be observed that the morphology of all three samples was similar to typical flower-like structures of nanosheets with uniform morphology observed at the micron scale. Furthermore, the agglomeration observed in the three samples could be attributed to their magnetic nature.



In order to understand the graphitization of carbon structures formed around the as-prepared samples, HRTEM measurements were carried out for the Ni50-Fe50, Ni80-Fe20, and Ni90-Fe10 wt% samples. The ultrasonic synthesis for the Ni50-Fe50 wt% sample resulted in the formation of laminar structures as observed in Figure 3A. Additionally, HRTEM micrograph revealed dark spots (white box) on their surface in a range of 5–8 nm, implying the presence of nano-onions with an average diameter of 5–8 nm, as illustrated in Figure 3B. The measured interlayer spacing between these graphitic planes was ~0.343 and 0.321 nm (Figure 3B,C), which is in accordance with the distance of the layers in bulk graphite. The formation of nano-onions suggests that nucleation occurs near the edges of the laminar structure. The structure of the nano-onions appears very defective, as seen in the HRTEM image in Figure 3D, indicating that graphene particles automatically assemble onto C60 as a result of π–π stacking interactions. The following is an explanation of this mechanism: small graphene fragments are created when graphene sheets are sliced near their edges during the ultrasonication process [19,20,21]. These pieces exhibit various morphologies (Figure 3C), which alter in response to thermal fluctuations, resulting in modifications to their geometry. The atomic structure of graphene is significantly deformed by edge dislocations, leading to bond compression or elongation, shear strain, and lattice rotation [22]. As a result, the graphene pieces self-assemble through a variety of energetic processes, demonstrating that van der Waals interactions between overlapping regions of small graphene sheets increase the stability, as has been reported, for instance, in the folding and rolling up of a graphene nanoribbon [20,21,22,23,24,25,26,27]. These factors explain the formation of defective nano-onions. The HRTEM images are taken from the Ni80-Fe20 wt% sample. When the same synthetic procedure was performed for Ni50-Fe50 wt%, very similar images are recorded, and a similar laminar structure is obtained, Figure 3D. The laminar structure is surrounded by ~10 nm carbon layers, Figure 3E. In some places, a large number of carbon nanotubes and nanofibers are grown, as shown by the white arrows in Figure 3D,F, on the surface. For the Ni90-Fe10 wt% sample, the HRTEM micrographs were intentionally focused on the carbon structures (arrows), Figure 3G,H. The measured interlayer spacing between these carbon planes was ~0.343 nm; these values are very close to those of the graphitic (0.34 nm) layers. Moreover, the interplanar distance of about 1.50 Å corresponds to the (003) plane, indicating that the Ni(OH)2 has a preferential [1] growth direction, and the interplanar distance of about 7.41 Å corresponds to the FeO(OH) with (110) plane growth direction consistent with the result of XRD also shown in Figure 1. From the HRTEM images, shown in Figure 3A–H, one can see that the laminar structures were synthesized by sonochemical means, and carbon structures were formed by the thermal dissociation of Fe(C5H7O2)3 and Ni(C4H7O2) into carbon, hydrogen, oxygen, iron, and nickel atoms under sonochemical conditions. We assume that cavitational implosion is very localized and transient during ultrasonication, with a temperature of ∼5000 K and a pressure of ∼100 MPa [8]. These extreme conditions created during acoustic cavitation can easily lead to the formation of nano-onion and carbon structures in addition to laminar structures.



The FTIR spectral measurements were carried out for Ni50-Fe50 wt%, Ni80-Fe20 wt%, and Ni90-Fe10 wt% samples as shown in Figure 4A–C. The absorption bands, centered at 1348, 922, and 618 cm−1, correspond to the Fe–O vibrational modes [28]. The band at 790 cm−1 is assigned to the characteristic Fe–O–OH bending vibration mode in FeO(OH) [29,30], indicating that the surfaces of the samples are hydroxylated. The hydroxylated surface can adsorb water molecules, which has been confirmed due to the existence of the bands at 3420 and 1636 cm−1 in the spectra, which correspond to the H2O stretching and bending modes, respectively [31]. Figure 4A–C shows the FTIR spectrum of Ni(OH)2 and a hydroxyl stretch from the Ni(OH)2 lattice at 3420 cm−1 and –O–H stretching of the intercalated hydroxyl group from water between 3100 and 3420 cm−1 [32,33]. Furthermore, H–O–H bending is observed at 1605 cm−1 due to the vibration of free water molecules [34]. The spectrum also shows a sharp peak of O–H at 618 cm−1, corresponding to stretching due to hydroxyl lattice vibration, and a weak peak at 543 cm−1, indicating a Ni–O lattice vibration [35]. Fullerene peaks were observed at 543, 1181, and 1427 cm−1 by FTIR spectroscopy (Figure 4A–C). The 543 cm−1 mode is primarily associated with radial displacements of the carbon atoms for the two lowest wavenumber bands and the two modes above 1000 cm−1 [36], at 1181 and 1427 cm−1, essentially associated with a tangential motion of the carbon atoms. The absorption peaks indicate the three IR-active modes at 543, 572, 1181, and 1427 cm−1, showing very good agreement with quantum chemical calculations for the vibrational spectrum reported in [37,38].



XPS analysis was performed to investigate the surface’s chemical state, and the results are shown in Figure 5. For the sample Ni50-Fe50 wt%, the typical Ni 2p3/2 (857.1 eV) and 2p1/2 (875.2 eV) peaks of Ni(OH)2 with two shake-up satellites (denoted as “sat.”) obtained at 880.7 eV and 862.3 eV, respectively (Figure 5A). The spin-energy separation of 18.4 eV indicates the characteristics of the Ni(OH)2 phase, which are in good agreement with previously reported results [39,40]. A similar procedure was followed for the sample Ni80-Fe20 wt%, (Figure 5B), and the peaks assigned to Ni 2p3/2 and 2p1/2 peaks were obtained at 857.1 and 875.2 eV, respectively. The shake-up satellites were obtained at 881.3 and 862.9 eV. The spin-energy separation is 18.4 eV. For the sample Ni90-Fe10 wt%, (Figure 5C), the Ni 2p3/2 peak was obtained at 857.2 eV and 2p1/2 peak was obtained at 875.2 eV. The shake-up satellites were obtained at 880.4 and 862.1 eV. The spin-energy separation was 18.3 eV. Figure 5D–F shows the Fe 2p spectra. For all three samples, Ni50-Fe50 wt%, Ni80-Fe20 wt%, and Ni90-Fe10 wt%, the peaks were Fe 2p3/2 and Fe 2p1/2, indicating the presence of FeO(OH) [41,42]. For the sample Ni50-Fe50 wt%, the peaks of Fe 2p3/2 and Fe 2p1/2 were located at a binding energy of 711.4 and 725.1 eV, respectively [43]. The spectrum for the Ni80-Fe20 wt% sample provides evidence of the Fe 2p3/2 peak at 712.2 eV and Fe 2p1/2 at 725.7 eV. The XPS spectra of the Ni90-Fe10 wt% sample show the peaks of Fe 2p3/2 and Fe 2p1/2 at a binding energy of 712.4 eV and 726.6 eV, respectively. Thus, it can be concluded from the spectral XPS that FeO(OH) has been obtained, and the results are in excellent agreement with those of XRD. Figure 5G–I present O 1s XPS spectra for Ni50-Fe50 wt%, Ni80-Fe20 wt%, and Ni90-Fe10 wt% samples. For the Ni50-Fe50 wt% sample, the peak at 531.7 eV was assigned to O 1s photoelectrons (Figure 5G), consisting of two oxygen bonds (533.4 and 531.6 eV), which could be associated with physi- and chemi-absorbed molecular water of Ni(OH)2 [44,45]. The O 1s region, at 533.4 and 531.6 eV could be assigned to Fe–O and Fe–OH bonds in the FeO(OH) structure [43,46], respectively. For the sample Ni80-Fe20 wt%, in Figure 5H, the peak at 531.5 eV was assigned to O 1s photoelectrons and for the sample Ni90-Fe10 wt% the peak at 531.6 eV was assigned to O 1s. This result is also consistent with the XRD analysis, confirming the formation of a Ni(OH)2–FeO(OH) mixture. As shown in Figure 5J, the main peak at 284.7 eV is ascribed to sp2-hybridized carbon and adventitious carbon from C60. Defect-containing sp2-hybridized carbon and carboxyl carbon (O = C = O) led to the peaks located at 286.4 and 288.6 eV, respectively, for the Ni50-Fe50 wt% sample [47]. For the XPS spectrum of the C 1s core level region of the Ni80-Fe20 wt% sample, a relative decrease at 286.4 eV, corresponding to C–O–C, was observed. The dominant peak contribution most probably comes from sp2-hybridized carbon and adventitious carbon from the C60 with correlated binding energy at ∼284.7 eV. The magnified view of C 1s for the Ni90-Fe10 wt% sample, shows a pronounced peak at 284.7 eV, which is attributed to the sp2 carbon (C–C bond). The contribution at 288.4 eV is assigned to C = O double bonds and/or C–O–C epoxy moieties [48,49].



UV-Vis diffuse reflectance (DR) spectroscopy was used to investigate the optical properties of the as-prepared samples. The band gap energy (Eg) of the as-prepared samples was calculated using the Kubelka–Munk formula [19]. To discover the band gap energy of the material in eV, a graph between (αhν)2 and hν on the y-axis and x-axis, respectively, was plotted. The curve from the graph was extrapolated from a straight path toward its energy axis to obtain the band gap value. Kubelka–Munk plots of the as-prepared samples are shown in Figure 6. Moreover, the coefficients of R2 are shown in the graph. The band gap energies for the Ni50-Fe50 wt%, Ni80-Fe20 wt%, and Ni90-Fe10 wt% samples were 1.91, 2.06, and 2.61 eV, respectively, indicating that the as-prepared samples could be used as potential highly efficient visible-light photocatalysts. In addition, examination of the band gap energies demonstrates that higher band gap energies widen the valence-conduction band gap and aid in preventing the reunion of the electron and hole pairs. This element may encourage oxidation and reduction reactions on the photocatalyst surface.



To investigate the catalytic ability of the as-prepared samples, an organic dye, Reactive Black 5 (RB5), was selected to be decolored. The catalytic reaction was carried out in a 200 mL glass flask containing 100 mg/L of RB5. The aqueous mixture was adjusted to pH 3 using HCl (0.1 M). The aqueous mixture was stirred for 10 min in the dark to maintain adsorption-desorption equilibrium at room temperature. Then, the solution was exposed to a 13 W halogen lamp with a wavelength of 463 nm (E = 2.678 eV). The decrement in the concentration of RB5 was examined by UV-Vis spectroscopy, measuring the maximum light absorbance at λmax = 596 nm after specific intervals of time (0, 10, 20, 40, 60, 80, 100, 120, 140, 160, and 180 min).



Figure 7A–I depicts the evolution of RB5 UV-Vis absorption spectra as a function of photoreaction time with the catalyst and catalyst concentration for 100, 150, and 200 mg of Ni50-Fe50 wt% (a–c), Ni80-Fe20 wt% (d–f), and Ni90-Fe10 wt% (g–i).



In all studied cases, the as-prepared samples appeared to efficiently decolorize the RB5 dye to a large extent. More specifically, the downward shifting of peak intensities for different samples can be clearly observed in the absorption spectra shown in Figure 7A–I. Indeed, the RB5 typical color disappeared as a function of photoreaction time, and the decline of the absorbance intensity at 596 nm confirmed the elimination of chromophore groups.



Furthermore, the blue shifting of the peak at 596 nm indicates the catalytic decolorization of the RB5. The resulting transparent color of the Reactive Black 5 solution indicates complete dye decolorization. A large degree of decolorization is observed at 180 min in the experiments with 200 mg load of catalyst; this result can be explained by a higher hydroxyl radical formation due to the highest catalyst concentration. Certainly, hydroxyl radicals are capable of rapidly attacking organic pollutants and can cause chemical decomposition of these compounds, producing their chemical decomposition [50]. In this sense, the RB5 dye photodecoloration by the Ni-Fe nanocatalysts demonstrates their ability to generate charge carrier species and vigorous oxidizing agents such as •O2– and •OH [51,52]. The obtained results indicate that this novel catalytic system shows great efficiency for dye decolorization, and the beneficial impact of carbon-based nanostructures on the catalytic characteristics of a Ni-Fe-C system has already been demonstrated.



The general mechanism of photocatalytic activity under the Ni-Fe-C system is outlined in the following formulae [53,54]:


Ni-Fe-C + hν→e– (CB) + h+ (VB)



(3)






h+ (VB) + H2O→H+ + •OH



(4)






e– (CB) + O2→●O2–



(5)






h+(CB) + OH–→●OH



(6)






●OH + RB5 (dye)→CO2 + H2O (degradation products)



(7)






●O2– + RB5 (dye) → CO2 + H2O (degradation products)



(8)







Figure 8A–C show the plots of decolorization (%) versus reaction time (t) for the different as-prepared samples. The RB5 dye decolorization efficiency (%) at specific intervals of 0, 10, 20, 40, 60, 80, 100, 120, 140, 160, and 180 mins irradiation with Ni-Fe-C loading from 100 to 200 mg are presented. Data from these figures reveals that the decolorization efficiency increases when increasing the Ni-Fe-C loading, especially up to 200 mg, for the Ni50-Fe50 wt% sample. This behavior can be attributed to the fact that FeO(OH) addition increases the active sites for dye adsorption on the photocatalyst surface as well as the free hydroxyl radical (•OH) generation; see Equations (4) and (6). To support these results, the observed band gap of the Ni50-Fe50 wt% sample, as shown in Figure 6A, decreases with an increase in the FeO(OH) in the sample. Because electrons from the valance band can be easily promoted to the conduction band by a drop in Eg, there is a stronger electrical contact between H2O2 and FeO(OH). This makes it simpler for electrons to move from the catalyst to the Fermi level of nearby molecules, which in turn results in the formation of the negatively charged hydroxyl group (OH-), which then transforms into hydroxyl radicals (OH), which attack the adsorbed dye molecules on the catalyst surface. [54]. Therefore, an increase in FeO(OH) and a decrease in the band gap of the catalyst enhance the catalytic degradation of RB5. However, a synergistic effect between Ni and Fe and C is necessary to optimize photocatalytic performance.



The kinetics model that is the best fit for RB5 decolorization was a zero-order model [55], according to Equation (9):


Ct = k0t + C



(9)




where Ct is the initial concentration of RB5 at time t (mg/L), t is the contact time in minutes, and k0 is zero-order rate constant.



Figure 9A–C show the plots corresponding to the kinetics model fitted for zero-order with Ni-Fe-C loading from 100, 150, and 200 mg as well as the regression coefficient, respectively. The removal rate of RB5 decolorization follows the zero-order kinetic model. Therefore, the reaction rate is independent of the concentration of RB5, and the adsorption-desorption process can be neglected due to being faster.



The comparison of materials used for dye degradation using the photocatalyst is summarized in Table 1. This case shows the system’s novelty and the application of decoloring the RB5.





4. Conclusions


In conclusion, two magnetically susceptible precursors (acetyl acetonates) were dissociated by sonochemistry, allowing the formation of allotropic forms of carbon such as CNOs. Similarly, the formation of laminar structures was observed, which is attributed to the magnetic nature of the precursors. These laminar structures tend to become ordered and form superstructures, where it was determined that there are sites occupied by CNOs. The photocatalysis studies for dye RB5 show that the three products obtained at the different Ni-Fe ratios have a removal potential greater than 99% within 180 min and for a catalyst load of 200 mg. The kinetics model that best fit for RB5 decolorization was a zero-order model. These results serve as a reference for future in-depth studies aimed at establishing the application of these materials for the removal, from wastewater, of colorants with energies within the visible spectrum.
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Figure 1. XRD patterns of as-prepared Ni50-Fe50 wt%, Ni80-Fe20 wt%, and Ni90-Fe10 wt% samples (a) Ni50-Fe50; (b) Ni80-Fe20; (c) Ni90-Fe10. 
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Figure 2. Scanning electron micrographs of (A,B) Ni50-Fe50 wt%, (C,D) Ni80-Fe20 wt%, and (E,F) Ni90-Fe10 wt% samples at two different scales and zones as indicated by arrows. All samples are the products obtained from the application of 20 kHz ultrasonic irradiation. 
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Figure 3. Transmission electron micrograph of (A–C) Ni50-Fe50 wt%, (D–F) Ni80-Fe20 wt%, and (G,H) Ni90-Fe10 wt% samples. 
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Figure 4. FTIR spectra of (A) Ni50-Fe50 wt%, (B) Ni80-Fe20 wt%, and (C) Ni90-Fe10 wt% samples. 
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Figure 5. XPS spectra for (A–C) Ni 2p, (D–F) Fe 2p, (G–I) O 1s, and (J–L) C 1s of the samples as indicated. 
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Figure 6. Plots of (αhv)2 versus hv showing the band gap energies for Ni50-Fe50 wt% (A), Ni80-Fe20 wt% (B), and Ni90-Fe10 wt% (C) samples. 
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Figure 7. Absorption spectra of RB5 catalyzed by (A–C) Ni50-Fe50 wt%, (D–F) Ni80-Fe20 wt%, and (G–I) Ni90-Fe10 wt% samples. 
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Figure 8. Percentage decolorization of RB5 at specific time intervals under different loads of Ni-Fe samples for (A) Ni50-Fe50wt%, (B) Ni80-Fe20wt%, and (C) Ni90-Fe10wt%. 






Figure 8. Percentage decolorization of RB5 at specific time intervals under different loads of Ni-Fe samples for (A) Ni50-Fe50wt%, (B) Ni80-Fe20wt%, and (C) Ni90-Fe10wt%.



[image: Crystals 12 01123 g008]







[image: Crystals 12 01123 g009 550] 





Figure 9. Kinetic plot for RB5 decolorization (A) Ni50-Fe50 wt%, (B) Ni80-Fe20 wt%, and (C) Ni90-Fe10 wt% samples. 
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Table 1. Dye decolorization with photocatalytic materials.
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	Material
	Synthesis
	Morphology
	Dye
	Ref.





	Ni-Fe-C
	Sonochemical
	Laminar morphology
	RB5
	PW



	rGO-ZnO-TiO2
	Sonochemical
	Nanocomposite particles
	MV
	[56]



	Dy2Cu2O5
	Sonochemical
	Nanostructures
	PR
	[57]



	Copper oxide
	Green synthesis
	Flowers
	RO4, RY86
	[58]



	La2Cu2O5
	Sonochemical
	Spherical Porous nanostructures
	AB
	[59]



	MnWO4
	Sonochemical
	Nanostructures
	AY23, MV
	[60]



	ZnS QDs Cu2+, Mn2+, Ag+ dopped
	Sonochemical
	Sphere
	VBR
	[61]



	Ho2O3-SiO2 nanocomposites
	Sonochemical
	Nanocomposites
	MB
	[62]



	Graphene-Ce-TiO2, Graphene-Fe-TiO2
	Sonochemical
	Nanosheets
	MV
	[63]



	La2Sn2O7/g-C3N4
	Sonochemical
	Nanostructures
	E, MV
	[64]



	ZnO NPs, activated carbon and polypyrrole (ZCP)
	In situ synthesis
	Nanocomposite
	MB
	[65]



	Graphene oxide based semiconductor
	Several methods
	Nanostructures
	Several dyes
	[66]



	La9.33Si6O26
	Sonochemical
	Nanoparticles
	AR14
	[67]



	Cu2HgI4
	Sonochemical
	Nanostructures
	AB1, MO, EO, MB, MV, RB
	[68]



	ZnO-α-Fe2O3
	Sonochemical
	Flowers
	MB
	[69]



	Metal doped TiO2
	Several methods
	Several shape
	Several dyes
	[70]



	graphene oxide- TiO2
	Sonochemical
	Nanosheets + nanospheres
	MO, CR, PN
	[71]



	Mn doped ZnO
	Green synthesis
	Spherical flakes
	MB
	[72]



	Transition metal doped TiO2
	Sol-gel
	Several shapes
	MB
	[73]



	Fe-doped Al2O3
	Hydrothermal
	Nanoplatforms
	MO
	[74]



	TiO2-modified hydroxyapatite
	Solvothermal
	Needle-shaped structures
	MB, AF
	[75]



	Ca0.01Fe2.99O4/

CaTiO3 (CF/CT NC)
	Solvothermal
	Nanocomposite, nanospheres, rectangular prism
	MB
	[76]



	V2O5-rGO
	Hydrothermal
	Nanocomposite
	RB
	[77]



	Metal oxides, chalcogenides, and chalcohalides, Perovskite materials, Carbon based materials, Metal-Organic Frameworks (MOFs)
	Several methods
	Several shapes
	Several dyes
	[78]



	PrVO4
	Several methods
	Nanoparticles
	EBT, E, MV
	[79]



	TiO2 − WO3 −

Bi2O3/SiO2
	Hydrothermal
	Sphere-like mesoporous nanoparticles
	RB
	[80]



	siloxene
	Chemical exfoliation
	Nanosheets
	MB, AA, AB, MG
	[81]



	BiCeO3/MWCNTs (BCM)
	Hydrothermal
	Nanotubes
	MR
	[82]



	TiO2
	Solvothermal
	Nanostructures
	RB, MB, EY
	[83]



	Fe-TS-1 zeolite
	Quick synthesis
	Nanospheres
	AO7
	[84]



	CdS/TiO2
	Precipitation
	Spherical nanoclusters
	AB
	[85]



	TiO2-Fe2O3
	Green synthesis
	Nanospheres
	TY, MO
	[86]



	ZnO-Nd
	Solution combustion
	Nanoporous particles
	RR198
	[87]



	AgNPs
	Green synthesis
	Nanospheres
	MO, MB, CR, 4N
	[88]



	UV/H2O2/TS-1
	Quick synthesis
	Powder
	AO7
	[89]



	PrVO4/CdO
	Sonochemical
	Nanostructures
	MB, E
	[90]



	CdS/SiO2 composite
	Sol-gel
	Nanospheres
	RR120
	[91]



	g-TiO2/BiOI
	Sol-gel
	Nanospheres
	AB 1
	[92]



	AC-TiO2
	Sol-gel
	Nanostructures
	RR120
	[93]



	ZnO
	Purchsed Merck
	Microstructures
	AB 1
	[94]







Description: PW Present work, RB5 Reactive Black 5, PR Phenol red, RO4 Reactive Orange-4, RY86 Reactive Yellow-86, AB Acid black, AY23 Acid Yellow 23, VBR Victoria blue R, MB Methylene blue, E Erythrosine, MV Methyl violet, AR14 Acid red 14, AB1 Acid Black 1, MO Methyl Orange, EO Eosin, RB Rhodamine B, CR Congo red, P-N p-nitrophenol, AF Acid fuchsin, EBT Eriochrome, black T, AA Azure A, AB Azure B, MG Malachite green, MR Mordant red, EY Eosin Y, AO7 Acid orange 7, AB Acid Blue, TY Titan Yellow, RR198 Reactive red 198, 4N 4-nitrophenol, RR120 Reactive Red 120, AB 1 Acid black 1.
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