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Abstract

:

The plate-like structure is the most familiar morphology for conventional layered double hydroxides (LDHs) in case their structures consist of divalent and trivalent cations in their layers. In this study, nanofibers and nanoneedles of Co–Si LDHs were prepared for the first time. By the inclusion of zirconium inside the nanolayers of LDH structures, their plates were formed and transformed to nanofibers. These nanofibers were modified by the insertion of titanium to build again plate-like morphology for the LDH structure. This morphology controlling was studied and explained by a dual anions intercalation process. The optical properties of Co–Si LDHs indicated that the incorporation of zirconium within their nanolayers decreased the band gap energy from 4.4 eV to 2.9 eV. Following the same behavior, the insertion of titanium besides zirconium within the nanolayers of Co–Si LDHs caused a further reduction in the band gap energy, which became 2.85 eV. Although there is no data for the optical properties of Co–Si LDHs in the literature, it is interesting to observe the low band gap energy for Co–Si LDHs to become more suitable for optical applications. These results concluded that the reduction of the band gap energy and the formation of nanofibers introduce new optical materials for developing and designing optical nanodevices.
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1. Introduction


Nanohybrid structures are very interesting materials and have attracted a considerable amount of attention from many researchers because of their remarkable physical and chemical properties that cannot be accomplished by the usual solid-state reactions [1,2,3,4,5,6,7,8,9]. This trend is very creative because the diverse properties of the different species can be collected in one material. The incorporation of two or more inorganic species, having one dimension or two dimensions in the nanoscale, is an efficient way to design hybrid material. The challenge is to produce a homogeneous and stable system of nanohybrids.



In order to minimize the degree of phase separation for the hybrid materials, layered double hydroxides can be useful in this trend because they have the ability to collect two or more inorganic metals in an order arrangement inside their layers with thicknesses of 0.48 nm [1,2,3,4]. In addition, organic or inorganic species can be intercalated inside their interlayered region through host–guest intercalation processes [5]. These intercalation processes occur through creating a positive charge on the nanolayers of layered double hydroxides (LDHs) because of the presence of divalent and trivalent metals together inside these nanolayers, which act as a host. Organic or inorganic anions intercalate to neutralize the positive charges of the nanolayers and act as guests. LDHs are defined by the general formula [M1-xM*x(OH)2]z+(An−)z/n·yH2O. M and M* are divalent cations (e.g., Zn2+, Fe2+, Mg2+, Ni2+, Cu2+, or Co2+) and trivalent cations (e.g., Cr3+, Al3+, Ga3+, In3+, or Fe3+), respectively; An− represents organic or inorganic anions [10,11,12,13,14]. Recently, a narrow number of monovalent and tetravalent cations such as lithium, titanium, tin, and zirconium was inserted in the host layers of LDH structures. However, there is no data available in the literature for silicon (Si4+).



Cobalt and silicon are widely known to have major roles in coloring glasses [15], the photothermal conversion of solar energy [16], and in several technically orientated glass applications [17]. A combination of cobalt and silicon is employed in different applications [18,19,20,21,22,23,24,25] such as refractories materials, advanced ceramic industry, magnetic materials, ceramic pigment, electrical conductivity, batteries, catalysts, and gas sensors because of their remarkable magnetic, electrical, and optical properties in addition to their high oxidation activity and stabilization at high temperature.



In this trend, the photofunctional guest molecules can be assembled with the LDHs host layers containing photoactive metals to build a new type of host–guest nanohybrid materials with advanced photo-related performances such as a low band gap. Some positive effects can be obtained from the confinement of dual anions inside the nanolayered structures of multi-metal LDHs. The vibration and thermal motion of guests can be controlled in the confined interlayer space to improve the efficiency of the photoactive molecules and change their morphologies. In addition, the regular layers of multi-metal LDHs allow an ordered arrangement of different metals to minimize the degree of phase separation and obtain homogeneous nanohybrids.



In this study, our research focuses on a combination of cobalt and silicon through layered double hydroxides with different morphologies, although there is no data available for this material in the literature. In the same time, a dual anion intercalation process is used to control the morphology of LDHs. Nanofibers of Co–Si LDHs are prepared and characterized by different techniques. In addition, the crystalline structure and the morphology of Co–Si LDHs are developed by inserting other inorganic tetravalent metals such as titanium and zirconium. In addition, the optical properties of Co–Si LDHs are investigated and modified by combining with titanium and zirconium.




2. Materials and Methods


2.1. Preparation of Nanostructures


Urea hydrolysis is organized by controlling the temperature of its aqueous solution. The decomposition of urea occurs through two steps to produce cyanate or carbonate anions in addition to ammonium ion converting the medium of the solution from acidic to basic. By controlling the preparation conditions, Co–Si LDH was synthesized by precipitating cobalt and silicon during the production of cyanate anions from urea hydrolysis. A solution of cobalt nitrate (0.03 mol) was mixed with urea solution (0.5 mol) under vigorous stirring. Then, an aqueous solution of silicon chloride (0.0096 mol) was added to the mixture. The temperature of the reaction was adjusted at 80 °C. The reaction continued for 18 h, noticing that urea was used as a pH controller and precipitant for the reaction. The silicon percentage was 24 mole%. By washing and filtration, the product was dehydrated under vacuum at room temperature. The sample was labeled here after as Co–Si LDHs.



To study the effect of zirconium on Co–Si LDHs, the above method was repeated by adding an aqueous solution of zirconyl chloride. The molar ratio of Si:Zr was 1:1. The temperature of the reaction was adjusted to 80 °C for 18 h. The percentage of both tetravalent metals was 24 mole%. In order to indicate the effect of titanium and zirconium, the same method was repeated through adding both titanium chloride and zirconyl chloride (0.0096 mol) to the urea solution. The molar ratio of Si:Zr:Ti was 1:1:1. The percentage of silicon, zirconium, and titanium was 24 mole%.




2.2. Physical Characterization


Elemental analysis was achieved through an energy-dispersive X-ray spectrometer (EDX) with JEOL JED-2140, Japan. Powder X-ray diffraction (XRD) was performed on a Rigaku RINT 2200 (Japan) using CuKα (filtered) radiation (λ = 0.154 nm) at 40 kV and 20 mA between 1.8 and 50°. Scanning electron microscopy (SEM) was accomplished with a JEOL JSM-6330F, (15 kV/12 mA), Japan. Thermal analyses (Differential Thermal Analysis; DTA, Differential Thermal gravimetric; DTG, and Thermal gravimetric; TG) were carried out up to 800 °C at a heating rate of 10 °C/min in a flow of gases using a Seiko SSC 5200 apparatus (Japan). Fourier Transform Infrared (FT-IR) spectroscopy was performed as KBr discs in the range of 425–4000 cm−1 by Horiba FT-720 (Japan).



The diffuse reflectance technique was used to measure the optical parameters of the nanomaterials by using a UV/VIS/NIR Shimadzu 3600 spectrophotometer (Shimadzu, Columbia, Maryland, United States). The spectrophotometer was equipped with an integrating sphere attachment (ISR-603) to measure solid materials, and the thickness of the sample was 3 mm. Barium sulfate was used as the reflectance standard.





3. Results


3.1. Scanning Electron Microscopy


A scanning electron microscopy analysis of Co–Si LDHs was measured after coating with a platinum thin film to display clear images. Nanofibers and nanoneedles were observed for Co–Si LDHs, as shown in Figure 1. Figure 1b,d displayed individual fibers with diameters of 50 nm. Meanwhile Figure 1a,c revealed bundles of nanofibers. However, the morphology of the natural samples of layered double hydroxides, which consists of divalent and trivalent cations, is plate-like morphology [26,27]. It means that the presence of the tetravalent cations of silicon caused distortion or curvature for the nanolayers of Co–Si LDHs. This distortion or curvature may be achieved through creating positive charges (+2) by silicon and the insertion of dual anions for neutralizing these positive charges.



In case of the insertion of zirconium inside the Co–Si LDHs, SEM images showed plate-like morphology, which started to transform to fibrous morphology, as shown in Figure 2a. At the same time, other locations of the sample exhibited only fibrous morphology, as shown in Figure 2b. It is known that the crystals of hydrotalcite have a hexagonal plate-like morphology if carefully crystallized [26]. It means that the plate-like morphology of the LDHs, which was formed agreeing with the conventional LDHs, converted to nanofibers because of the presence of zirconium in the LDH structure. Energy dispersive X-ray spectrometer confirmed the presence of cobalt, zirconium, silicon, carbon, oxygen, and nitrogen on the structure of LDHs, as shown in Figure 2c.



The presence of carbon, oxygen, and nitrogen suggests that a dual anions intercalation process has occurred inside the interlayered region of the structures of the LDHs. It means that both silicon and zirconium may have a role in producing and trapping cyanate and nitrate anions inside their LDHs.



After the insertion of zirconium and titanium inside the structure of Co–Si LDHs, plate-like morphology was observed with a thickness of 100 nm and dimensions a few micrometers in width, as seen in Figure 3. The individual plates of the LDHs have a hexagonal platy morphology, agreeing with hydrotalcite crystals. The different elements in these plates were identified through the energy dispersive X-ray spectrum, as shown in Figure 3c. The peaks of cobalt, silicon, zirconium, and titanium were observed on these plates, confirming the insertion of zirconium and titanium in the Co–Si LDHs. In addition, carbon, oxygen, and nitrogen were detected inside the structure of LDHs.




3.2. Powder X-Ray Diffraction


Figure 4a displayed the X-ray diffraction pattern of Co–Si LDHs. It showed that Co–Si LDHs have a non-crystalline structure. After the insertion of zirconium cations, a clear nanolayered structure was observed, as shown in Figure 4b. The main peaks of brucite-like layers were observed, displaying the reflection of planes 003, 006, and 009. The c parameter, which was determined as three times the spacing for plane 003 (i.e., 3 × 0.79 = 2.37 nm), has a little shift from that previously published for synthetic and natural hydrotalcite, which was 2.31 nm [26].



By the insertion of titanium besides zirconium inside the nanolayers of Co–Si LDHs, the nanolayered structure was confirmed by a clear and sharp peak at 0.78 nm, indicating the reflection of plane 003, which determines the interlayered spacing of LDHs. The other reflections of the planes 006 and 009 were also observed by the peaks at 0.39 nm and 0.26 nm, respectively, as shown in Figure 4c. These peaks have common features of layered materials such as strong peaks at low values of 2θ with symmetric and narrow shapes, while at high 2θ values, the peaks become weak and have less symmetric lines. These results indicated that the insertion of zirconium and titanium converted the amorphous structure of Co–Si LDHs to a crystalline structure.




3.3. Thermal Analyses


The thermal analyses (DTA, TG, and DTG) of the sample Co–Si LDHs are shown in Figure 5. The total weight loss of Co–Si LDHs was more than 26.8%. The TG diagram illustrated that the removal of surface and intercalated water occurred through two stages. The surface water was 7.6 wt % and easily lost at 100 °C, indicating an endothermic peak in the DTA curve and a clear peak in the DTG curve. Meanwhile, 3.3 wt% of the interlayered water was gradually lost up to 222 °C, indicating that the water molecules strongly bonded with the interlayered anions. The decomposition of the interlayered anions happened through two stages, indicating dual interlayered anions. The first anion (8.7 wt%) was sharply lost, exhibiting an endothermic peak in the DTA curve and a sharp peak in the DTG curve at 256 °C. Meanwhile, the second anion was gradually lost with the dehydroxylation process of the nanolayers. This loss continued up to 800 °C and was more than 7.2 wt%. These results concluded that the Co–Si LDHs have dual intercalated anions and a large amount of water inside the interlayered space.



The thermal analyses (DTA, TG, and DTG) of Co–Si LDHs after the insertion of zirconium are shown in Figure 6. The TG diagram showed similar behavior for Co–Si LDHs before and after the inclusion of zirconium where the total weight loss occurred through four stages. The decomposition of the interlayered anions was observed as two weight losses in the TG diagram and two clear peaks in the DTG diagram. In addition, the DTA diagram showed two endothermic peaks at 250 °C and 295 °C, agreeing with the decomposition of the interlayered anions. Two clear peaks mean that there are two different kinds of anions inside the LDH structure, confirming the dual anion intercalation process. These results indicated that there is similarity between the structures of Co–Si LDH before and after the insertion of zirconium.



The thermal analyses (DTG, DTA, and TG) of Co–Si LDHs after the insertion of zirconium and titanium were recorded as shown in Figure 7. The TG diagram showed only three weight losses. The first two weight losses belong to the adsorbed and the interlayered water, while the decomposition of the intercalated anions occurred through only one step, indicating that the LDH has one kind of the interlayered anions. The total weight loss is composed of 14.6% surface water, 3.4% interlayered water, and 12% interlayered anions. The DTG diagram showed only one peak at 258 °C, confirming the presence of one kind of the interlayered anions. The DTA curve revealed one endothermic peak at 261 °C agreeing with the TG results. These results concluded that the insertion of titanium and zirconium inside the Co–Si LDH structure led to the intercalation of only one kind of anion inside its structure.




3.4. Infrared Spectra


To identify the intercalated anions, an infrared spectrum of Co–Si LDHs after the insertion of zirconium is displayed in Figure 8a. Cyanate anions (N≡C–O−) were observed by the appearance of a clear band at 2203 cm−1 corresponding to the vibrational mode of cyanate. The nitrate anions were also detected by observing two bands at 1384 cm−1 and 1495 cm−1 [28]. Strong and sharp bands were observed around 2856 cm−1. These bands are attributed to the stretching mode of O–H belonging to the molecules of interlayered water that hydrogen-bonded to interlayered anions [28]. The sharpness of these bands suggests that there is a large number of water molecules hydrogen-bonded with the cyanate anions inside the interlayered space. This speculation was confirmed by the bending mode band of water molecules that was observed clearly close to 1637 cm−1 [29].



After inserting both zirconium and titanium into Co–Si LDHs, the absorption peak at 2204 cm−1 shifts to 2217 cm−1, indicating that the intercalated anions became isocyanate anions (−N=C=O), as shown in Figure 8b [30]. It means that cyanate anions transformed to isocyanate anions, according to the balance (N≡C-O− ↔ −N=C=O).



As can be noted in Figure 8b, traces of nitrate anions were also detected by a weak peak at 1382 cm−1 [28]. There is no peak shift for the vibrational mode of NO3−, suggesting that nitrate anions adopt a flat-lying configuration parallel to the hydroxide layer [31].



The effect of the presence of isocyanate and nitrate anions inside the interlayer space beside the hydroxide layers of the LDH structure showed a broad OH vibration band around 3500 cm−1 [28,29,30,31]. This effect was extending by increasing the hydrogen bonds between the water molecules and the interlayered anions producing clear peaks around 2923 cm−1 [32]. The presence of water molecules was confirmed by observing a clear band at 1637 cm−1 corresponding to its bending mode [28].




3.5. Conversion Mechansim of Nanolayers to Nanofibers by Dual Anions Intercalation


It is known that the most familiar morphology of LDHs is plate-like morphology. The experimental results demonstrated that there is a relation between the morphology of LDH and the insertion of silicon, zirconium, and titanium inside the nanolayers of LDH. When silicon was inserted in the sheets of the LDHs, the conventional morphology of the LDHs transformed from plates to nanofibers. In the same trend, the insertion of zirconium beside silicon converted the plate-like morphology of LDHs to nanofibers and nanoneedles. However, the insertion of titanium beside both silicon and zirconium prevented this transformation from plates to nanofibers and showed plate-like morphology. According to the thermal analyses, this relation appears between the decomposition rate of the interlayered anions of each LDH and its morphology.



In the case of Co–Si LDHs before and after the insertion of zirconium, the decomposition of the interlayered anions happened through two stages. It means that their nanolayered structures have formed through a dual anions intercalation process. This finding was confirmed by infrared results where these results showed clear bands for nitrate and cyanate anions in the structure of Co–Si LDHs after the insertion of zirconium.



The cyanate anions were formed during the urea hydrolysis, as shown in the following Equation (1):


(NH2)2CO + H2O ⟶ NH4+ + CNO− + H+ + OH−



(1)







Many researchers [33] reported that ammonia and cyanate anions were produced from urea hydrolysis. In addition to cyanate anions, the nitrate anions are accompanied with the beginning salts.



According to the dual anions intercalation process, the nanofibers and nanoneedles morphologies of Co–Si LDHs could be explained. The intercalated cyanate anions (−1) have two routes or directions to neutralize the positive charges (+2) of the nanolayers of the LDHs. The first route is attacking the positive charge by two anions of cyanate from only one side of the nanolayer. The second route is attacking the positive charge by one anion of cyanate to each side of the nanolayers. If the intercalated cyanate anions followed the first route, the cyanate anions would have strong repulsion, and the steric hindrance among their cyanide groups would lead to curling for the nanolayers of LDHs. This curling converted the shape of plates to nanofibers or nanoneedles. In the presence of nitrate as secondary anions in the LDH structure, the intercalated cyanate anions follow the first route, avoiding the repulsion with nitrate anions to build nanofibers or nanoneedles. By this explanation, we can suggest a model for the nanofibers and nanoneedles of Co–Si LDHs, as shown in Figure 9.



By using both the XRD results and the known thickness of the brucite-like layer, 0.48 nm, the interlayer spacing available for the anion was calculated as 0.31 nm. The size of the NCO− anion is 0.34 nm, and the thickness of a flat-lying NO3− is 0.28 nm. Therefore, it was considered that cyanate anions connect with the positive charge of the layers through one side in order to neutralize the positive charge of tetravalent cation and build the nanofibers’ morphology, as shown in Figure 9. The presence of nitrate anions among the layers may direct the cyanate anions to attack the positive charge from only one side to build nanofibers.



In the case of Co–Si LDH, after inserting both zirconium and titanium, the main interlayered anions are made out of isocyanate, in addition to traces of nitrate. Therefore, the intercalation of cyanate anions followed the second route, forming plate-like morphology, as shown in Figure 10.




3.6. Optical Properties


The optical properties of Co–Si LDHs before and after the inclusion of zirconium and titanium were investigated by diffuse reflectance spectroscopy in the range of 200–700 nm. In case of Co–Si LDHs, it is clear that the spectrum is dominated by absorption in the UV region with its maximum at 230 nm, as shown in Figure 11. With the inclusion of zirconium in Co–Si LDHs, there is a shift of absorption toward the visible region. It showed a triplet of bands at 250 nm, 350 nm, and 550 nm. In the same trend, the insertion of titanium and zirconium in the Co–Si LDH structures caused a little shift of the maximum bands from 250 nm and 350 nm to 275 nm and 375 nm, respectively.



The process of light reflectance by the prepared materials is related to their electronic structures. Therefore, the diffuse reflectance results have been used for calculating the band gap energy. The optical band gap energy was determined by a Tauc equation [34]. The Kubelka–Munk relation is used to convert the diffuse reflectance into an absorption coefficient [35]. The absorption coefficient (Abs) = (1 − R)2/2R, where R is the reflectance. Accordingly, the Tauc relation becomes (Abs.E) = A(E − Eg)1/2. It expresses the direct transition, thus showing direct band gap energy (Eg). The relation of both (Abs.E)2 and (E) for the prepared materials is displayed in Figure 12. The direct band gap values were determined by extrapolating the linear regions of these plots to (Abs.E)2 = 0. The band gap energy of Co–Si LDHs was 4.4 eV. A sharp reduction of the band gap was observed with the inclusion of zirconium, where the band gap of Co–Si LDHs became 2.95 eV. The reduction of the band gap continued with the insertion of titanium in the LDH structure giving 2.8 eV.



It is clear that the optical properties of Co–Si LDHs were improved by introducing zirconium and titanium into its nanolayers. This improvement was observed as a significant red shift in the absorption edge of Co–Si LDHs toward the visible light region. This shift was confirmed by a reduction in the band gap energy of Co–Si LDHs. This behavior could be explained by inducing a new energy level into the main band gap because of the new bands of Co(II)–O–Zr(IV) and Co(II)–O–Ti(IV) that were introduced in the LDHs structure. These new bands could change the band gap energy and improve the visible light absorption properties of the LDHs [36]. These results indicate the effective electronic coupling between Co(II)–O–Si(IV) and Co(II)–O–Zr(IV) in addition to Co(II)–O–Si(IV) and Co(II)–O–Ti(IV) in the LDH structures.





4. Discussion


The present research has a dual aim of synthesizing nanofibers of Co–Si LDHs for the first time and developing their optical properties to be suitable for designing optical nanodevices. In this trend, nanofibers and nanoneedles of Co–Si LDH were prepared and modified by the inclusion of zirconium and titanium inside the nanolayers of the LDH structure. SEM images showed individual nanofibers of Co–Si LDHs. In case of the inclusion of zirconium inside the nanolayers of Co–Si LDHs, the nanolayered structure was confirmed by X-ray diffraction, and the nanofibers morphology became clearer. In addition, the band gap energy of Co–Si LDHs shifted to be 2.95 eV after inserting zirconium, and became more effective in the visible light region. Through titanium inclusion beside zirconium inside Co–Si LDHs, the nanofiber morphology converted to become plate-like morphology, and the band gap energy decreased to a lower value to become 2.8 eV.



These effective changes of Co–Si LDHs could be explained by inducing new energy levels into the main band gap because of the new bands of Co(II)–O–Zr(IV) and Co(II)–O–Ti(IV) that were introduced into the LDH structure. Meanwhile, the formation mechanism of the nanofibers could be clarified through a dual anions intercalation process. By intercalating cyanate and nitrate anions in the same interlayered region of the Co–Si LDH structure, strong repulsion and steric hindrance occurred among their cyanide groups, leading to curling for the nanolayers of LDH. This curling converted the shape of plates to nanofibers or nanoneedles.



It has been known that the performance of optical materials is controlled by main two factors. The first factor is the band gap energy of the material. The second factor depends on the electron–hole recombination process [37]. To maximize these two factors, the separation of the photogenerated electron–hole pairs should be enhanced, and the light absorption must shift toward the visible light region.



Comparing with the most familiar optical materials, TiO2 and ZnO, the band gap energies of Co–Si LDHs after inserting zirconium and titanium are lower than those of TiO2 and ZnO. In addition, the nanofibers’ morphology decreases the rate of electron–hole recombination by the mobility of electrons through the nanofibers.



Finally, based on the above considerations, we can conclude that Co–Si LDHs after inserting zirconium and titanium are considered as promising candidates for optical applications such as photocatalysis. In addition, the nanofibers and nanoneedles are suitable components for designing optical nanodevices.
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Figure 1. Scanning electron microscopy (SEM) images of Co–Si layered double hydroxides (LDHs). (a) Reaction time 16 h, (b) reaction time 18 h, (c) 16 h by magnification, (d) 18 h by magnification. 
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Figure 2. Co–Si LDHs after zirconium inclusion: (a) SEM image, (b) SEM image after magnification, (c) energy-dispersive X-ray spectrometer (EDX). 
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Figure 3. Co–Si LDHs after zirconium and titanium inclusion: (a) SEM image, (b) SEM image after magnification, (c) EDX. 






Figure 3. Co–Si LDHs after zirconium and titanium inclusion: (a) SEM image, (b) SEM image after magnification, (c) EDX.



[image: Applsci 09 04775 g003]







[image: Applsci 09 04775 g004 550] 





Figure 4. X-ray diffraction of Co–Si LDHs: (a) pure, (b) after zirconium inclusion, and (c) after zirconium and titanium inclusion. 
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Figure 5. Thermal analyses of Co–Si LDHs (a) Differential Thermal Analysis; DTA, (b) Differential Thermal gravimetric; DTG, and (c) Thermal gravimetric; TG. 
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Figure 6. Thermal analyses of Co–Si LDHs after zirconium inclusion: (a) DTA, (b) DTG, and (c) TG. 
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Figure 7. Thermal analyses of Co–Si LDHs after zirconium and titanium inclusion: (a) TG, (b) DTG, and (c) DTA. 






Figure 7. Thermal analyses of Co–Si LDHs after zirconium and titanium inclusion: (a) TG, (b) DTG, and (c) DTA.



[image: Applsci 09 04775 g007]







[image: Applsci 09 04775 g008 550] 





Figure 8. Infrared spectra of Co–Si LDHs: (a) after zirconium inclusion and (b) after zirconium and titanium inclusion. 
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Figure 9. Schematic representation for the nanofibers and nanoneedles of Co–Si LDHs. 
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Figure 10. Schematic representation for the plates of Co–Si LDHs after zirconium and titanium inclusion. 
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Figure 11. Absorbance of Co–Si LDHs: (a) pure, (b) after zirconium inclusion, and (c) after zirconium and titanium inclusion. 
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Figure 12. Band gap energy of Co–Si LDHs: (a) pure, (b) after zirconium inclusion, and (c) after zirconium and titanium inclusion. 
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