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Abstract

:

In the present work, cobalt-chromite-based pigment Co1-xNixCr2O4 chromate powder and nanoparticles with various transition metal concentrations (x = 0.2, 0.4, 0.6, and 0.8) were manufactured by applying aqueous synthesis approaches and sol–gel synthesis routes. XRD analysis of the powder shows that all samples formulated by the sol–gel method were crystalline with a spinel structure. Chromites show green color with a higher nickel concentration, while Co-substituent shows blackish pigments. Samples were annealed at distinct temperatures ranging from 600 °C to 750 °C. The nanoparticles obtained were characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM), Raman spectroscopy (RS), photoluminescence (PL), and energy-dispersive X-ray spectroscopy (EDS). The particle size of the parent compound (CoCr2O4) ranges from 100 nm to 500 nm, as measured by SEM. The tendency of particles to form aggregates with increasing annealing temperature was observed. These compounds may be successfully used as an effective doped nickel-cobalt ceramic pigment.
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1. Introduction


Nanoparticles (NPs) are made up of a large number of atoms or molecules bonded with each other with a total size varying from 1 nm to around 100 nm. Due to their very small sizes, NPs possess an extraordinarily high surface-area-to-volume ratio, which changes their physical-chemical properties compared to their macroscale counterparts. Due to their unique structural, magnetic, mechanical, and electrical properties, NPs are used in a wide range of applications including biosensing, drug delivery, bioimaging, catalysis, nanomanufacturing, lubrication, electronics, textile manufacturing, and water treatment systems [1,2,3].



Metallic and non-metal powder and nanoparticles have been gaining attraction due to their unique applications in the environmental, biomedical, optical, and electronic industries [1,2]. Metal oxides nanoparticles are among the widest used manufactured nanomaterials because of their unique properties [3]. The properties that make the nanophase structures indispensable tools in modern nanotechnology are their various nonlinear optical properties, higher ductility at elevated temperatures than coarse-grained ceramics, cold welding properties, superparamagnetic behavior, and unique catalytic, sensitivity, and selective activity. For example, the melting point of the nanosized material is lower than that of a bulk material with the same composition [4]. At the same time, nanoparticles exhibit unusual adsorptive properties and fast diffusivities, and they are not stable in critical conditions [5].



Nanoparticles of metal oxides and their mixtures have been used as ceramic pigments. Pigments have been in demand for several reasons, including their chemical and thermal stability, hiding and tinting power, and particle size. Mixed metal oxides with general spinel formula AB2O4 are characterized for high thermal and chemical stability and mechanical resistance [6,7]. Spinel structure has two types: one is known as normal spinel, which is characterized by A+2 cations occupying the tetrahedral position, and the other is characterized by B+3 cations occupying the octahedral structure. The subordinate possible structure is inverse spinel, which is also characterized by A+2 occupying one half of the tetrahedral site and B+3 another half of the octahedral position and all tetrahedral coordination positions [8]. Inverse spinel structure can be affected by temperature and pressure during its synthesis [9].



CoCr2O4 are normal ferromagnetic spinel with Co+2 ions occupying the tetrahedral A sites, and the octahedral B sites occupied by Cr+3 ions [9]. The compound system undergoes ferromagnetism below ferromagnetic curie temperature of Tc = 94 K [10]. The magnetic tangled phase diagram is obtained by the interaction of Co+2 and Cr+3 [11]. Under the spiral ordering at Ts = 26 K temperature, the system is multiferroic [12]. The phase transition present occurs at the lock-in transition temperature Tl = 15 K [13]. Nanoparticles of CoCr2O4 possess magnetic properties [9,10,11]. A performance like a cluster glass has been described for nanoparticles with a size of 3.1 nm [14]. Since above 310 K, CoNiCr2O4 crystallizes and attains cubic normal spinel structure, therefore, the crystal structure becomes tetragonal due to Jahn–Teller manipulation in that temperature range [15]. Lowering temperature below 65 K, the crystal structure further transforms into the orthorhombic phase [16]. Deformation within the same orthorhombic phase has been distinguished at T = 30 K [8]. The magnetic properties of CoCr2O4 and CoNiCr2O4 are different for Ni-doped CoCr2O4. The co-precipitation method is used to synthesize particles of standard size 80–100 nm, which are described in [17]. The property of magnetization of an applied magnetic field displays a thin characteristic measured for Co0.5Ni0.5Cr2O4 nanoparticles developed through the sol–gel process at T = 10 K, which is missing in CoNiCr2O4 and CoCr2O4 [18].



In our present work, we have synthesized cobalt-doped nickel chromite by the sol–gel method, which is easy to use and environmentally friendly. We also report that the sol–gel process needs low temperature and less calcination to achieve the desired product [19]. In this work, we are comparing base compound and doped cobalt chromites with different transition metal concentrations. The concentration of Ni is increased in steps of 0.2. The composition and size of new spinel crystal is examined in this study. Structural and surface analyses of the synthesized nanoparticles are also performed using XRD, SEM, EDS, and Raman spectroscopy. Photoluminescence is an important phenomenon that provides information about light emission from various materials and their applications in optical, photonic, and microelectronic devices and display technologies [20,21,22,23]. Photoluminescence of the CoNiCr2O4 nanoparticles is performed to investigate the suitability of these compounds and nanoparticles in optical and photonic applications.




2. Materials and Methods


For synthesis of CoCr2O4, Ni doped in cobalt chromate to form nickel chromate, we used nickel nitrate, cobalt nitrate, and chromium nitrate, with 100 mL distilled water and 1,2 ethanediol added to the solution (as a complex agent). First, 100 mL purified water was taken in a beaker then nickel nitrates, cobalt, and chromium were added to it. The beaker was then placed on a hot plate with a stirrer and heated up to a temperature range between 60 and 65 °C. We waited until the solution became homogenous, and then 1,2 ethanediol was added to the reaction solution to form a gel. By continuously heating and maintaining the same temperature for 4 h, a dark green gel was obtained. The gel was then kept in a DHG-9202 oven (Jiangsu Jinyi Instrument Technology Company Limited, Jintan City, Changzhou, Jiangsu, China) at 1050 °C for 10 h to dry. After complete drying, a green-colored powder was obtained. To obtain it in a fine form of powder or nanoparticles, a grinder and agate motor was used, in which the sample was ground. VULCAN-D550 furnace was used to sinter the powder of CoCr2O4 and Co1-xNix Cr2O4 at 7000 °C for 3 h to obtain greenish-colored nanoparticles. Figure 1 shows the flow chart of manufacturing nanoparticles.




3. Results and Discussion


3.1. XRD Analysis


Information on the phase and crystal structure of cobalt chromite is obtained through the X-ray diffraction technique. X-ray Cu-Kα radiation of wavelength 1.5418°A was used to produce the diffraction pattern. The range of angle 2θ of the XRD pattern ranges from 15° to 60°. The XRD pattern of cobalt chromite is shown in Figure 2. A single phase of cobalt chromite is obtained at a calcination temperature of 700 °C. XRD peaks corresponding to 700 °C were obtained at 15.5°, 30.5°, 35.5°, 40.5°, 45°, 50°, and 55.5°. A high pure cubic structure of cobalt chromite is synthesized through this process. Single 124 phase of cobalt chromite is obtained with reference code COD REV218120 2019.09 at 700 °C temperature. XRD analysis of cobalt chromite shows that the lattice parameters a and c range from 8.328 to 8.412 Å. Grainsize of 1.541874 Å for cobalt chromite is obtained from XRD peaks.



The X-ray diffraction pattern of Ni powders substituted with Co1−x NixCr2O4 depending on calcination temperature was attained by sol–gel process. Analysis of phase composition shows the sample with a high substitution rate at x = 0.2, 0.4, 0.6, and 0.8, with no single-phase compound for all temperatures. X-ray diffraction shows that the substitution of cobalt from nickel chromite proceeds by the steady transformation of cubic CoCr2O4 crystalline phase into cubic CoNiCr2O4 spinel state. In the pigmentary field, the main objective is to get the proper parameters of pigments used in industry [14].



The estimated size of cobalt chromite crystallites is 48.9 nm, obtained from heat treatment at 700 °C. For the nanoparticles, Co1−x NixCr2O4 crystallite size varied with heat treatment at 700 °C in the 39.5–44.5 nm range. The size of crystallite increases by less than 10 nm for all temperatures in this range.



The average linear crystallite size can be calculated using Bragg’s equation, nλ = 2d sin θ, where n is an integer, θ is the angle between the incident and scattered ray, d is the inter-spacing distance, and λ is the wavelength associated with the particle. Crystal size D of a particle can also be calculated by using Scherrer’s equation, D = Kλ/βCosθ, where K is the crystalline shape constant.



XRD results show that the powder form nanoparticles achieved from the sol–gel process is still heterogenous but more homogenous than that obtained by other techniques. However, phase composition is identical to the parent compound; yet, the morphology of synthesized pigments differed significantly.




3.2. SEM Analysis


The morphology of samples obtained by methods of synthesis is quite different than others. SEM micrographs of sol–gel-obtained samples of CoNiCr2O4 heated at 700 °C and CoCr2O4 have different morphological features, as shown in Figure 3. Very small spherical nanosized particles of CoCr2O4 were synthesized, showing a high degree of agglomeration.



Different shaped and bigger sized (150–200 nm) particles of CoNiCr2O4 were obtained in synthesis. The surface morphology of doped cobalt chromite is very similar to cobalt chromite. The obtain powder largely consists of irregular, sub-micron shape particles of size 110 nm–500 nm, which resulted in a few large agglomerates with a porous microstructure.




3.3. Raman Spectroscopy


Raman spectroscopy of nickel doped in cobalt chromite, with the concentrations of nickel as 0.2, 0.4, and 0.6, was performed. Raman spectroscopy graph is plotted between intensity in (a.u) and Raman shift in cm−1 ranging from 1000 to 1600 cm−1 with a spacing of 100 cm−1, and peaks are obtained at 1440 cm−1 and 1540 cm−1, which shows the purity of the sample. No impurity peak is observed because of Raman spectroscopy. The Raman spectroscopy graph of nickel-doped cobalt chromite is shown in Figure 4.




3.4. EDS Spectroscopy


Energy-dispersive spectroscopy (EDS), which is also called energy-dispersive analysis, was performed for the synthesized samples. Figure 5 shows results from EDS spectroscopy of our samples. The figure clearly shows that a single phase of copper chromite has formed. No extra impurity peak appeared in the EDS spectrum. We have obtained a single phase of copper chromite.




3.5. Photoluminescence


Figure 6 shows the photoluminescence spectrum of nanoparticles. An excitation wavelength of 347 nm was used in this work at room temperature. It is important to monitor the physical properties of nanoparticles that change with variations in their dimensions on the nanometer scale, known as the quantum size effect. For example, quantum confinement increases the required energy bandgap of CoCr2O4 observed in photoluminescence. The recombination of the surface state is also evident from photoluminescence. The spectrum exhibits two emission peaks. One is located at 380 nm in the UV region, corresponding to near bandgap excitonic emission. The second peak is positioned around 530 nm, which can be attributed to the occupancy of independently ionized Co vacancies. Furthermore, the narrow size distribution of nanoparticles in luminescence, with a full width and half maximum (FWHM) of only a few nanometers, is reported by spectrum.



To further shed light on these compounds, the compounds prepared by the sol–gel synthesis route were formed with higher pronounced crystallinity. The morphological features of the samples derived by both synthesis methods are quite different. Moreover, the size and shape of chromite particles depend not only on the synthesis method used, but also on the nature of the octahedral cation        A    + 2    . The origin of cation    A  + 2     in the spinel structure displayed the tendency to produce pigments of numerous hues. The increase of     Ni   + 2     content leads to a warm black color. The     Co   + 2     enrichment in tetrahedral ligand field gives a variety of green shades, from bluish-green to yellowish-green. Only Cu-doped pigments exhibited fewer different hues and were dark, nearly black. Nonetheless, there are no main differences in the colors between pigments produced by the sol–gel synthesis methods.





4. Conclusions


Two aqueous sol–gel and sonochemical synthesis methods were successfully employed for the preparation of the chromite spinels Co1-xNixCr2O4 (x = 0–1 with a step of 0.2). The single-phase cobalt-chromium spinel CoCr2O4 and nickel-doped chromates were synthesized irrespective of the calcination temperatures (600–700 °C). However, the phase compositions of Ni-substituted chromates were found to be dependent on the annealing temperature. At higher substitution ratios of 0.6 and 1, these samples were mixtures of spinel-type and simple oxide crystalline phases. When the concentration of the Ni dopant is increased, the Co peak is suppressed. The work is important in its applications for optical devices and enhanced photocatalytic applications.
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Figure 1. Schematic flowchart of manufacturing CoCr2O4, CoNiCr2O4 nanoparticle. 
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Figure 2. XRD pattern of CoCr2O4 and Co1−xNixCr2O4: (a) x = 0.2, (b) x = 0.4, (c) x = 0.6, and (d) x = 0.8. 
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Figure 3. SEM images of Cu1−xNixCr2O4 (x = 0.0, 0.4, and 0.6). 
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Figure 4. Raman spectroscopy of doped cobalt chromites Co1−xNixCr2O4. 
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Figure 5. EDS results of Co1−xNixCr2O4 (x = 0.2, 0.4, 0.6, 0.8). 
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Figure 6. Photoluminescence spectra of doped Co1−xNixCr2O4. 
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