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Abstract:



The thermal treatment method was employed to prepare nickel-cobalt oxide (NiO/Co3O4) nanoparticles. This method was attempted to achieve the higher homogeneity of the final product. Specimens of nickel-cobalt oxide were characterized by various experimental techniques, including X-ray diffraction (XRD), transmission electron microscopy (TEM) and Fourier transform infrared spectroscopy (FTIR). X-ray diffraction results showed that there was no crystallinity in the predecessor, and it still had the amorphous phase. The formations of the crystalline phases of the nickel-cobalt oxide nanoparticles started from 350–500 °C, and the final products had different crystallite sizes ranging from 11–35 nm. Furthermore, the variation of DC conductivity (σdc), impedance, tangent loss (tgδ) and dielectric constant (ε′) of the calcined specimens with frequency in the range of 102–106 Hz was investigated. σdc showed a value of 1.9 × 10−6 S/m, 1.3 × 10−6 S/m and 1.6 × 10−6 S/m for the specimens calcined at 350, 400 and 450 °C, respectively. Additionally, a decrease in tgδ values with an increase in temperature was observed. Finally, the formed nanoparticles exhibited ferromagnetic behaviors, which were confirmed by using a vibrating sample magnetometer (VSM).
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1. Introduction


Nanocrystalline materials have attracted much attention because of their different magnetic, electric, dielectric, thermal, optical and catalytic properties in comparison to their bulk counterparts [1]. Nanostructured metal oxides have been extensively studied due to both scientific interests and potential applications [2]. Metal oxide nanoparticles (NPs) can adopt a large variety of structural geometries. Furthermore, they incur electronic structures that may exhibit metallic, semiconducting or insulating characteristics, endowing them with diverse chemical and physical properties. Therefore, metal oxides are among the most important functional materials used for chemical and biological sensing and transduction.



In the present work, we implemented a simple thermal treatment method for preparing magnetic metal oxide nanoparticles; the method is a much more convenient procedure and is completely environmental friendly. The nickel and cobalt oxide material has several applications, such as being active electro catalysts for oxygen evolution, as well as reduction in alkaline electrolytes [3,4], being used for the cathode material of rechargeable batteries [5] or in supercapacitor applications [6]. In light of our synthesizing method, we try to give a comprehensive characterization focusing on the physical property of the material to give more information about different aspects of the material property. We believe that our work can add a contribution, even though small, to all valuable previous works and can be listed as a good reference for future work; especially the work that tries to investigate more affordable and less complicated methods of fabrication for magnetic metal oxide nanoparticles. The acquirement of the desired physical and chemical properties from metal oxide NPs requires an effective preparation method and has become a significant subject of research. There are several nonconventional techniques in order to achieve high quality metal oxide nanoparticles that have been used or are under development for preparing ultrafine nanostructures [7,8,9,10,11,12,13,14,15,16,17,18]. Numerous factors and various precipitation agents were utilized to synthesis magnetic metal oxide nanocrystals with specific structures. On the whole, all of these methods require two basic production operations: the mixing of initial components either mechanically or chemically and a subsequent heat treatment of the obtained mixture: the temperature usually near 1400 °C [19]. Therefore, the formation of metal oxide nanostructure at temperatures lower than 1400 °C is an advantage for their preparation. Because of the annealing at high temperatures, the grain size of the metal oxides increases, which limits the possibilities of obtaining ultrafine particles for the desired applications, especially basic research. On the other hand, it is reported that the saturation magnetization for magnetic materials decreases with decreasing particle size, which will also limit the applications of nanostructured magnetic materials in magnetic recording [20]. Non-magnetic and died layers on the surfaces of fine particles and a fraction of finer particles in the superparamagnetic range have been suggested to be responsible for the decrease of the saturation magnetization in nanostructured magnetic materials [20,21]. Moreover, some of them may produce several by-products that are harmful to the environment [21]. Accordingly, in this article, the novel synthesis of nickel-cobalt oxide nanoparticles with high homogeneity was described. The effects of calcination temperature on the structural and physical properties of the nickel-cobalt oxide nanoparticles investigated were the significant extension and improvement of the thermal-treatment method [22].




2. Experimental Procedure


2.1. Materials


Metal nitrate reagents, poly(vinyl pyrrolidone) (PVP) and deionized water were used as precursors, a capping agent to reduce the agglomeration of particles and a solvent, respectively. Nickel nitrate (Ni (NO3)2·6H2O) and cobalt nitrate (Co (NO3)2·6H2O) were from Acros Organics with a purity exceeding 99%. PVP (MW = 29,000) was from Sigma Aldrich (Darmstadt, Hesse, Germany) and was used with no further purification. An aqueous solution of PVP was prepared by dissolving 3.5 g of the polymer in 100 mL of deionized water at 85 °C. Subsequently, 0.1 mmol nickel nitrate and 0.3 mmol cobalt nitrate (Ni:Co = 1:3) were mixed into the polymer solution, which was constantly stirred for 3 h using a magnetic stirrer until obtaining a purple color solution. The solution had a pH ranging from 3–4, which was measured by a glass electrode. No precipitation of materials occurred before the heat treatment. The mixed solution was poured into a glass petri dish and heated at 90 °C in an oven for 36 h to evaporate its water content. The dried purple solid was crushed and ground in a mortar for 30 min to form a powder. The calcinations of this powder were carried out at 350, 400, 450 and 500 °C for 3 h for the decomposition of the organic compounds and the crystallization of the nanoparticles.




2.2. Characterization


The crystalline phases and crystal structure existing in the NiO/Co3O4 nanostructure were examined by X-ray diffraction analysis (XRD; Philips X-pert type instrument, Eindhoven, Netherland). The X-ray source was Cu-Kα radiation (λ = 1.54056 Å), and XRD data were collected from 10°–80° (2θ). The structure and particle size of the nanocrystals were determined from transmission electron microscopy (TEM) images obtained using a JEOL 2010F UHR electron microscope (JEOL, Pleasanton, CA, USA) at an accelerating voltage of 200 kV.



The resulting NiO/Co3O4 nanostructures were analyzed by means of a Fourier-transform infrared (FTIR) spectrophotometer (PerkinElmer FTIR model 1650 spectrometer, Michigan City, IN, USA).



The dielectric properties were measured using a Precision LRC meter (Agilent-4284A, keysight, Chicago, IL, USA) in the frequency range from 20 Hz–1 MHz and at room temperature. A vibrating sample magnetometer (Lake Shore 4700, Tokyo, Japan) was used for analyzing the magnetic properties of the prepared NiO/Co3O4 nanoparticles at room temperature, with a maximum field of 15 kOe. For vibrating sample magnetometer (VSM) measurements, the powder was dispersed in paraffin wax, and the powder wax composites were put into a cylindrical cell.





3. Results and Discussion


3.1. Mechanism of the Formation of Nanoparticles


Interactions between the PVP capping agent [23] and metal ions are shown schematically in Figure 1, which shows that the nickel (II) and cobalt (III) ions are bound by the strong ionic bonds between the metallic ions and the amide group in a polymeric chain. PVP acts as a stabilizer for dissolved metallic salts through steric and electrostatic stabilization of the amide groups of the pyrrolidine rings and the methylene groups. Initially, the PVP stabilizer may decompose to a limited extent, thereby producing shorter polymer chains that are capped when they are adsorbed onto the surfaces of metallic ions [24]. The metallic ions, which are well dispersed in the cavities and networks, are created as a result of the shorter polymer chains. These mechanisms continue until they are terminated by the drying step. The influence of PVP is not restricted only to the solution and the drying step; PVP also affects the formation of the nuclei (i.e., nucleation) of the nickel ferrite nanoparticles in the calcination step. In this step, the small nanoparticles with high surface energy levels would become larger via the Ostwald ripening process [25] without the presence of PVP, disrupting steric hindrance, thereby preventing their aggregation.


Figure 1. Mechanism of interactions between poly(vinyl pyrrolidone) (PVP) and metal.
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3.2. Degree of Crystallization, Morphology and Phase Composition of Nickel-Cobalt Oxide Nanoparticles


The XRD results of the Ni-Co oxide nanoparticles are shown in Figure 2. The corresponding results demonstrate that nickel and cobalt oxides exist as NiO (JCPDS, No. 47-1049) and Co3O4 (JCPDS, No. 09-0418), respectively. The main diffraction peak positions of NiO are Lines C (311), D (200), G (220) and I (620), and the main diffraction peaks positions of Co3O4 are Lines A (111), B (220), C (311), E (400), F (511) and H (440). The XRD patterns of the calcined samples confirm the presence of Ni-Co oxide nanoparticles with a face centered cubic structure, which supported the TEM images, as shown in Figure 3. Broad and low intensity peaks indicate a low crystallization degree and the small size of the crystalline grain. The average particle size was determined from full width at half maximum (FWHM) using the well-known Debye-Scherer:
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(1)




where D is the crystallite size (nm), β is the full width of the diffraction line at half of the maximum intensity measured in radians, λ = 0.154 nm and is the X-ray wavelength of Cu Kα and θ is the Bragg angle [26]. The results show an increase in particle size with the increase of calcination temperatures of 350, 400, 450 and 500 °C, as is demonstrated in Table 1.


Figure 2. XRD results of (a) precursor and the Ni-Co oxide NPs calcined at (b) 350, (c) 400, (d) 450 and (e) 500 °C.
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Figure 3. TEM images of Ni-Co oxide NPs calcined at (a) 350, (b) 400, (c) 450 and (d) 500 °C.
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Table 1. Average particle sizes calculated from XRD results, average particle sizes observed from TEM images, as well as the wave number determined from FTIR spectroscopy and magnetic properties measured from the vibrating sample magnetometer (VSM) technique at room temperature for nickel-cobalt oxide nanoparticles.







	
Ni-Co Oxide Nanoparticles Calcined at (°C)

	
Average Particle Size XRD (nm)

	
Average Particle Size TEM (nm)

	
Wave Number (cm−1)

	
Saturation Magnetization Ms (emu/g)

	
Coercivity Field (Oe)




	
ν1

	
ν2

	
ν3






	
350

	
14

	
11 ± 4

	
401

	
556

	
654

	
0.61

	
98




	
400

	
17

	
12 ± 4

	
394

	
558

	
658

	
1.79

	
157




	
450

	
18.5

	
19 ± 3.5

	
389

	
554

	
656

	
9.66

	
714




	
500

	
32

	
35 ± 9

	
388

	
545

	
669

	
-

	
-










The TEM images in Figure 3, show the morphology and structure of the nickel cobalt oxide NPs calcined from 350–500 °C. The figure shows that the NPs obtained by this method are uniform in both morphology and particle size distribution. At the calcination temperatures of 350–500 °C, the particles had sizes of 11–35 nm, respectively (Table 1). These sizes are relatively consistent with the estimations from the XRD method and by applying Scherer’s formula (Equation (1)). The enhancement in particle size, caused by an increase in the calcination temperature, suggests that the surfaces of several neighboring particles were melted during the procedure due to high temperatures. This may cause the particles to be fused together, and the consequent increase of the particle size is attained [27]. Moreover, grain growth has been previously observed to enlarge the particle size for higher calcination temperatures in the synthesis of nanomaterials [28,29].



Figure 4a shows the FTIR spectrum of the precursor in the wave number range of 250–4000 cm−1. The band with a peak at 1054 cm−1 is assigned to the bands related to the C–O–C group. The other important peaks are at 3398, 1769, 1451 and 852 cm−1 corresponding to the stretching and bending vibrations of O–H, C=O, H–C–H and C–C, respectively [30]. The absence of the peaks from 1000–1500 cm−1 in the specimens at 350 °C and higher indicates the nonexistence of the C–O mode of organic sources (Figure 4b,e) [31]. The presence of the peaks from 1800–2500 cm−1 in the calcined specimens at 350 and 400 °C is related to the C=H stretching-mode of organic sources [32]. The spectra (Figure 4b,e) also contain three strong absorption bands in the range of 380–670 cm−1 with the first band (ν1) around 390 cm−1, the second band (ν2) around 550 cm−1 and the third band (ν3) around 660 cm−1 (Table 1). The first strong absorption bands (ν1) of all of the calcined specimens are related to the structure of NiO nanoparticles. Moreover, the two absorption bands (ν2 and ν3) confirm the spinel structure of Co3O4 nanoparticles [33]. The bands around 550 and 660 cm−1 (ν2 and ν3) are attributed to the stretching vibration mode of Mtetra↔O, in which M may be Ni2+ or Co2+ and is tetrahedrally coordinated [34,35]. The bands around 390 cm−1 (ν1) are assigned to the Mocta↔O in which M is Co3+, and it coordinates octahedrally [36,37].


Figure 4. FTIR spectra of (a) precursor and Ni-Co oxide NPs calcined at (b) 350, (c) 400, (d) 450 and (e) 500 °C.
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3.3. Electric and Dielectric Properties of Nickel-Cobalt Oxide Nanoparticles


Figure 5 shows the frequency variation of general conductivity σ (ω) for Ni-Co oxide NPs prepared at different temperatures. General conductivity can be calculated by the following equation:
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(2)




where G is the material conductance, d is the thickness and A is the surface area.


Figure 5. Variation of general conductivity with frequency for the Ni-Co oxide NPs.
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When a frequency-dependent field is applied to a dielectric material, the polarization process also depends on the frequency [38]. As is shown in Figure 5, for all of the specimens, DC conductivity (σdc) exhibits a flat frequency plateau at lower frequencies, while AC conductivity, as a frequency-dependent behavior, presents itself at higher frequencies. This may be attributed to a hopping-type conduction at a high frequency range [39]. The general conductivity shows dispersion around the frequency of 103 Hz. For the NPs, the general conductivity is an ascending function of frequency. The direct extrapolated σdc showed the value of 1.9 × 10−6 S/m, 1.3 × 10−6 S/m and 1.6 × 10−6 S/m for the NPs prepared at 350, 400 and 450 °C, respectively. These values are in the same range as that of typical insulating materials and indicate negligible change in DC conductivity by increasing the sintering temperature. However, the variation of σ (ω) with frequency indicates an overall AC behavior, which is especially more pronounced for the NPs prepared at 450 °C, whose conductivity value is the largest at high frequency ranges. This originates from the higher crystallinity in this particular sample and is consistent with the TEM and FTIR results. As illustrated by the XRD graph (Figure 2), the crystallinity is increased by raising the synthesis temperature for Ni-Co oxide NPs, which leads to less crystal defects and/or possible trapped ions. According to the decrement of these trapped ions (crystal defects), general conductivity values in Figure 2 showed more AC behavior than DC behavior, which is basically related to the reduction of free carriers to conduct the DC current [40]. For instance, the sample prepared at 350 °C showed the highest σdc, which can be due to the presence of higher free charges originated from the crystal defects to provide a slight motion to present a higher DC behavior for this sample.



The impedance of Ni-Co oxide NPs was measured at room temperature under zero bias with an applied small signal voltage of 0.5 V in the frequency range of 40 Hz–1 MHz. The total complex impedance can be expressed by:
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(3)




where Z′ and Z″ are the real and imaginary part of total impedance, respectively. The equation for the imaginary part of impedance is as follows:
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(4)




where C, G and ω are the capacitance, admittance and frequency, respectively.



The complex impedance relation for Z′ and Z″ is plotted in the Nyquist diagram [41] indicated in Figure 6. The variation of semi-circle radii reflects the influence of different thermal treatments on crystallinity. The NPs prepared at 350 °C and 400 °C show a similar behavior. The lowest radius appears for the sample prepared at 350 °C, showing low resistance. The radius then increases for the one prepared at 400 °C that incurs the highest resistance (Z″) among the specimens. The peak resistance for both specimens occurs at high frequency ranges, implying a larger capacitive loss for these specimens with a poor polarization. In contrast, for the sample prepared at 450 °C, a different trend is detected; the peak of the semicircle is shifted toward the low frequency ranges (right side of the plot). Furthermore, a reduction in Z″ height shows that capacitance loss in the sample prepared at 450 °C is reduced, as may also be seen regarding Equation (4) for this case. This leads to a better polarization for this sample.


Figure 6. Nyquist diagram of Ni-Co oxide NPs for impedance.
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The dielectric response is defined by a complex permittivity as:
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(5)




where the real and imaginary components ε′(ω) and ε′′(ω) are the storage and loss energies, respectively. Due to a resistance against the motion of atoms in the material, there exists a phase delay between alterations of the field and polarization, which is stated as a loss factor or tgδ = ε″/ε′. The energy that is absorbed from the frequency-dependent field, by the dielectric material per cycle, is directly proportional to the loss factor from the frequency-dependent field [42]. In crystalline defects, charge carriers, such as free charges, cavities and polar groups, can affect the dielectric constant [43]. For NiCo oxide NPs, the variations of frequency with dielectric constant ε′ and tgδ at room temperature are shown in Figure 7a,b. A large dispersion can be seen for ε′ in the frequency range of 40 Hz–10 MHz, where the fractional power law (ωn, n is the fractional quantity) is followed by the “universal dielectric response” [44].


Figure 7. Variation of dielectric constant (a) and tgδ (b) with frequency for Ni-Co oxide NPs.
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As is shown in Figure 7a, the ε′ value for all specimens is higher at the low frequency range and starts to decline around the frequency of 103 Hz. The relaxation, defined as a gradual decrease in ε′ with increasing frequency, is recognizable for all of the specimens. At low frequencies, dipoles in atomic structure are able to follow the rate of external field oscillations. Nevertheless, for a high range of frequency, these dipoles begin to lag the external field, and the value of ε′ tends to change slightly. This indicates a saturation state in the polarization [45]. The ε′ values are increasing by raising synthesis temperature, whereas they are decreasing by an increase in the frequency. For all frequency ranges, the ε′ value is higher when the particle size increases due to higher crystallinity. The highest value of ε′ in all frequency ranges occurs for the sample prepared at 450 °C, which agrees with the result extracted for impedance shown in Figure 6 as better polarization for this sample.



Figure 7b shows the tgδ value for all nanoparticles, which decreases at a higher frequency range. Furthermore, it indicates a decline in tgδ values for the Ni-Co oxide NPs with a higher preparation temperature. It reaches its lowest value for the sample prepared at the highest temperature (450 °C). This phenomenon is related to low numbers of charge carriers (lack of free charge motion) in specimens prepared at higher temperature that in turn leads to a decrease in the dielectric loss value [45,46,47]. Interestingly, the high observed value of ε′ at a low frequency range may be the consequence of the interfacial effect of the electrodes and the sample (DC barrier effect) [48]. At higher frequencies, the tgδ value for all of the specimens is much smaller than the low frequency range, and there is no appreciable variation with different synthesis temperatures (Figure 7b).




3.4. Magnetic Properties of Nickel-Cobalt Oxide Nanoparticles


Figure 8 shows the magnetization curves (M (H)) that were measured at room temperature in the range of approximately −15–+15 kOe. All of the specimens after calcinations exhibited ferromagnetic behaviors. Table 1 depicts the values of saturation magnetization (Ms) that are about 0.61, 1.79 and 9.66 electromagnetic unit per gram (emu/g) for the calcined nickel-cobalt specimens at 350, 400 and 450 °C, respectively. It was found that the values of Ms for the nickel-cobalt oxide nanoparticles were observed to increase with increasing temperature (or decreasing polymer) and particle size. The saturation magnetization values of the calcined specimens increase with increasing particle size, which may be attributed to the surface effects in these nanoparticles. The surface of the nanoparticles seems to be composed of some distorted or slanted spins that repel the core spins to align the field direction. Consequently, the saturation magnetization decreases for smaller sizes [22,29]. Furthermore, the surface is likely to behave as an inactive and dead layer with inconsiderable magnetization [28]. Figure 8 (right) shows the expanded coercivity field (Hc) of the region around the origin for clear visibility at room temperature in the range of approximately −200–+200 Oe. The coercivity field values are listed in Table 1, and the curve of their variations with the particle size of the nickel-cobalt oxide nanoparticles is also shown in Figure 8. These variations are similar to saturation magnetization because, when the particle size increases from 11–19 nm, the coercivity field increases from 98–714 Oe at room temperature. Variations of the coercivity field with the particle size of metal oxides nanoparticles can be elucidated on the basis of the domain structure, critical size and the anisotropy of the crystal [30,31,49].


Figure 8. The magnetization curves of the nickel-cobalt oxide nanoparticles calcined at (a) 350, (b) 400 and (c) 450, which were measured at room temperature in the range of approximately −15 k–+15 kOe; (right) the expanded field region around the origin for clear visibility for the readers, in the range of approximately −400–+400 Oe.
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4. Conclusions


The nanocrystalline form of nickel-cobalt oxide (NiO/Co3O4) was successfully fabricated using a simple thermal treatment method. The influence of the calcination temperature on the degree of crystallinity, morphology and phase composition was investigated by using different characterization techniques, i.e., XRD, TEM and FTIR, respectively. The increase in particle size from 11–35 nm was observed when the calcination temperature was increased from 350–500 °C. Variation of the general conductivity (σ), the loss factor and the dielectric constant (ε′) of all of the calcined specimens with frequency in the range of 102–106 Hz was investigated. The magnetic studies showed that the saturation magnetization and coercivity field of the nickel cobalt oxide nanoparticles increased as temperature increased.
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