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Abstract
In this study, Ni0.5Co0.5Fe2O4 spinel nanoparticles were synthesized by high efficiency hydrothermal method. For this purpose, a certain amount of Co(NO3)2.6H2O and Ni(NO3)2.6H2O salts were used and after increasing the pH of the solution, the materials were transferred to an autoclave and exposed to high temperature for a certain period of time. . The synthesized nanoparticles were characterized by various analyses including XRD, FTIR, FESEM and VSM to confirm the purity of product and correct synthesis. XRD analysis confirmed the formation of the cubic structure of NiXCo1-xFe2O4 nanoparticles without any impure phase. The FTIR results clearly showed the presence of peaks related to the intrinsic vibration of Fe-O, Co-O and Ni-O. According to the results of FESEM analysis, the homogeneity and uniformity of the final nanoparticles were confirmed and their dimensions were estimated between 50 and 80 nm. The results of VSM analysis below the applied field of 10kO3 also showed that the synthesized nanoparticles have a high magnetic saturation (Ms) and are dominated by superparamagnetic properties. Finally, according to the properties of NixCo1-xFe2O4 (x = 0.5), It can be acknowledged that these nanoparticles can be used in various applications such as drug delivery, magnetic resonance imaging (MRI) and water and wastewater treatment.
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چكيده
در این مطالعه نانوذرات اسپینل Ni0.5Co0.5Fe2O4 به روش هیدروترمال با راندمان بالا سنتز شدند. به این منظور از مقدار معینی Co(NO3)2.6H2O و Ni(NO3)2.6H2O استفاده شد و پس از افزایش pH محلول، مواد به اتوکلاو منتقل شدند و برای مدت معینی در معرض دمای بالا قرار گرفتند. نانوذرات سنتز شده با آنالیزهای مختلف از جمله XRD، FTIR، FESEM و VSM برای تایید خلوص محصول و سنتز صحیح مشخص شدند. تجزیه و تحلیل XRD تشکیل ساختار مکعبی نانوذرات NiXCo1-xFe2O4 را بدون هیچ فاز ناخالص تایید کرد. نتایج FTIR به وضوح وجود قله های مربوط به ارتعاش ذاتی Fe-O، Co-O و Ni-O را نشان داد. با توجه به تجزیه و تحلیل نتایج FESEM، همگنی و یکنواختی نانوذرات نهایی تایید شد و ابعاد آنها بین 50 تا 80 نانومتر برآورد شد. نتایج تجزیه و تحلیل VSM در زیر میدان اعمالی 10kO3 نیز نشان داد که نانوذرات سنتز شده دارای اشباع مغناطیسی بالایی (Ms) هستند و خواص سوپر‌پارامغناطیس بر آنها غالب است. در نهایت با توجه به ویژگی‌های NixCo1-xFe2O4 (x = 0.5) می‌توان اذعان داشت که این نانوذرات می‌توانند در کاربردهای مختلفی مانند دارورسانی، تصویربرداری تشدید مغناطیسی (MRI) و تصفیه آب و پساب مورد استفاده قرار گیرند.
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Introduction
Nanoparticles are very small materials with dimensions between 1 and 100 nanometers that are classified according to their shape, properties and size [1]. Although the advent of nanomaterials dates back to the first decade of the twentieth century, it is not long before public awareness of nanotechnology and its applications can be traced back to the early 2000s, when nanomaterials from a purely scientific subject became an applied subject in various sciences and industries [2, 3]. Since then, it has been added to the applications of nanoparticles every year until today, when they are used in various subjects such as sensors, drug delivery, biological imaging, catalysts, cosmetics, textile industries, and water and wastewater treatment [4].
Nanomaterials are synthesized in various ways, the most common of which are chemical co-precipitation, hydrothermal, micro emulsion, sol-gel and biological synthesis methods, each of which has its advantages and disadvantages [5]. The choice of synthesis method largely depends on the desired properties of the final nanoparticle, so that each method can provide better control over one or more parameters such as shape, dimensions, charge of nanoparticles and their porosity [6, 7].
One of the most widely used nanoparticles that has attracted the attention of researchers in recent years is magnetic nanoparticles. Particles that can be absorbed by being in a magnetic field and quickly return to their original state by exiting the field. This feature can not only affect the application of nanoparticles, but also facilitate their collection and reuse [8]. These nanoparticles are also synthesized in various ways, all of which can be divided into three parts: chemical, physical and biological synthesis methods [9]. 
One of the methods that has been preferred by researchers due to its high controllability and production of the final product with a narrow dimensional distribution is the hydrothermal synthesis method. This method allows to produce nanoparticles with high purity and with the least amount of disturbing phases and morphology of the same shape [10]. This method is used for the synthesis of magnetic nanoparticles, especially spinels. Spinel nanoparticles are special materials that in addition to semiconductor and ferromagnetic properties can also have superparamagnetic properties [11].
In this study, the hydrothermal synthesis method with new parameters is presented, which produces NixCo1-xFe2O4 spinel nanoparticles with suitable dimensions and high efficiency, which can be widely used in various sciences and industries.

Materials
All chemicals used in this study were prepared and used from the highest quality and without any additional purification from Merck Company. Co(NO3)2.6H2O, Ni(NO3)2.6H2O, FeCl₃.6 H₂O, NaOH and ethanol were used to synthesize the desired nanoparticles. In addition, deionized water (18.2MΩcm) was used in all synthesis steps.

Synthesis method
In order to synthesize NixCo1-xFe2O4 nanoparticles (x = 0.5), initially 5.40 g of FeCl₃.6 H₂O, 1.45 g of Co(NO3)2.6H2O and 0.91 g of Ni(NO3)2.6H2O were added to 25 ml of deionized ion water. Stir for 60 minutes at 250 rpm. Then add sodium hydroxide solution dropwise at a concentration of 1 M and at the same time with the pH meter, control the pH of the solution until the pH of the solution reaches 10.5. After the pH is fixed, the solution is stirred for 120 minutes at 500 rpm. The final solution is then poured into a Teflon and stainless autoclave and placed at 175°C for 20 hours. Expose the final product to room temperature and extract the black precipitate with a magnet. Wash it with ethanol and water several times in a centrifuge to remove all impurities, and finally leave it at 85 ° C for 6 hours to dry.

Characterization
The crystal structure of the synthesized nanoparticles was determined by X-ray powder diffraction. For this purpose, PHILIPS-PW1730 device with 40kV and 30mA, Cu K radiation source (1.54A) was used. Particle surface morphology and shape were studied by field emission scanning electron microscopy (FESEM) which used TESCAN MIRA III. Vibrating Sample Magnetometer (VSM) and Co LBKFB Kavir Kashan model were used for magnetic properties and measurement of magnetic saturation of nanoparticles. In order to identify the functional groups in the nanoparticles, FTIR analysis was used with the help of Thermo-AVATAR device. Finally, in order to determine the zeta potential of nanoparticles at different pHs, the SZ-100z device made by Horiba Jobin Jyovin company was used.
The results of XRD analysis for NixCo1-xFe2O4 (x = 0.5) is shown in Fig. 1. As it is known, the existing peaks are attributed to the crystal plates [220], [311], [222], [400], [422], [511], [440] and [533] which form the structure. Simple NixCo1-xFe2O4 nanoparticles (x = 0.5) with standard card JCPDS no. 267-86 have been approved without any other phases. As can be seen from Fig. 1, in this method of the synthesis, existing of autoclave in the oven at high temperatures for a long time has caused the concentration of dissolved oxygen in the solution to decrease, which has led to the possibility of disturbing the stoichiometric ratio of Fe2+:Fe3+:1:2 is less during the reaction and reduces the chance of forming an amorphous phase next to the main phases. Due to the XRD analysis, the peaks are very sharp, which indicates the very favorable crystalline conditions of the synthesized nanoparticles.
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Figure 1: XRD analysis result

The particle size of the nanoparticles was estimated to be 31.78 nm using the Scherer formula (Equation. 1):


			(Eq. 1)

In this formula, β is equal to the peak width at half the maximum height, k is the Scherer constant flow rate, r is equal to 0.9, λ is equal to the Cu Kα wavelength (0.15406 nm), and θ is the Bragg angle in radians [13].
Fig. 2 shows the Fourier transform spectrum of NixCo1-xFe2O4 (x = 0.5) nanoparticles. Nanoparticles have four main peaks in the range of 500-100-4000 at room temperature. The IR spectrum of the sample is a clear peak in the range of 550 to 600 cm-1, indicating the inherent tensile vibration of Ni-O, Co-O. Peaks in this region confirm the presence of metal-oxygen ions in quadrilateral locations. Also, the two bands in the range of 1600 to 1650 cm and 3300 to 3500 cm are related to the tensile vibration -OH and flexural vibration of H2O molecules, respectively [14].
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Figure 2: The result of FTIR analysis

Fig. 3 shows the hysteresis curve of magnetic nanoparticles below the applied field of 10 kO3 at room temperature. Magnetic saturation (Ms) for nanoparticles was 51.58 emu / g. The amount of magnetic residue (Mr) is equal to the amount that the hysteresis loop intersects its magnetic axis, which is the value of Mr for nanoparticles equal to 10.73 (emu / g). The magnetic coercive force (HC) in NixCo1-xFe2O4 (x = 0.5) nanoparticles is close to zero, which indicates the presence of superparamagnetic properties in these nanoparticles [15, 16].
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Figure 3: The result of VSM analysis

Fig. 4 is a FESEM image of nanoparticles synthesized at 175 ° C. According to the pictures, the cubic structure of spinel nanoparticles is clear. This image shows that nanoparticles are produced with a narrow dimensional distribution and in a uniform manner. As it turns out, most particle sizes are in the range of 50 to 80 nanometers. the strong interaction between the magnetic nanoparticles, which can be the van der waals force and the magnetic dipole interaction, caused the nanoparticles to partially aggregate [17].
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Figure 4: FESEM image of nanoparticles

Fig. 5 shows the changes in the zeta potential of nanoparticles in terms of pH in the range of 2-8. As it is known, with increasing pH, the amount of zeta potential of nanoparticles has decreased and the zero point of zeta potential (ZPC) of nanoparticles is equal to 4.20.
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Figure 5: Zeta potential changes in pH

Conclusions
In this study, NixCo1-xFe2O4 (x = 0.5) nanoparticles were synthesized by hydrothermal method, which was longer than previous studies in the oven. The results showed that this change increased the synthesis efficiency and improved some properties of nickel-cobalt magnetic spinel nanoparticles. The results of characterization performed on the produced nanoparticles showed that nanoparticles with small dimensions, suitable crystallinity and without impure phases were formed. Also, these nanoparticles show good magnetic properties and superparamagnetic properties can be seen in them. In addition, the nanoparticles synthesized by the said method have high uniformity and homogeneity. In general, it can be concluded that the synthesis of NixCo1-xFe2O4 (x = 0.5) nanoparticles with the mentioned method can produce nanoparticles that can be used in various sciences and industries such as drug delivery, magnetic resonance imaging and water and wastewater treatment.
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