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(NiyFe0.025Mg0.975-yO) nanoparticles with (y = 0.0, 0.025, 0.050, 0.075 and 0.1) were prepared using the 

sol-gel / auto-combustion method. The electrical, morphological and structural properties of the 

products were characterized and determined in detail by (XRD), energy dispersive X-ray spectroscopy 

(EDX) and scanning electron microscopy (SEM). X-ray analysis showed the lattice parameter (a) 

decreased from 4.218 Å to 4.207 Å with increasing nickel content. The grain size (D) was found in the 

range of 13.55 - 21.12 nm by using Scherrer formula. Dielectric properties (dielectric constant, 

dielectric loss and conductivity) were studied as a function of frequency at room temperature. 

Significant improvements were observed in the dielectric properties with the addition of nickel ions. 
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1. INTRODUCTION 

Metal oxides play a substantial role in many fields of materials science, physics, and chemistry. 

Among metal oxides, MgO is capable of creating a large family of derivative oxide compounds. 

 Magnesium oxide is a versatile metal oxide due to its unique chemical and physical properties, 

especially with regard to its insulating and refractory properties that are often used in industry. 

Magnesium oxide has a high melting point (2852 °C) and is therefore resistant to deformation at high 

temperatures. MgO can be obtained by several different routes, such as chemical spray pyrolysis [1], 

chemical vapor deposition [2], and sol-gel combustion [3]. The method of sol-gel is considered the 

most facile approach to obtain magnesium oxide because it is straightforward, less expensive than 

other methods, and yields different shapes and sizes of metal oxides. The size of MgO nanoparticles 
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has a positive effect on their chemical and physical properties, including optical, magnetic, and 

electrical properties. Most of these properties help improve factors such as the degree of concentration 

calcination and user-acid fuel heat. Magnesium oxide has an (f.c.c) and a lattice constant (a = 4.212 

nm) [4-7]. Magnesium oxide nano particles has been prepared using many methods, including 

biosynthetic [8-10], microwave assisted sol-gel [11], hydrothermal [12], sol-gel [13], phytoassisted 

[14], quick precipitation[15], and solvent mixed spray pyrolysis [16] methods. 

There are many studies on MgO doping and the effect of these ions on the properties of MgO 

such as Mn-doped MgO nanoparticles [17], Ag-doped MgO nanoparticles [18], Fe-doped MgO 

nanoparticles [19], Ni-doped MgO nanoparticles [20], and Cu-doped MgO nanoparticles [21]. 

The aim of this research was to prepare (NiyFe0.025Mg0.975-yO) nanoparticles with (y = 0, 0.025, 

0.050, 0.075 and 0.1) and to study the effect of varying Ni content on the structural and dielectric 

properties to gain valuable information for the use of these nanoparticles in practical applications. 

 

 

 

2. EXPERIMENTAL METHOD 

Nano-sized (NiyFe0.025Mg0.975-yO), where y = 0, 0.025, 0.050, 0.075 and 0.1 (the samples are 

denoted a, b, c, d, and e, respectively) were prepared by the sol-gel method using iron nitrate 

(Fe(NO3)2.9H2O, 98.5%), magnesium nitrate (Mg(NO3)2.6H2O, 99%), and nickel nitrate 

(Ni(NO3)2.6H2O, 99.5%) as precursors and citric acid (C6H8O7.H2O, 99%) as a fuel for the ignition 

process. All chemicals were purchased from Merck, India and used without any further purification. 

All these materials were dissolved separately in 200 ml of distilled water. A 1:1 molar ratio of nickel 

nitrate, magnesium nitrate and iron nitrate solution was prepared. The pH of the solution was adjusted 

to 7 using ammonia. The resultant solution was heated at 90 °C using a magnetic stirrer hot plate until 

a gel was formed. After that, the temperature was increased to 220 °C and then ignited in a sol-gel 

auto-combustion method to form a nanopowder. The as-burnt resultant powder was then calcined at 

800 °C for 2 h. 

X-ray diffraction (Shimadzu XRD-6000) was used to investigate the structural properties. The 

morphological properties were examined by a scanning electron microscope (SEM) (SEM  Inspect 

S50), and electron dispersive X-ray spectroscopy (EDX) was used for the elemental analysis. The 

dielectric characterization was investigated by using an LCR meter (LCR-8105G - GW INSTEK, 

Taiwan) in the frequency range of 50 Hz-1 MHz  

 

 

3. RESULTS & DISCUSSION 

3.1. X-ray diffraction 

Figure 1 shows the X-ray diffraction patterns of (NiyFe0.025Mg0.975-yO) nanoparticles with y = 0, 

0.025, 0.050, 0.075 and 0.1. Each sample shows peaks consistent with the cubic structure of MgO, 

which has a standard pattern (JCPDS Card No: 45-0946) [12]. All samples exhibited the three 

strongest peaks observed for the (220), (222), and (200) lattice planes of (NiyFe0.025Mg0.975-yO).  
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Figure 1. XRD pattern of the (NiyFe0.025Mg0.975-yO) samples. 

 

The average grain size (D) of the samples was measured from the X-ray diffraction line 

broadening using Scherrer’s equation [22]. 

D = K λ / β cos θ    …. (1) 

The average calculated grain size (D) was between 13.55-21.12 nm, indicating that the grain 

size increases with increasing Ni content [23], as shown in (Table 1). This result is attributed to the 

increase of molecules at the crystallite surface, resulting in improved grain growth [24]. The value of 

the obtained lattice constant a= 4.218 Å of pure MgO was slightly larger than the value reported in 

(JCPDS Card No: 45-0946, where a= 4.211 Å). The measured lattice parameter decreased to (a =4.207 

Å) with increasing Ni content as shown in (Table 1). This result is likely attributed to several 

mechanisms, the first of which could be due to the smaller ionic radius of Ni (0.74 Å) compared to that 

of Mg (0.86 Å). This result may also be due to the changes in the magnesium oxide bond length and 

the overall lattice parameter [25]. 

The grain size was also calculated by the Williamson-Hall equation [26], which takes into 

account the microstrain that the grains face as a result of different reasons. 

     ( 
  

 
 )                    

Here, K: constant, D: average grain sizes, and λ: wavelength of Cu kα radiation. The equation 

is plotted with βhkl cos   on the y-axis and sin   on the x-axis for all samples [26, 27]. Particle size and 

strain are measured from the slope and y-intercept of the fitted line, respectively. The W-H plots are 

depicted in figure 2, and the results are shown in table (1). Although the grain sizes calculated by the 

W-H equation are not identical to those calculated by the Scherrer equation, this can be attributed to 

the microstrain in which the grain size is generally smaller when the microstrain is negative, where the 

strain might be due to the lattice shrinkage [28]. In contrast, the W-H grain sizes exhibited the same 

trend as those calculated by the Scherrer equation.  
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Figure 2. (a, b, c, d and e) Williamson-Hall plot of the (NiyFe0.025Mg0.975-yO) samples. 

 

Table 1. Lattice parameter (a) and grain sizes of the (NiyFe0.025Mg0.975-yO) samples. 

 

Sample y content a(Å) DScherrer D Williamson-Hall (ε)       

a 0 4.218 21.12 23.1 0.2 

b 0.025 4.212 18.51 19.47 -0.55 

c 0.050 4.211 18.34 17.11 -0.75 

d 0.075 4.208 18.24 15.75 -0.9 

e 0.1 4.207 13.55 13.07 -0.425 

 

The texture coefficient (TC) of all samples was calculated using the Harris formula:[29] 

      
             ⁄

 ∑          ⁄ 
                                                                      

Where N is the reflection number, hkl are Miller indices, Io(hkl), is the criterion intensity of the 

(hkl) taken from the (JCPDS Card No: 45-0946) and I(hkl) is the measured relative intensity of a plane 

(hkl). The results are shown in table 2. We observed that the increased nickel content plays a basic role 

in changing the texture coefficient (TC). A slight preference was observed for crystal growth at the 

(222) and (220) lattice planes, and a slight decrease over the other (200) plane. All samples had an 

almost perfect forming factor, with the formation factor approaching (1) for the (220) and (222) 

surfaces, while the surface (200) suffered from a lack of growth due to the high energy required by the 

growth of this surface [30].  
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Table 2. The results of X-ray diffraction data of the (NiyFe0.025Mg0.975-yO) samples. 

 

Samples y content TC 

(200) 

TC 

(220) 

TC 

(222) 

a 0 0.91477 1.07896 1.00625 

b 0.025 0.86795 1.09050 1.04154 

c 0.05 0.86156 1.10456 1.03387 

d 0.075 0.87443 1.07623 1.04932 

e 0.1 0.86795 1.09050 1.04154 

 

3.2. SEM analysis  

Scanning electron microscopy measurements were performed to analyze the structure and 

morphology of the synthesized samples. The obtained SEM images of all samples are shown in Fig 3. 

It was found that the particles were regular in shape and that the grains had a spherical or semi-

spherical shape, although we noticed the presence of agglomeration in some regions.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. (a, b, c, d and e) Scanning electron microscopy images of the (NiyFe0.025Mg0.975-yO) samples. 
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This result has been observed in other works due to the limited magnification power of the 

SEM device [29]. 

 

3.3. Energy dispersive X-ray 

Energy dispersive X-ray (EDX) spectra of the respective samples are shown in Fig 4. The 

peaks corresponding to the elements Mg, Fe and O were observed in the FM sample, and the peaks 

corresponding to Mg, Ni, Fe and O are shown in the (NiyFe0.025Mg0.975-yO) spectra. These data indicate 

that the auto-combustion method is successful because there is no elemental loss during the synthesis 

process [30]. 

 

 

 

Figure  4. (a, b, c, d and e) Energy dispersive X-ray spectra of the (NiyFe0.025Mg0.975-yO) samples. 

 

3.4. Dielectric properties  

After the nanopowders had been pressed into pellets (15mm in diameter and 25 mm in 

thickness and examined by LCR meter, the dielectric constant was calculated by equation [31] : 

           ……………….(4)   
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where C is the value of capacitance, d is the thickness (cm), A is the surface area (cm
2
) and    

is the permittivity of air. 

Figure (5) shows the change in the dielectric constant of the (NiyFe0.025Mg0.975-yO) compounds 

with frequency. We observe that the dielectric constant decreases with increasing frequency for all Ni-

doped samples, and this result can be explained by a Debye-type relaxation process [31]. However, we 

observed that the dielectric constant increased with the increase in the nickel content and that the 

maximum value of this constant was at a ratio of 0.075 at 5 KHz. The sample with a doping 

concentration of y = (0.075) had the highest dielectric constant, which can be interpreted as an increase 

in nickel that will decrease the lattice binding energy and thus increase the oxygen vacancies, leading 

to an increase in the mobility of oxygen ions. The dielectric constant will increase as a result of more 

mobile oxygen ions [33], as seen in the work of others [32]. For the dielectric loss factor (ɛ′′), Figure 6 

shows that it had the same behavior as the dielectric constant because of the direct relationship 

between the two according to equation [34]: 

ɛ′′=tanδ ɛ' ……………………(5) 

 where tanδ is the loss tangent. The ability of these materials to store charges when placed in an 

electric field can be represented by (ɛ') [35]. A.C conductivity (    ) is expressed by equation [31]: 

              tanδ   ……….(6) 

The variation of A.C conductivity (    ) for all samples as a function of frequency is shown in 

figure 7. The conductivity of (Ni yFe 0.025 Mg 0.975-y O) nanoparticles increased with increasing 

frequency. This result may be attributed to the rotation of dipoles when polarization between two 

equivalent equilibrium positions is involved [28].  

 

 
 

Figure 5. The dielectric constant versus frequency for (NiyFe0.025Mg0.975-yO) samples. 

 

Additionally, we observed that the conductivity (    ) increased with increasing Ni content for 

all samples, and the maximum value of      was measured when y = 0.075 at 5 KHz. The decreasing 

gap within conductors may be the reason for the increase in A.C. conductivity when increasing the Ni 

content. Moreover, there is an additional reason that a few continuous conducting networks are formed 

when the frequency increases suddenly. In this region, a small change in f causes an unexpected 

increase in conductivity, which means that the material becomes a conducting material [36]; thus, in 

this case, the electrons can move similarly in a normal conducting material [37].       
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Figure 6. The dielectric loss factor versus frequency for (NiyFe0.025Mg0.975-yO) samples. 

 

 
 

Figure 7. A.C conductivity versus frequency for (NiyFe0.025Mg0.975-yO) samples. 

 

 

 

4. CONCLUSION   

(NiyFe0.025Mg0.975-yO) nanoparticles, where y = 0,0.025, 0.050, 0.075 and 0.1, were prepared by 

the auto-combustion method. (XRD) confirmed that the lattice constant in the cubic structure was 

decreased with increasing Ni content. The grain size was found to be on the nanoscale by using 

Scherrer and Williamson-Hall analyses. From the SEM images, we observed that the grains were 

regular and had spherical or semi spherical shapes, in addition to some agglomeration of the 

nanoparticles. The dielectric loss, dielectric constant and conductivity were studied as a function of 

frequency, and we found that these properties were affected by the presence of Ni. 
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