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Abstract

:

The preparation of ZnxNi1−xFe2O4 (x = 0 and 0.3) nanoparticles using glycine-mediated combustion route was successfully completed depending on the zwitterion and combustion characteristics of glycine. Using a variety of methods, including XRD, FTIR, SEM/EDX, and TEM, the investigated ferrites were characterized. XRD and FTIR analyses confirm that Zn0.3Ni0.7Fe2O4 and NiFe2O4 nanoparticles crystallize in the cubic symmetry in the space group Fd3m. An increase in the lattice parameters and a subsequent decrease in crystallite size were caused by the process of replacing Ni ions with Zn ions. In accordance with Waldron’s hypothesis, FTIR spectra demonstrate that the ferrites have a spinel-type structure as they are produced. The substitution process by Zn led to different changes in the half band widths with subsequent in splitting in the absorption band around 400 cm−1. The examined ferrites’ cation distribution showed that Zn2+ and Ni2+ ions favored the tetrahedral (A) and octahedral (B) sites, respectively, while Fe3+ ions occupied both A- and B-sites, providing mixed spinel ferrite. TEM analysis indicates the formation of spinel nanocrystalline particles with low agglomerations. The particle size of the as-synthesized ferrites did not exceed 16 nm. By applying the VSM approach at room temperature, the magnetic characteristics of the ferrites under investigation were established. The magnetization of Zn0.3Ni0.7Fe2O4 nanoparticles was found to be higher than that of NiFe2O4 nanoparticles according to the magnetic data. Increasing the magnetization and the experimental magnetic moment of Zn0.3Ni0.7Fe2O4 were accompanied by a decreasing of its coercivity. The net magnetization is oriented along different high symmetry directions. On the other hand, the anisotropy of the nickel ferrite increases by substituting Ni with a Zn ion.
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1. Introduction


Nickel ferrite (NiFe2O4) has attracted the attention of many scientists because of its multiple applications, including magnetic storage systems, photo magnetic materials, microwave devices, catalysts, gas sensors, Ferro fluids, magnetic storage systems, and photo magnetic materials [1,2]. Its uses also included high frequency circuits, the cores of radiofrequency (RF) transformers, inductors, antennas, and radar absorption materials. This might be explained by the material’s strong resistivity and low degradation at high frequencies [3]. Generally, the significant contributions of nickel ferrite in many applied fields are primarily due to unusual structural, spectroscopic, electrical, electrochemical, and magnetic properties [4]. Directing or controlling these properties occurs through the standardized planning of their preparation processes. It is important to have a good selection and control of the ferrite preparation process, the main objective of which is to control the structural properties, including the cation distribution in both tetrahedral and octahedral sites. The structural–property relationships in deferent materials are connected with the symmetry in the crystal structure. Therefore, the cation distribution can shed light on the symmetry conditions in materials. The physical characteristics of a material are mainly determined based on its structure. The ferrite type structure can be viewed as a combination of rotations, rotations inversion, and translational symmetries.



Different preparation techniques, such as the hydrothermal, wet chemical, auto combustion, and spray drying methods, have been studied for the fabrication of nanoscale mixed ferrite particles [5,6,7,8,9,10]. The Deraz group, as a group specialized in the preparation and characterization of nano magnetic materials with various applications, sought to reach one pot preparation methods that are environmentally friendly and less expensive, especially by not relying on high temperatures that may be necessary to prepare different ferrites [10,11,12,13,14,15]. This research group focused on the method of preparing nanomaterials, including ferrites, with self-combustion based on different fuels, such as glycine and egg white. In addition, this group found that the difference in fuel and its concentration greatly affects the structural, morphological, surface, magnetic, and catalytic properties of the prepared ferrites.



On improving the properties of nickel ferrites that were present in our previous works, it was necessary to change the amount of fuel used because of resorting to the process of replacing nickel ions with other non-magnetic ions, such as Zn ions. In our previous works, we found that the magnetism of nickel ferrite (NiFe2O4) prepared using 0 and 8 mol glycine were 0.838 emu/g and 57 emu/g, respectively [16]. Moreover, the magnetism of zinc-substituted nickel ferrite (Zn0.5Ni0.5Fe2O4) prepared using glycine-assisted auto combustion was 57 emu/g [15]. In bulk zinc-substituted nickel ferrite systems, the zinc ions prefer the tetrahedral position, and the nickel ions prefer the octahedral position. However, it has been shown that a small percentage of zinc and nickel ions might also be found in the nano crystalline form, occupying the octahedral and tetrahedral positions, respectively [15,17]. Finally, we can say that microscopic properties, such as composition, grain size, dopant content, impurities, precursors, and preparation conditions, clearly affect all properties of Ni-Zn ferrite system [18].



Therefore, the purpose of this project was to study the influence of the composition of nano-sized Ni1−xZnxFe2O4 ferrites with x = 0.00 and 0.30 on the crystal structure and morphological and magnetic characteristics.




2. Materials and Methods


2.1. Materials


Glycine, ferric nitrate hydrate, zinc (II) nitrate, and nickel (II) nitrate all have linear formulas. Ni(NO3)2.6H2O, Zn(NO3)2.6H2O, Fe(NO3)3.9H2O, and NH2CH2COOH were the chemical components used, respectively. The Sigma-Aldrich Company provided the materials for this project (Darmstadt, Taufkirchen, Germany). No additional processing was necessary for these reagents, which were used quantitatively.




2.2. Preparation Method


Using the glycine-assisted auto combustion technique, two samples of NiFe2O4 and Ni0.7Zn0.3Fe2O4 were produced. The samples under investigation were created by thoroughly mixing an equimolar mixture of nickel and ferric nitrates hydrate with 3 mol glycine in a crucible, taking the stoichiometric ratio of Fe/Ni = 2 into consideration. To increase the viscosity of the materials under study, the obtained materials were first swirled at 80 °C to allow the water to vaporize. By increasing the temperature to 120 °C, the mixture was afterwards transformed into a gel. The produced precursor gel was then heated to a crucible temperature by being calcined at 300 °C for 15 min. When a spark appeared in one corner and quickly spread throughout the mass, it seemed to indicate that the mass was combusting in an incandescent manner, producing a large volume of dense, fluffy material. Foam had already started forming in this region.




2.3. Characterization Systems


X-ray diffraction and a BRUKER D8 advance diffractometer (Karlsruhe, Germany) were used to measure the structural properties of several nanoparticles. Cu Kα radiation was used to run the patterns at 40 kV, 40 mA, and a scanning speed of 2° per minute. Based on X-ray diffraction line broadening of plane (311) and Scherrer equation calculations, Equation (1) through (10) have been utilized to determine the different lattice parameters of pure and substituted nickel ferrite represented in the examined product [19]:


d = B λ/β cos θ



(1)






δ = 1/d2



(2)






ε = β cos θ/4



(3)






Dx = 8 Mw/Na3



(4)






LA = (√3/4)a



(5)






LB = (√2/4)a



(6)






rA = (u − 1/4)a√3 − r(O2−)



(7)






rB = (5/8 − u)a − r(O2−)



(8)






A–O = (u − 1/4)a√3



(9)






B–O = (5/8 − u)a



(10)




where d is the mean crystallite size of the phasing being investigated, B is the Scherrer parameter (0.89), λ is the wavelength of the X-ray beam being used, β is the full-width half maximum (FWHM) of diffraction, δ is dislocation density, ε is the strain of the powder, and θ is the Bragg’s angle, Dx is density based on XRD results, Mw is the molecular weight, N is the Avogadro’s number, a is the lattice parameter, r(O2−) is radius of oxygen ion, and u is the oxygen ion parameter. The distance between the magnetic ions (LA, LB), bond lengths (A–O, B–O), and ionic radii (rA, rB) was on tetrahedral and octahedral sites.



A PerkinElmer Spectrophotometer (type 1430) was used to measure the Fourier-transmission infrared (FTIR) spectra of several materials. An amount of 200 mg of vacuum-dried IR-grade KBr was combined with two milligrams of each solid sample. The FTIR spectra were measured in the 1000–4000 cm–1 range. After being processed for three minutes in a vibrating ball mill, the mixture was dispersed using a steel die with a 13 mm diameter. The FTIR spectrophotometer’s double grating spectrophotometer container was filled with the identical disks.



The JEOL JAX-840A and JEOL Model 1230 (both from JEOL, Tokyo, Japan) were used to capture TEM images, respectively. The materials were dispersed in ethanol and then subjected to a short ultrasonic treatment in order to disperse individual particles over mount setup and copper grids.



The magnetic characteristics of the undetected ferrites were examined using a vibrating sample magnetometer (VSM—Model 9600-1, LDJ Electronics, Troy, MI, USA) with a 20 kG maximum applied field.





3. Results


3.1. Structural Properties of the as Synthesized Ferrites


Figure 1 shows XRD diagrams of the manufactured ZnxNi1−xFe2O4 (x = 0 and 0.3). The variations between the values of two thetas observed and computed for the S1 and S2 sample, as well as the miller indices, are reported in Table 1. These diagrams demonstrate the production of NiFe2O4 (PDF no; 44-1485) in the S1 sample with presence of ZnFe2O4 (PDF no; 10-325) in the S2 sample. The majority of the observed peaks were also robust and distinct, supporting the materials’ crystalline nature as manufactured. In addition to computing the lattice parameters, the Fullprof program [20] was used to determine the crystal system, space group, and other crystallographic properties that are illustrated in Table 2. These findings confirm the combination between both NiFe2O4 and ZnFe2O4 to form the solid solution of pure Zn0.3Ni0.7Fe2O4 with an absence of any second phase.



By shedding light on the peak height for the (220) and (440) planes, which could be an indicator of the cation distribution at sub-lattice (namely, the tetrahedral (A-) and octahedral (B-) sites, respectively) involved in the spinel type ferrite, we found that [16] (i) in the S1 sample, the intensity of (440) plane is higher than that of the (220) plane depending on fabrication of inverse spinel type nickel ferrite. Counter behavior was displayed in the case of the S2 sample depending on the manufacturing of mixed spinel Zn-Ni ferrite. (ii) The peak height of the (2 2 0) plane is greater than that of the (440) plane, indicating the incorporation of Zn ions in A-site. It is clear from this table that the values of δ, ε, a, Dx, LA, LB, rA, rB, A-O, and B-O for Zn-substituted nickel ferrite are higher than that of unsubstituted Ni ferrite.




3.2. FTIR Analysis


The spectra of FTIR for the manufactured samples are given in Figure 2. This figure displays modifications in the absorption bands of the as-prepared materials due to the substitution process by Zn ions. However, this figure shows two major absorption bands (i.e., υ1 and υ2) in the range of 537–410 cm−1 related to A- and B-sites at higher and lower frequencies, respectively. These bands confirm the formation of the as-prepared materials with a cubic spinel phase structure according to report of Waldron [21]. The major absorption band for two samples at 537 cm−1 is relativity narrow and strong in its intensity; however, it is due to the metal–oxygen (M–O) intrinsic vibrations for tetrahedral complexes. Two minor absorption bands for the S2 sample at 422 cm−1 and 410 cm−1 are narrow and weak in their intensities; however, they are due to the octahedral M–O intrinsic vibrations. A similar narrow and weak absorption band for the S1 sample was observed at 419 cm−1. An additional two broad absorption bands at 1410 cm−1 and 1125–1075 cm−1 are due to the stretching vibrations of both hydrogen and hydroxyl carbon (C-H and C-OH).




3.3. Morphological Characteristics of the Investigated Ferrites


The microstructure properties of Zn-substituted and unsubstituted nickel ferrites were determined using the transmission electron microscopy (TEM) technique. Figure 3 and Figure 4 display TEM, or high resolution (RT)-TEM, images of the selected area electron diffraction (SAED) and histograms of the crystallite size statistical distribution (CSD) of the manufactured samples. Figure 3a and Figure 4a show a progressive change in the morphology characteristics of nickel ferrite nanoparticles with the substitution of some Ni ions with Zn ions, yielding particles with average size of 5 nm. One cannot ignore presence of some agglomerations. Figure 3b and Figure 4b display CSD histograms of the investigated samples, confirming that these samples consisted entirely of different particles in Nano scale in the range from 2 nm to ≥40 nm. In fact, the crystallite size calculated from XRD was larger than the particle size determined from TEM. This difference may be due to the fact that TEM gives a complete picture of all crystallized and amorphous granules while the X-ray gives this picture of crystallized granules only. In this study, the majority of the granules prepared in the S1 and S2 samples had an average size of 15 and 5 nm, respectively. While Figure 3c and Figure 4c show a fast Fourier transform (FFT) of the manufactured solids, which confirmed the formation of a spinel type structure. In addition, the particles of the manufactured samples have a polycrystalline nature, as shown in Figure 3d and Figure 4d, which display the selected area electron diffraction (SAED) images with regular rings containing light spots of different sizes.




3.4. Magnetic Properties


Under an applied magnetic field, different information on the changes in magnetization for Zn substituted and unsubstituted NiFe2O4 powders can be obtained from the hysteresis illustrated in Figure 5. These curves were constructed using a VSM technique at room temperature and an applied magnetic field in the range of −20 to 20 kG. An examination of the measured hysteresis loops confirms the formation of typical soft magnetic ferrites depending upon the narrow loop area of the magnetization curves. In addition, the resulted ferrites have ferromagnetic characteristics depending on the typical shape of the hysteresis loop, which has an S-type. The magnetic properties, including the coercive field (Hc), remanent magnetization (Mr), saturation magnetization (Ms), squareness (Mr/Ms), anisotropy constant (Ka), initial permeability (μi), and magnetic moment (μm) per unit formula in Bohr magnetron of the fabricated samples, can be calculated according to the next expression [19]:


μm = MwMs/5588



(11)






μi = M2S d/K



(12)






Ka = HcMs/0.96



(13)







Where Mw is the molecular weight. All calculated data are presented in Table 3. This table shows that the values of Mr/Ms and Hc decrease in the presence of Zn ions. Counter behavior was observed for the values of Ka, Mr, Ms, μi, and μm in presence of previous zinc ions.





4. Discussion


The substituted and unsubstituted nickel ferrite nanoparticles were prepared using different methods, the most important of which was the self-combustion method since it is an effective, low-cost, and fast method for preparing highly pure and homogeneous nanocrystalline materials. Indeed, the combustion method depends entirely on a heat-initiated, self-sustained reaction between both the metal nitrate as an oxidizer and the fuel, which promotes the reaction by heating at a low temperature (≥200 °C) so it can be called a self-propagating high temperature preparation. Different factors have a direct effect on the various properties of the combusted product. These factors include the heat content of the reactants, the flame–temperature generated during combustion, fuel nature, and the effectiveness of the fuel-to-oxidizer ratio [10,11,12,13,14,15].



Among the important and influential fuel materials, we find glycine, which acts as a gelation agent as well as fuel, through a redox reaction. Glycine (3 mol) acts as a gelation agent because it has zwitterion properties [22]. The zwitterion characteristics of glycine resulted in the formation of a colloidal gel of Zn and/or Ni-Fe metal oxide nanoparticles depending on two distinct end groups, namely carboxylic (–COOH) and amino (–NH2), which can be used to create complexes with the relevant metal ions [23]. The gel is formed with the following steps: (i) the formation of metal hydroxides due to the initial reactions during the formation of the combustion mixture, (ii) the formation of polymeric or cluster-like polyoxmetallates due to the polycondensation previous mixture after heating at 80 °C, and (iii) the structural and temporal evolution of these clusters, resulting in the investigated gel. Regarding the role of glycine as fuel, it supplies the energy required for combustion of the gel after heating it at 300 °C for 15 min, yielding a fine burned powder containing NiFe2O4 or Zn0.3Ni0.7Fe2O4 nanoparticles.



The results of XRD revealed that (i) Zn-substituted and unsubstituted nickel ferrites had the same characteristics of Bragg reflection that confirm the fabrication of a single spinel type structure of Zn0.3Ni0.7Fe2O4 and NiFe2O4 structure, respectively. (ii) The crystallinity of Zn0.3Ni0.7Fe2O4 are smaller than that of NiFe2O4 except that the crystal plane reflection corresponds to (220). This exception confirms the preference of Zn2+ ions to occupy A-site in the spinel ferrite [8,15]. The incorporation of Zn2+ ions at A-site could be stimulated by the migration of Fe3+ ions from A-site to B-site with its reduction to Fe2+ ions in order to compensate the deficiency in Ni2+ ions at B-site. (iii) Because the ionic radius of both Zn2+ ions (0.074 nm) and Fe2+ ions (0.076 nm) is higher than that of Fe3+ ions (0.064 nm), the augmentation in the crystal parameters of the substituted nickel ferrite compared to that of the unsubstituted Ni ferrite indicates the lack of Fe3+ ions. Indeed, the substitution process of nickel ferrite by Zn ions resulted in an augment in the values of δ, ε, a, LA, LB, rA, rB, A-O, and B-O parameters, indicating a lattice expansion of Zn0.3Ni0.7Fe2O4 nanoparticles. In addition, this treatment displays an increase in the value of Dx depending on the higher atomic weight of Zn. (iv) On the contrary, the crystallite size of Zn0.3Ni0.7Fe2O4 is smaller than that of NiFe2O4 nanoparticles. A lattice expansion of Zn0.3Ni0.7Fe2O4 occurs with a decreasing crystallite size due to a decrease in intra-crystalline pressure resulting from the electrostatic interaction of ions and electrons in the metal lattice [24,25] or vacancy super saturation [26,27].



An FTIR analysis of the manufactured solids in the range of 1000–400 cm−1 can provide us with intrinsic vibrations of the metal ions in the lattice structure. The absorption bands corresponding to υ1 (tetrahedral site) and υ2 (octahedral site) for the crystalline lattice of M–O are located in the range of 600 to 400 cm−1 [19]. The difference in bond lengths for the M–O ions in tetrahedral and octahedral sites led to the different frequencies of distinctive vibrations for these sites. The cation distribution is associated with the position of cations in the sub-lattice (A- and B-sites) of ferrite. This cation distribution is considered the key factor or the influencing parameter in the different properties of ferrites [10]. An inspection of FTIR spectra of the fabricated samples revealed that (i) these samples have cubic spinel structure depending upon the appearance of two main characteristic absorption bands at 537 cm−1 and 422–410 cm−1 according to the assumption of Waldron [27]. Based on the results of FTIR and XRD, the S1 and S2 samples consisted entirely of ZnxNi1−xFe2O4 (x = 0 and 0.3) with a cubic spinel type structure. (ii) The substitution process by Zn brought about a rise in the intensity of the absorption band at 537 cm−1 with subsequent splitting of the absorption band around 400 cm−1 to obtain two narrow and weak absorption bands at 422 cm−1 and 410 cm−1. The increase in the intensity of the absorption band at 537 cm−1 could be attributed to an incorporation of zinc ions in the tetrahedral site depending on the preference of these ions for this site. The splitting of the absorption band, which was observed in the FTIR spectra of the S1 specimen at 419 cm−1, to two narrow and weak bands at 422 cm−1 and 410 cm−1 is due to a decrease in the concentration of Ni ions at B-site with a presence of both Ni2+ and Fe cations at this site. With the incorporation of Zn2+ cations, Fe3+ cations in the A-site will migrate to the B-site with subsequent conversion to Fe2+ cations. (iii) Zn0.3Ni0.7Fe2O4 has a mixed or random spinel structure if the bulk ZnFe2O4 and NiFe2O4 are normal and inverse spinel ferrites, respectively [3,5,6,15,17,28]. However, the formation of a solid solution of Zn0.3Ni0.7Fe2O4 depends on a certain combination between both ZnFe2O4 and NiFe2O4 nano-particles [15,17]. (iv) The presence of a carbon trace, which originated from an internal combustion process of glycine, resulted in an appearance of two broad absorption bands at 1410 cm−1 and 1125–1075 cm−1 due to the stretching vibrations of both C-H and C-OH [10].



Variation in the population of both Zn2+ and Fe3+ cations with a subsequent conversion of some Fe3+ cations to Fe2+ cations results in numerous modes of vibration at both the A- and B-sites, resulting in changes in the different absorption bands and their widening [29]. In other words, the distribution of Fe3+ cations between both the tetrahedral or octahedral sites depends on the other cations in the crystal lattice of ferrite. An incorporation of Zn2+ cations in the lattice of NiFe2O4 will minimize the content of Fe3+ cations on the tetragonal site because the cations of Zn2+ have a stronger affinity for this site. These observations enabled us to speculate the following convention to an imagining of the position of the cations in the A- and B-sites of ferrite:


(Znx2+Fe1−x3+)tet[Ni1−x2+Fex2+Fe3+]octO4



(14)







An investigation of Figure 3 and Figure 4 revealed that (i) there are drastic change in the morphology of the Zn-substituted NiFe2O4, or S2, sample compared to the unsubstituted nickel ferrite, or S1, sample, as shown in TEM images in Figure 3a and Figure 4a, respectively. An analysis of the microstructure for the S1 specimen reveals that its particles are almost semi-spherical with various agglomerations having grain boundaries. Moreover, regular spherically shaped particles and some irregularly cubic particles were observed, as shown in the S2 specimen. In addition, many aggregates disappeared in the S2 solid, with a significant decrease in the size of particles yielding uniform distribution of grains. Figure 3c and Figure 4c confirm that the fabricated samples consisted of nanoparticles having a spinel type structure. (ii) The CSD histograms of the manufactured samples revealed that the grain diameter lies in the range between 6 nm and 20 nm for the S1 sample and between 0.5 nm to 3 nm for the S2 sample with average particles sizes located at 1.5 nm and 13 nm, respectively. This variation in the diameter of grains can be attributed to different factors, such as the coefficient of the diffusion and the dissimilar ions content [10]. Indeed, a one pot synthesis of the as-synthesized samples using a glycine-assisted combustion method led to the rapid evolution of a large volume of gaseous products, which dissipates the heat of the process and limits the increase in temperature, reducing the probability of local sintering among the investigated particles with subsequent fabrication of a fine porous powder [30]. (iii) A fast Fourier transform (FFT) of the manufactured samples was determined due to the appearance of the corresponding lattice planes of these samples. The observed crystallographic values of the interplanar distance (d) are 0.2552 nm and 0.2546 nm concerning plan (311) of the samples studied as shown in Figure 3c and Figure 4c. These results confirm the formation of the spine ferrite and coincide with those determined using the XRD analysis. Therefore, the XRD and TEM confirm the spinel phase formation. (iv) Figure 3d and Figure 4d show the patterns of SAED, which consisted entirely of concentric rings containing many differently oriented crystallites with good crystalline quality and the clear space fringe. These figures depict a regular pattern of bright spots, indicating the formation of polycrystalline nanoparticles. Indeed, the S1 specimen is characterized by a uniform intensity distribution along the ring circumference, leading smooth rings as observed in Figure 3d. On the other hand, the S4 has a non-uniform intensity distribution along the resulting rings due to a decrease in its crystallinity as determined in Figure 4c [10].



Our previous work on the preparation of nickel ferrite using a glycine-assisted combustion method showed the following: (i) changing the glycine content brought about some progressive modifications in the magnetic characteristics of Ni ferrite. Using 0, 1, 2, 4, and 8 moles of glycine led to an increase in the magnetization of NiFe2O4 from 0.838 emu/g to 57 emu/g and an increase in its retentivity, squareness, and coercivity as well [16]. (ii) Zn substituted nickel ferrite (Zn0.5Ni0.5Fe2O4) has the values of 57 emu/g, 10 emu/g, and 58 G for Ms, Mr, and Hc, respectively [15]. In other words, the values of magnetism for the unsubstituted and substituted nickel ferrites in our previous studies are smaller than those of these ferrites present in this study. The opposite behavior was observed in the values of coercivity. These findings are due to the changes in the contents of the fuel (glycine) and zinc used. Because of these, the changes have different effects on the material density, structure, microstructure, defects, and cation distribution of the ferrites prepared [10,15,16]. All these effects will have different effects on the magnetic behavior of the as-synthesized ferrites, and this will be clear in the next explanation.



In this study, the magnetism of the S2 specimen is higher than that of the S1 specimen despite the pronounced decrease in its particle size and dissolution of nonmagnetic Zn ions in its crystal lattice. In this point, Kumar and coworkers reported to prepare the same ferrites using an oxalyldihydrazide-mediated combustion method followed by heating at 600 °C for 2 h [31]. These authors found that the substitution of Ni by Zn ions resulted in an increase in both the magnetization and particle size from 22.17 emu/g and 20 nm to 38.73 emu/g and 28 nm. Indeed, the difference in the magnetization of a sub-lattice (B- and A-sites) is proportional to the saturated magnetization of ferrite. In normal spinel based ZnFe2O4, A-sites are occupied by Zn2+ cations while in reverse spinel based NiFe2O4, these sites are filled by Fe3+ cations. The combination of Zn and Ni ferrites to fabricate a solid solution of ZnxNi1−xFe2O4 resulted in the replacement of some Fe3+ cations in A-sites by Zn2+ cations with the subsequent conversion of some Fe3+ cations to Fe2+ cations and their migration to B-sites. However, Zn2+ ions do not contain any unpaired electrons while Ni2+, Fe2+, and Fe3+ ions have 2, 4, and 5 unpaired electrons, respectively. The theoretical values of the magnetization for NiFe2O4 and Zn0.3Ni0.7Fe2O4 spinels can be calculated depending on the speculated distribution of the Zn2+, Ni2+, Fe2+, and Fe3+ cations, which are shown in Equation (2). The net magnetic moment due to the number of unpaired electrons in ZnxNi1−xFe2O4 (x = 0, and 0.3) can be calculated according to the speculated cation distribution in Equation (2). The calculated net magnetic moment from this equation for the S1 and S2 samples increases from 2 to 4.1 is consistent with the experimental net magnetic moment (μm) 2.67 μB and 3.04 μB, shown in Table 3. These results reported that the theoretical values of the magnetization were consistent with the magnetization data, which indicates an increasing trend with the substitution of Ni by Zn. In other words, the overall magnetization of the Zn substituted nickel ferrite increases although a decrease of the magnetic moment at A- sites due to the Zn2+ ions occupying these sites. However, the substitution of Ni by Zn in order to synthesis of the substituted nickel ferrite using glycine-assisted combustion method resulted in presence of the Zener double exchange (ZDE) mechanism leading to enhanced hole density [31,32]. This is due to the presence of Fe2+ ions with Fe3+ cations at B-sites. Thus, these results confirm that Ms is linked to the material’s structure depending on the cationic distribution of Fe/Ni ions at octahedral and tetrahedral sites. Increasing Ms can be understood in terms of highly super-exchange interaction within the inter-sub-lattice (A–B), which occurred between Fe3+ ions in A- and B-sites over oxygen ions. In addition, the effect of ZDE at B-sites plays an important role in detecting the Ms of different ferrites.



Regarding the squareness of the investigated ferrites, values of Mr/Ms were smaller than 0.5, indicating a presence of uniaxial anisotropy. This anisotropy (Ka) increases with the substitution of Ni with Zn, referring to the effects of the surface spin-disorder produced from the canted spin on the nanoparticles surface. Moreover, an increase in anisotropy and reduction of particle size led to a decrease in the initial permeability (μi), which originated from the domain wall motion. Upon the transition from a multidomain to a single-domain microstructure, the spin directions within a grain, departing from a more or less random distribution, become uniformly oriented.



Moreover, the Hc of nanoparticle-based ferrites is influenced by various factors, such as particle size, canting angle, and anisotropy. Zn ions have zero orbital magnetic moments and zero spin angular moments, yielding no anisotropy compared with Ni and Fe ions. However, the substitution of Ni by Zn ions resulted in a very slight decrease in the value of Hc due to a reduction in particle size. These findings indicate the presence of super paramagnetic grains in the substituted nickel ferrite, which contribute to the non-saturation. A mossbauer analysis for ZnxNi1−xFe2O4 (x = 0 and 0.3) carried out by Kumar and coworkers confirms presence of a super paramagnetic relaxation effect, electronic spin–spin, and spin–lattice interactions with neighboring ions. This finding confirms the validity of using ferrites prepared in high-frequency applications [31,32].



Finally, the substitution of some Ni ions by Zn ions resulted in the fabrication of mixed nickel–zinc ferrite with no-secondary phases and the crystal field distortion depending on irregular cation distribution. This finding resulted in the spatial and temporal symmetries with a subsequent trigger of the vibrational bands or magnetic characteristics change rather than a simple alternation of different cations in the interstitial sites.




5. Conclusions


ZnxNi1−xFe2O4 (x = 0 and 0.3) nanoparticles were successfully synthesized using glycine-assisted combustion technique as a gentle, simple, and economical method. Through the preparation and characterization of these ferrites, we can draw the following points:



The zwitterion characteristics of glycine helped a lot in obtaining nanosized spinel Zn0.3Ni0.7Fe2O4 and NiFe2O4 particles in one step and a short time. The treatment of Ni ferrite using a certain amount of Zn led to an enhancement of the lattice parameters with a subsequent inhibition of the crystallite size.



The treatment of Ni ferrite using a certain amount of Zn led to an enhancement of the lattice parameters with a subsequent inhibition of the crystallite size.



FTIR of unsubstituted and Zn substituted nickel ferrites have been analyzed in the frequency range of 4000–400 cm−1. Two prominent bands were determined in FTIR spectra of the ferrites studied, a high frequency band at 537 cm−1 and a low frequency band at 422–410 cm−1, were assigned to the tetrahedral and octahedral sites of the spinel type structure. The glycine-mediated combustion method led to the manufacturing of polycrystalline spinel type nickel ferrite particles and those substituted by zinc ions in nanoscale size.



An improvement of the magnetization of nickel ferrite nanoparticles was achieved by substituting Ni by Zn ions. The value of Ms for Zn0.3Ni0.7Fe2O4 was 62.9 emu/g while such a value for NiFe2O4 was 54.3 emu/g. This increase could be attributed to an increase in the magnetic moment for the cations at octahedral sites in the spinel Zn substituted nickel ferrite. This increase in the sum magnetic moment at B-site resulted in an increase in the super-exchange interaction within the inter-sub-lattice (A–B), which happens between Fe3+ ions in A- and B-sites over oxygen ions.



Not increasing the squareness value by 0.5 indicates the presence of uniaxial anisotropy. An increase of anisotropy confirms a magnetic multidomain–single-domain transition at a “critical size value”, which is a well-known phenomenon for ferromagnetic materials, such as Ni, Co, and Fe.



Increasing the magnetization of Zn substituted nickel ferrite was accompanied by a slight decrease in the coercivity due to an increase in the surface anisotropy of small grains.



The effective magnetic moment and exchange interaction in nickel ferrite increased by substituting Ni ions with Zn ions with the fabrication of a multi-element ferrite system. The ferrite is prepared in a pure phase with no secondary phases, which led us to explore the effect of symmetry-based cation distribution of different elements.







Author Contributions


Conceptualization, O.H.A.-E. and N.M.D.; Methodology, O.H.A.-E.; Software, O.H.A.-E.; Validation, L.A.; Formal analysis, L.A.; Data curation, N.M.D.; Writing—original draft, O.H.A.-E. and N.M.D.; Writing—review & editing, N.M.D.; Visualization, L.A.; Funding acquisition, O.H.A.-E. All authors have read and agreed to the published version of the manuscript.




Funding


This work is supported also by Researchers Supporting Project number (RSP2023R468), King Saud University, Riyadh, Saudi Arabia.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available on request from the corresponding author.




Acknowledgments


The authors would like to extend their sincere appreciation to Researchers Supporting Project number (RSP2023R468), King Saud University, Riyadh, Saudi Arabia.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Hasmonay, E.; Depeyrot, J.; Sousa, M.H.; Tourinho, F.A.; Bacri, J.C.; Perzynski, R.; Raikher, Y.L.; Rosenman, I. Magnetic and optical properties of ionic ferrofluids based on nickel ferrite nanoparticles. J. Appl. Phys. 2000, 88, 6628. [Google Scholar] [CrossRef]

	



Dairy, A.R.A.; Al-Hmoud, L.A.; Khatatbeh, H.A. Magnetic and Structural Properties of Barium Hexaferrite Nanoparticles Doped with Titanium. Symmetry 2019, 11, 732. [Google Scholar] [CrossRef]

	



Hwang, J.; Choi, M.; Shin, H.S.; Ju, B.K.; Chun, M. Structural and magnetic properties of NiZn ferrite nanoparticles synthesized by a thermal decomposition method. Appl. Sci. 2020, 10, 6279. [Google Scholar] [CrossRef]

	



Junaid, M.; Khan, M.A.; Abubshait, S.A.; Akhtar, M.N.; Kattan, N.A.; Laref, A.; Javed, H.M.A. Structural, spectral, dielectric and magnetic properties of indium substituted copper spinel ferrites synthesized via sol gel technique. Ceram. Int. 2020, 46, 27410–27418. [Google Scholar] [CrossRef]

	



Yu, H.F.; Gadalla, A.M. Preparation of NiFe2O4 powder by spray pyrolysis of nitrate aerosols in NH3. J. Mater. Res. 1996, 11, 663–670. [Google Scholar] [CrossRef]

	



George, M.; Mary John, A.; Nair, S.S.; Joy, P.A.; Anantharaman, M.R. Finite size effects on the structural and magnetic properties of sol–gel synthesized NiFe2O4 powders. J. Magn. Magn. Mater. 2006, 302, 190–195. [Google Scholar] [CrossRef]

	



Singjai, P.; Wongwigkarn, K.; Laosiritaworn, Y.; Yimnirun, R.; Maensiri, S. Carbon encapsulated nickel nanoparticles synthesized by a modified alcohol catalytic chemical vapor deposition method. Curr. Appl. Phys. 2007, 7, 662–666. [Google Scholar] [CrossRef]

	



Jalaly, M.; Enayati, M.H.; Karimzadeh, F. Investigation of structural and magnetic properties of nanocrystalline Ni0.3Zn0.7Fe2O4 prepared by high energy ball milling. J. Alloy. Compd. 2009, 480, 737–740. [Google Scholar] [CrossRef]

	



Mazen, S.; Abu-Elsaad, N.I.; Nawara, A.S. The Influence of Various Divalent Metal Ions (Mn2+, Co2+, and Cu2+) Substitution on the Structural and Magnetic Properties of Nickel–Zinc Spinel Ferrite. Phys. Solid State 2020, 62, 1183–1194. [Google Scholar] [CrossRef]

	



Al-Senani, G.M.; Al-Fawzan, F.F.; Almufarij, R.S.; Abd-Elkader, O.H.; Deraz, N.M. Magnetic Behavior of Virgin and Lithiated NiFe2O4 Nanoparticles. Crystals 2023, 13, 69. [Google Scholar] [CrossRef]

	



Al-Senani, G.M.; Deraz, N.M.; Abd-Elkader, O.H. Magnetic and characterization studies of CoO/Co3O4 nanocomposite. Processes 2020, 8, 844. [Google Scholar] [CrossRef]

	



Al-Senani, G.M.; Abd-Elkader, O.H.; Deraz, N.M. Fabrication of Cu1.5Mn1.5O4 Nanoparticles Using One Step Self-Assembling Route to Enhance Energy Consumption. Appl. Sci. 2021, 11, 2034. [Google Scholar] [CrossRef]

	



Ali, A.A.; El Fadaly, E.A.; Deraz, N.M. Auto-combustion fabrication, structural, morphological and photocatalytic activity of CuO/ZnO/MgO nanocomposites. Mater. Chem. Phys. 2021, 270, 124762. [Google Scholar] [CrossRef]

	



Deraz, N.M.; Abd-Elkader, O.H. Processing and characterization of nano-magnetic Co0.5Ni0.5Fe2O4 system. J. Ind. Eng. Chem. 2014, 20, 3251–3255. [Google Scholar] [CrossRef]

	



Deraz, N.M.; Abd-Elkader, O.H. Production and characterization of nano-magnetic Ni0.5Zn0.5Fe2O4 spinel solid solution. J. Anal. Appl. Pyrolysis 2014, 106, 171–176. [Google Scholar] [CrossRef]

	



Alarifi, A.; Deraz, N.M.; Shaban, S. Structural, morphological and magnetic properties of NiFe2O4 nano-particles. J. Alloy. Compd. 2009, 486, 501–506. [Google Scholar] [CrossRef]

	



Atif, M. Synthesis and temperature dependent magnetic properties of nanocrystalline Ni0.5Zn0.5Fe2O4 ferrites. Mater. Res. Express 2019, 6, 076104. [Google Scholar] [CrossRef]

	



Assis, R.B.D.; Bomio, M.R.D.; Nascimento, R.M.D.; Paskocimas, C.A.; Longo, E.; Motta, F.V.D. Rapid calcination of ferrite Ni0.75Zn0.25Fe2O4 by microwave energy. J. Therm. Anal. Calorim. 2014, 118, 277–285. [Google Scholar] [CrossRef]

	



Hunpratub, S.; Phokha, S.; Kidkhunthod, P.; Chanlek, N.; Chindaprasirt, P. The effect of cation distribution on the magnetic properties of CoFe2O4 nanoparticles. Results Phys. 2021, 24, 104112. [Google Scholar] [CrossRef]

	



Boultif, A.; Louer, D. Powder pattern indexing with the dichotomy method. J. Appl. Cryst. 2004, 37, 724–731. [Google Scholar] [CrossRef]

	



Waldron, R.D. Infrared spectra of ferrites. Phys. Rev. 1955, 99, 1727–1735. [Google Scholar] [CrossRef]

	



Mehta, S.; Nadargi, D.; Tamboli, M.; Patil, V.; Mulla, I.; Suryavanshi, S. Macroporous WO3: Tunable morphology as a function of glycine concentration and its excellent acetone sensing performance. Ceram. Int. 2019, 45, 409–414. [Google Scholar] [CrossRef]

	



Patil, J.Y.; Khandekar, M.S.; Mulla, I.S.; Suryavanshi, S.S. Combustion synthesis of magnesium ferrite as liquid petroleum gas (LPG) sensor: Effect of sintering temperature. Curr. Appl. Phys. 2012, 12, 319–324. [Google Scholar] [CrossRef]

	



Sheng, J.; Rane, G.; Welzel, U.; Mittemeijer, E.J. The lattice parameter of nanocrystalline Ni as function of crystallite size. Phys. E Low. Dimens. Syst. Nanostruct. 2011, 43, 1155–1161. [Google Scholar] [CrossRef]

	



Gamarnik, M.Y. Tensile and compressive effect of intracrystalline pressure in small particles. Phys. Status Solidi B 1991, 164, 107–119. [Google Scholar] [CrossRef]

	



Liu, X.D.; Zhang, H.Y.; Lu, K.; Hu, Z.Q. The lattice expansion in nanometre-sized Ni polycrystals. J. Phys. Condens. Matter 1994, 6, L497. [Google Scholar] [CrossRef]

	



Qin, W.; Nagase, T.; Umakoshi, Y.; Szpunar, J.A. Lattice distortion and its effects on physical properties of nanostructured materials. J. Phys. Condens. Matter 2007, 19, 236217. [Google Scholar] [CrossRef]

	



Olhero, S.M.; Soma, D.; Amaral, V.S.; Button, T.W.; Alves, F.J.; Ferreira, J.M. Co-precipitation of a Ni–Zn ferrite precursor powder: Effects of heat treatment conditions and deagglomeration on the structure and magnetic properties. J. Eur. Ceram. Soc. 2012, 32, 2469–2476. [Google Scholar] [CrossRef]

	



Tajuddin, M.M.; Patulla, M.H.; Ideris, A.; Ismail, M. Self-combustion synthesis of Ni catalysts modified with La and Ce using Glycine–NitrateProcess (GNP). Malay. J. Catal. 2017, 2, 8–11. [Google Scholar]

	



Kumar, S.; Singh, J.; Kaur, H.; Singh, H.; Singh Dosanjh, H. Microstructural and magnetic properties of Zn substituted nickel ferrite synthesised by facile solution combustion method. Micro Nano Lett. 2019, 14, 727–731. [Google Scholar] [CrossRef]

	



Al-Senani, G.M.; Abd-Elkader, O.H.; Al-Kadhi, N.S.; Deraz, N.M. Effect of the Glycine Treatment on Synthesis and Physicochemical Characteristics of Nanosized Ni-Mn Mixed Oxides. Crystals 2021, 11, 487. [Google Scholar] [CrossRef]

	



Pelliccia, S.; Alfano, I.A.; Galli, U.; Novellino, E.; Giustiniano, M.; Tron, G.C. α-Amino Acids as Synthons in the Ugi-5-Centers-4-Components Reaction: Chemistry and Applications. Symmetry 2019, 11, 798. [Google Scholar] [CrossRef]








[image: Symmetry 15 00975 g001 550] 





Figure 1. XRD patterns of the S1 (NiFe2O4) and S2 (Zn0.3Ni0.7Fe2O4) samples. 
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Figure 2. FTIR of the S1 (NiFe2O4) and S2 (Zn0.3Ni0.7Fe2O4) samples. 
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Figure 3. TEM analysis of the S1 sample: (a) TEM; (b) particle size distribution; (c) FFT; and (d) SAED. 
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Figure 4. TEM analysis of the S2 sample: (a) TEM; (b) particle size distribution; (c) FFT; and (d) SAED. 
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Figure 5. The magnetic hysteresis loops of the S1 (NiFe2O4) and S2 (Zn0.3Ni0.7Fe2O4) samples at room temperature. 
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Table 1. Structural data of the as-synthesized S1 (NiFe2O4) and S2 (Zn0.3Ni0.7Fe2O4).
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Fd3m (227) Space Group

	
S1 (NiFe2O4)

	
S2 (Zn0.3Ni0.7Fe2O4)




	
h

	
k

	
l

	
2Θ (Cal)

	
2Θ (Obs)

	
Dif.

	
2Θ (Obs)

	
Dif.






	
1

	
1

	
1

	
18.6

	
18.6096

	
−0.0096

	
18.593

	
0.007




	
2

	
2

	
0

	
30.7

	
30.619

	
0.081

	
30.5913

	
0.1087




	
3

	
1

	
1

	
36.17

	
36.071

	
0.099

	
36.0381

	
0.1319




	
2

	
2

	
2

	
37.64

	
37.7341

	
−0.0941

	
37.6995

	
−0.0595




	
4

	
0

	
0

	
43.94

	
43.8508

	
0.0892

	
43.8101

	
0.1299




	
3

	
1

	
3

	
48.1

	
48.0208

	
0.0792

	
47.9757

	
0.2043




	
2

	
2

	
4

	
54.08

	
54.4285

	
−0.3485

	
54.3765

	
0.0135




	
3

	
3

	
3

	
58.16

	
58.0328

	
0.1272

	
57.9767

	
−0.0067




	
4

	
4

	
0

	
63.59

	
63.7498

	
−0.1598

	
63.6869

	
−0.0969




	
3

	
1

	
5

	
67.049

	
67.0451

	
0.0039

	
66.9781

	
0.0709




	
2

	
4

	
4

	
68.129

	
68.1253

	
0.0037

	
68.0569

	
0.0721




	
6

	
2

	
0

	
72.375

	
72.3703

	
0.0047

	
72.2963

	
0.0787




	
5

	
3

	
3

	
75.493

	
75.4882

	
0.0048

	
75.4099

	
−0.3199




	
6

	
2

	
2

	
76.522

	
76.5173

	
0.0047

	
76.4376

	
0.0844
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Table 2. Some structural properties of the as-synthesized S1 (NiFe2O4) and S2 (Zn0.3Ni0.7Fe2O4).
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	Properties
	S1
	S2





	a, nm
	0.82587
	0.82660



	b, nm
	0.82587
	0.82660



	c, nm
	0.82587
	0.82660



	α
	90
	90



	β
	90
	90



	γ
	90
	90



	Volume, nm3
	0.5633
	0.5647



	d, nm
	89.155976
	81.363253



	δ, Lines/nm
	1.26 × 10−4
	1.51 × 10−4



	ε
	3.89 × 10−4
	4.26 × 10−4



	Dx, g/cm3
	5.3320
	5.3380



	LA, nm
	0.3576
	0.3579



	LB, nm
	0.2918
	0.2921



	A-O, nm
	0.1888
	0.1889



	B-O, nm
	0.2130
	0.2133



	rA, nm
	0.0583
	0.0587



	rB, nm
	0.0826
	0.0830
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Table 3. The magnetic properties of S1 and S2 samples.






Table 3. The magnetic properties of S1 and S2 samples.





	Parameters
	S1
	S2





	Ms, emu/g
	54.3
	62.19



	Mr, emu/g
	9.28
	9.45



	Mr/Ms,
	0.1709
	0.1520



	Hc, Oe
	96.28
	86.19



	μm
	2.279
	2.610



	μi
	27.13
	19.77



	Ka, erg/cm3
	5503.16
	5642.26
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