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ABSTRACT 
Using the sol-gel auto-combustion method, CoFe2O4/SiO2 ferrite nanocomposites (SiO2=0, 20, 40, and 60%) were synthesized. The 

impact of temperature on a material's structural, magnetic, and electrical characteristics was investigated in this study. Infrared 

spectroscopy and X-ray diffraction revealed that ferrite crystalizes in the cubic spinel phase, as demonstrated by the use of patterns. 

Ferrite crystallite size ranges from 33.36 and 46.50 nm (depending on calcination) and 43.89 and 49.05 nm (depending on SiO2 mixing 

ratio). FE-SEM demonstrates that calcination temperature affects the particle size, as does the amount of SiO2 in the mixture. The EDS 

was utilized to confirm that each sample contained all of the required elements. VSM measurements were performed on all pure and 

doped samples that exhibited ferromagnetic behavior at various calcination temperatures and SiO2 mixing ratios. At room temperature, 

the LCR meter was utilized to carry out an analysis of the electrical properties of each sample. Changes in dielectric characteristics have 

been observed  at frequencies between 50 Hz and 1 MHz, following the theory of Koop's, Maxwell-Wagner polarization, and hopping 

of electrons. As the frequency was increased observable natural behavior was evident in all of the dielectric properties. In this study 

silica, coated ferrite (Co1-X  Mgx Fe2O4)/SiO2 nanoparticles have been investigated to find out the impact of silica on magnetic and 

electrical properties. 

https://creativecommons.org/licenses/by-nc/4.0/ 
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1. Introduction 

The emergence of nanotechnology has expanded the scope of 

possibilities for material manipulation at the nanoscale, 

presenting new opportunities for human achievement. Since the 

turn of the century, nanoparticles have been regularly examined 

and utilized in several industrial applications[1, 2]. On account of 

their extraordinary biological, chemical, and physical properties, 

nanomaterials with unique chemical composition, size, and shape 

control have been used across many fields[3, 4]. Because of the 

high surface/interface modifications compared to bulk material, 

magnetic nanostructures have many remarkable electrical and 

magnetic properties and exceptional features at the nanometer 

range, such as mechanical hardness, coercivity, spin-glass 

behavior, and super para-magnetism, etc.[5]. Spinel ferrite 

specifically an AB2O4 type nanoparticle has a broad and scalable 

field that has attracted significant interest from many research 

groups in applied research. In recent years, the special chemical, 

physical, and biological properties of nanocrystalline shapes have 

considerable attention from academics, because of their potential 

application in various fields. These fields include magnetic 

recording, ferrofluids, biomedicine, spintronics, gas sensors, 

magnetic hyperthermia, and drug targeting[3, 6]. The mineral 

known as cobalt ferrite belongs to the spinel family and consists 

of chemicals that have the general formula MeFe2O4, where Me 

refers to metal (Zn, Co, Ni, etc.)[7]. CoFe2O4 is typically a semi-

inversed ferrite in which the majority of cobalt ions are found to 

occupy B sites, whereas the distribution of Fe3+ ions is observed 

to be relatively uniform across the sites (A and B)[10]. CoFe2O4 

material exhibits ferromagnetic behavior and possesses a high 

Curie temperature of approximately 793 K. Additionally, it 

displays strong magnetocrystalline-anisotropy and moderate 

magnetization (Ms), rendering it a hard magnetic material, and 

high coercivity (Hc)[8]. Because of these characteristics, cobalt 

ferrite is an excellent possibility in high-density digital recording 

disks and magnetic recording applications, etc...Various 

techniques have been developed for spinel ferrite nanostructures 

such as chemical co-precipitation[9], microemulsion[10], sol-

gel[11], hydrothermal[12], ball milling[13], etc.  
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In a study done by S.R. Mekala and J. Ding[14], the addition of 

SiO2 was investigated as a means of improving the magnetism 

and electrical properties of a composite material. The results 

indicated that the incorporation of a small quantity of 4.5 wt% 

silica was effective in conferring favorable magnetic 

characteristics to the composite, as evidenced by a coercivity of 

3 kOe and a saturation magnetization of 72 emu/g. According to 

Somayyeh R. et al.[15], Silica-coated ferrite, (CoFe2O4)/SiO2, can 

be utilized to improve the magnetic properties of nanoparticles 

and has potential biological applications. Chen, Ching-Cheng, 

Yen-Pei Fu, et al.[16] effectively prepare a TiO2/SiO2/Ni-Cu-Zn 

ferrite composite with high photocatalytic activity for magnetic 

photocatalysts. Based on the findings of research carried out by 

K. Nadeem et al.[17], the concentration of amorphous silica (SiO2) 

matrix affects the electrical properties as well. Their investigation 

revealed that the small polaron hopping in these nanoparticles 

contributes to the increase in ac conductivity at higher 

frequencies. 

The Sol-gel auto-combustion method was utilized in the synthesis 

process due to its ease of use, cheap cost, and high proportion of 

homogenous and acceptable nanoparticles[1]. In the first section 

of this investigation, the influence that changes in temperature 

have on the magnetic characteristics, as well as the structure and 

morphology of CoFe2O4 samples are examined. Elevating the 

calcination process temperature exerts a noteworthy influence on 

the structure of cobalt ferrite spinel, crystal size, particle size, and 

porosity, as well as the magnetic characteristics of cobalt ferrite. 

The second part is, after adding silica to CoFe2O4 samples, which 

calcined at 700 °C in ratios of 0%, 20%, 40%, and 60%, the above 

parameters were evaluated, and their electrical properties were 

studied. 

2. Materials and Methods 

2.1 Synthesis of CoFe2O4 and CoFe2O4/SiO2 nanocomposites 

Nanoparticles of CoFe2O4 were prepared via a sol-gel auto-

combustion route. To get a mixed solution, it is necessary to 

utilize stoichiometric amounts of citric acid C6H8O7, ferric nitrate 

Fe(NO3)3.9H2O, and cobalt nitrate Co(NO3)2.6H2O, each sample 

was dissolved separately in the smallest possible amount of 

deionized water. The solutions that were acquired underwent a 

process of conversion into a gel phase with high viscosity. This 

was accomplished by gradually increasing the temperature of the 

heated plate to 90 °C for two hours while consistently stirring the 

mixture. Upon undergoing the evaporation process, the solution 

exhibited an increase in viscosity and eventually transformed into 

a dark gel with a highly viscous consistency. When the viscous 

gel was heated to 250 °C in an oven, the auto-combustion reaction 

yielded as-burned ferrite grains commenced. By milling a rough 

obtained powder in a mortar, the product was refined into a fine 

powder. The as-burned nanoferrite was calcined at several 

temperatures (500, 600, and 700 °C) to promote homogeneity and 

eliminate organic waste. This study endeavors to examine the 

influence of temperature on the structural, morphological, and 

magnetic characteristics of synthesized materials. CoFe2O4/SiO2 

samples were formed when CoFe2O4 samples calcined at 700 °C 

and doped with silica in ratios of (0%, 20%, 40%, and 60%), and 

were analyzed for their structural, morphological, and magnetic 

properties to comprehend the effect of silica dopant. To examine 

the electrical properties of CoFe2O4, samples calcined at 700 °C 

were combined with silica in the same proportion as described 

before, three drops of PVA were added as a binder, and after that, 

the mixture was compressed into pellets with a diameter of 13 

millimeters and a thickness of 1-2 millimeters. This is achieved 

by applying a 2.5-ton for 1.5-minute hydraulic press pressure, and 

then sintering the samples for 3 hours at 800 °C to intensify them, 

and then allowing them to cool naturally so that the dielectric 

properties may very well be evaluated. 

2.2 Characterizations 

The PANalytical X'pert Pro diffractometer from the Netherlands 

has been used to obtain X-ray diffraction (XRD) patterns. The 

measured values spanned from 15° to 70°. The instrument 

utilized for diffraction analysis was outfitted with a high-intensity 

source of Cu kα radiation, with a wavelength of 0.154 nm. The 

morphology of the sample surface was analyzed using an FE-

SEM (Model Mira3-XMU, TESCAN, Japan). The Fourier 

transform infrared spectroscopy was performed on all ferrite 

samples employing the Perkin Elmer FT-IR spectrometer, United 

States. KBr pellets were employed in the spectral range of 300 to 

4000 cm-1. The Vibrating Sample Magnetometer (VSM) was 

utilized to investigate the M-H hysteresis loops at room 

temperature. The applied fields were ±15 kOe, LBKFB model 

from Meghnatis Daghigh Kavir Company was used for the 

analysis. Dielectric measurements were acquired at room 

temperature using an LCR meter within the frequency range of 

50Hz to 1MHz (KEYSIGHT E4980A). 

3. Results and discussion 

3.1 CoFe2O4 nanocomposites 

3.1.1 XRD studies 

The XRD patterns of cobalt ferrite CoFe2O4 are depicted in 

Figure 1. All of the diffraction peaks associated with cobalt 

ferrites (220), (311), (222), (400), (422), (511), and (440) are 

revealed in the XRD pattern. The peak positions within XRD 

patterns exactly correspond to the conventional pattern for pure 

CoFe2O4 with a code number ICSD 00-001-1121. According to 

the results, as the calcination temperature rises, all peaks grow 

together, causing the diffraction to reach its maximum and 

become sharper and narrower. This suggests that the 

augmentation of particle size in the nucleus leads to an increase 

in both the density of crystallization and the ratio of crystal 

size[18]. The results agree well with A. Mohammad, et al.[19]. 

Using the Scherrers formula the crystallite sizes (D) were 

estimated for each sample dependent on the full-width peak at 

half-maximum intensity (311)[20]: 

𝐷 =
0.9  

 cos 𝜃
                                                                                        (1) 

The symbol λ represents the X-ray wavelength, while β denotes 

the full width at half maximum of the relevant peak. The 

calcination temperature exhibited a substantial effect on the 

crystallinity (Table 1). Variations in crystallite size were 

observed, ranging from 33.36 to 46.50 nm. 
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Figure 1: XRD patterns of CoFe2O4 nanoparticles at various 

temperatures. 

Interplanar spacing was utilized to obtain the lattice parameter of 

CoFe2O4 nanoferrites using the following formula[21]: 

𝑎 = 𝑑ℎ𝑘𝑙√ℎ2 + 𝑘2 + 𝑙2                                                      (2) 

The interplanar spacing, represented by hkl, is determined by the 

Miller indices of the lattice plane denoted by h, k, and l.  Table 1 

displays that the lattice parameter falls within a range of 

approximately 8.346 - 8.372 nm. The lattice value was seen 

growing as the temperature increased at 500 °C and subsequently 

started to decrease with elevated temperature. This behavior is 

identical to the previous report[22]. The equation utilized to find 

out the X-ray density 𝜌𝑥  of the samples produced is as follows[9]: 

𝜌𝑥 =
8𝑀

𝑁𝑎3                                                                                               (3) 

where N, M, and 8 represent, respectively, the molecular weight, 

Avogadro's number, and the number of molecules per unit cell. 

The 𝜌𝑥  𝑜𝑓 cobalt ferrite ranged from 5.312 to 5.362  g/cm3. It was 

found that the X-ray density increased in tandem with the 

calcination temperature, which meant that the higher the 

temperature, the denser the X-rays, this result is similar to 

previous studies[11].  

The hopping length is the distance between magnetic ions located 

in the tetrahedral (A) and octahedral (B) sites, and it can be 

computed by using the calculations that are provided below[23]: 

𝐿𝐴 = 0.25 𝑎 √3                                                                                  (4) 

𝐿𝐴 = 0.25 𝑎 √2                                                                                  (5) 

Notably, an alteration in the hopping length on both sides was 

observed with an increase in the calcination temperature 

(Table1). 

Table 1: CoFe2O4 nanoferrites structural characteristics at various temperatures. 

 

3.1.2 Fourier transform-infrared spectroscopy 

FT-IR spectrum analysis identifies the location of ions in a crystal 

structure and supports spinel structure formation and cation 

distribution in nanocrystalline cobalt ferrite[24]. Figure 2 depicts 

the typical FT-IR spectra of ferrite samples at a temperature of 

500, 600, and 700 °C. All spinel compounds below 1000 cm-1 

conform to the two main absorption band vibrational modes 𝑣1 

and 𝑣2 are visible in the spectra, which is a characteristic property 

of spinel ferrite[25]. The absorption bands observed in the study 

are assigned to the vibrational modes of the tetrahedral and 

octahedral metal complexes. Specifically, the higher frequency 

absorption band (𝑣1=572.86-574.79 cm-1) corresponds to the 

vibration of the tetrahedral metal complex, which involves a 

linkage between the oxygen ion and the metal ion located at the 

tetrahedral site. The vibration of the octahedral metal complex, 

on the other hand, is attributed to the lower frequency absorption 

band (𝑣2=371.22-374.19 cm-1), which entails a link between the 

oxygen ion and the metal ion at the octahedral site[12]. FT-IR 

analysis indicates an increase in calcination temperatures at 

various stages. Additionally, a consistent trend of peak 

displacement in the direction of higher frequencies for bands 𝑣1 

and lower frequencies for bands 𝑣2 was observed indicating a 

mixed spinel state of CoFe2O4. The primary explanation for this 

behavior may be due to an alteration in the bond lengths that are 

formed between metal and oxygen ions at both tetrahedral and 

octahedral locations, which occurs as a result of a change in the 

calcination temperature[26].  

 

Figure 2: FT-IR spectra of CoFe2O4 nanoferrites at different 

temperatures. 

Composition Temp. ̊C 2 Theta FWHM D (nm) a(Å) 𝝆𝒙(g/cm3) LA(Å) LB(Å) 

 

CoFe2O4 

 

as-burnt 35.576 0.2 41.70 8.363 5.328 3.621 2.957 

500 35.540 0.25 33.36 8.372 5.312 3.625 2.960 

600 35.554 0.19 43.90 8.368 5.319 3.623 2.958 

700 35.653 0.162 46.50 8.346 5.362 3.614 2.951 
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Table 2: FT-IR spectroscopy wave number of CoFe2O4 nanoferrites at 

various temperatures. 

Temp.˚C 
FT-IR frequency bands (cm-1) 

𝑣1 𝑣2 

as-burnt 574.78 371.22 

500 572.86 372.26 

600 574.79 374.19 

700 574.79 374.19 

 

3.1.3 FE-SEM studies 

Figure 3(a-d) depicts a typical FE-SEM image of nanoferrite 

samples at various calcination temperatures (as-burnt, 500, 600, 

and 700 °C). Some particles form enormous clusters as a 

consequence of the interaction between magnetic nanoparticles 

that occurs naturally. According to the FE-SEM, the grains in all 

of the samples were relatively well-crystallized. A large number 

of particles with a restricted grain size distribution were 

enumerated for precise measurements, and the average particle 

size and standard deviation for all samples were calculated. Table 

3 displays the determined particle size of CoFe2O4 nanoparticles 

for as-burned and various calcined samples using two distinct 

methods, XRD and FE-SEM. The particle size determined by FE-

SEM (using Image J software) is greater than that determined by 

XRD.  This difference may be the consequence of the disorder in 

the molecular structure and the strain on the lattice that is created 

by the different radii of the ions and/or nanoparticle clustering[27]. 

 

 

 

  

  
Figure 3: FE-SEM images of CoFe2O4 nanoferrites for (a) as-burnt (b) calcined samples at 500 ℃ (c) at 600 ℃ and (d) at 700 ˚C. 

 

Table 3: Crystallite size and particle size of CoFe2O4 nanoferrites 

were estimated from XRD and FE-SEM respectively at various 

temperatures. 

Composition Temp.˚C D(nm) XRD D(nm) FE-SEM 

 

 

CoFe2O4 

As-burnt 41.70 42.02 

500 33.36 43.12 

600 43.90 45.34 

700 46.50 51.97 

The EDS analysis was utilized to evaluate the chemical 

composition and weight ratios[24]. EDS examination reveals the 

production of the desired oxide metals, The observation suggests 

that the aforementioned metals have undergone chemical 

transformations. Hence, it is possible to ascertain both the 

chemical constitution and the weight proportions, as depicted in 

Figure 4. (a-d). The identified peaks indicate the presence of, 

Cobalt, iron, and Oxygen components, while no impurities were 

detected. 
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Figure 4: EDS spectra of CoFe2O4. nanoferrites for (a) as-burnt (b) calcined specimen at 500 ℃ (c) at 600 ℃ and (d) at 700 ℃. 

3.1.4 Magnetic properties 

Figure 5 depicts the magnetic hysteresis loops of all samples for 

CoFe2O4 nanoparticles synthesized at room temperature 

employing a VSM within an applied field range of ±15 kOe. 

 

Figure 5: CoFe2O4 nanoferrites hysteresis curves for as-burned and 

various calcination temperatures. 

The measured results of magnetic properties indicate that all of 

the samples exhibit ferrimagnetic properties. The coercivity (𝐻𝑐) 

values, saturation magnetization values (Ms), and remanent 

magnetization (Mr) values of cobalt ferrite nanoparticles were 

determined through analysis of the hysteresis loops. The 

relationships for determining the theoretical magnetic moment 

(𝑛𝐵), squareness ratio (𝑆), and magnetic anisotropy (𝐾) are as 

follows, in order:[19].  

𝑛𝐵 =    
(𝑀𝑤𝑡 ∗ 𝑀𝑠)

5585
                                                                         (6) 

𝑆 =
𝑀𝑤𝑡

𝑀𝑠

                                                                                              (7) 

𝐻𝐶 =   
(0.96∗𝑘)

𝑀𝑠
                                                                                     (8) 

where Mwt is the molecular weight. 

The magnetic parameters derived from the hysteresis curves are 

displayed in Table 4. With a rise in calcination temperature, there 

is an observed elevation in both saturation (Ms) and remanence 

(Mr). It was observed that the saturation magnetization of cobalt 

ferrite nanoparticles varies with calcination temperature. 

Specifically, the highest saturation magnetization of 70.33469 

emu.g-1 was recorded for particles calcined at 700 °C, while the 

lowest saturation magnetization of 55.58493 emu.g-1 was 

observed for particles calcined at 500 °C. The increase in 

saturation magnetization shift at the higher calcination 

temperature can be attributed to spin canting and surface spin 

disturbance in the nanoparticles[28]. A. Mohammad,et al.[27] also 

obtained similar observations.  

Table 4: Magnetic properties of CoFe2O4 nanoferrites as affected by calcination temperature. 

Composition Temp.˚C Ms (emu.g−1) Mr (emu.g −1) Hc(Oe ) 
𝑛𝐵 

(μB) 
Mr/ M S 

K × 103 (emu. 

Oeg−1) 

CoFe2O4 

As-burnt 66.600 34.383 1170.6 2.80 0.52 81.21 

500 55.585 29.1587 2000.3 2.33 0.52 115.82 

600 69.274 39.037 2440.50 2.91 0.56 176.11 

700 70.335 38.6955 2275.10 2.95 0.55 166.69 

http://passer.garmian.edu.krd/


 
 

 

 
  

    

 Jumaa et. al. Passer 5 (Issue 2) (2023) 278-289 

283 

As the calcination temperature rises, the coercivity values (Hc) 

grow as well. According to Raghvendra et al.[29], The rise in 

coercive values is related to the increase in the effective 

anisotropy area. The A-sublattice has a lower magnetization than 

the B-sublattice due to differences in the ion-electron exchange 

interaction in the overall magnetization[27].  The observed increase 

in the magnetic moment can be attributed to the elevation of 

calcining temperature, which results in the repositioning of the 

dominant Fe3+ ions at B-sites. One possible explanation for this 

phenomenon is that Fe3+ ions exhibit a higher magnetic moment 

compared to Co2+ ions[30]. The determination of the magnetic 

hardness of a material is contingent upon the squareness ratio (S), 

which is indicative of the anisotropy inherent in the system. S. I. 

Ahmad et al.[31] have reported that exchange-coupled interaction 

remains present for values of (S) greater than 0.5, while magneto-

static interactions occur when (S) is less than or equal to 0.5. The 

results indicate that the values of (S) tend towards being greater 

than 0.5. The exchange between nanoparticles leads to their 

interaction. 

3.2 CoFe2O4/SiO2 nanocomposites 

3.2.1 XRD studies 

Fig 6 depicts the XRD patterns of nanocomposites CoFe2O4/SiO2 

prepared by the standard ceramic process, in which SiO2 with 

varying percentages (0, 20, 40, and 60%) was mixed with 

CoFe2O4 nanoparticles calcined at 700 ̊C. There are no 

indications of impurities, as all index peaks correspond to cubic 

spinel. The X-ray diffraction (XRD) pattern displays reflection 

peaks that are indicative of the crystal structures of cobalt ferrites. 

Specifically, the peaks correspond to the (111), (220), (311), 

(222), (400), (422), (511), and (440) planes. The X-ray diffraction 

(XRD) patterns exhibit peak positions that correspond precisely 

to the typical pattern observed for pure CoFe2O4, as documented 

in reference card number ICSD 00-001-1121. The X-ray 

diffraction (XRD) patterns of the composite indicate the lack of 

the silica phase, implying its presence in an amorphous state[32]. 

 

Figure 6: XRD patterns of CoFe2O4/SiO2 nanocomposites with different 

ratios (0, 20, 40, and 60%). 

Table 5: The Structural parameters of CoFe2O4/SiO2 nanocomposites with different ratios (0, 20, 40, and 60%). 

Composition 
Mixing 

ratio% 
2 Theta FWHM D (nm) a(Å) 𝝆𝒙(g/cm3) LA(Å) LB(Å) 

 

CoFe2O4/SiO2 

 

0 35.653 0.162 46.50 8.3454 5.362 3.614 2.951 

20 35.513 0.19 43.89 8.3771 5.301 3.627 2.962 

40 35.507 0.18 46.32 8.3785 5.298 3.628 2.962 

60 35.511 0.17 49.05 8.3777 5.300 3.628 2.962 

 

As SiO2 mixing increases in cobalt ferrite nanoparticles, the 

change in crystalline size (D) remains unstable, indicating that 

SiO2 mixing affects grain growth while sustaining spinel phase 

formation. The variation in crystalline size can be associated with 

the disparity between the driving force for grain boundary motion 

and the retarding force exerted by SiO2
[33]. The increase in silica 

ratio at 20% lead to an increase in the hopping length at both A 

and B sites, while there are no discernible changes in the hopping 

length as silica increases from 40% to 60%. There is the 

possibility that the enhanced hopping length is due to the 

redistribution of cations between the tetrahedral (A- sites) and 

octahedral (B- sites).[34]. X-Ray Density (𝜌𝑥) of CoFe2O4/SiO2 

samples decreases as silica value increases, it change from 5.362 

to 5.300, as shown in table 5. The noticed behavior can be 

attributed to a decrease in molecular weight. The reason for this 

can be attributed to the fact that silica possesses a lower atomic 

weight in comparison to cobalt[20]. 

3.2.2 FT-IR analysis of CoFe2O4/SiO2 nanocomposites 

The FT-IR spectra of CoFe2O4/SiO2 nanocomposites that were 

palletized with KBr are presented in Figure 7. The spectral range 

analyzed was 400-4000 cm-1. The absorption bands at 𝑣1 and 𝑣2 

in all the nanocomposites samples are attributable to the intrinsic 

lattice vibration of the chemical bond (O-MOct.-O) at the 

octahedral (B site) and the chemical bond (O-Mtet.-O) at the 

tetrahedron (A site)[22].  

Figure 7: FTIR patterns of CoFe2O4/SiO2 nanocomposites with different 

ratios (0, 20, 40, and 60%). 
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The spectral features observed indicate the formation of a spinel 

ferrite arrangement. The absorption bands observed for 

CoFe2O4/SiO2 at (0, 20, 40, and 60%) within the ranges of 374.19, 

463.81, 574.79, 811.02, and 1104.2 cm-1 (as presented in Table 

6) are indicative of the symmetric and asymmetric expansion 

vibrations of Si-O-Si. These results suggest the formation of 

amorphous SiO2
[35]. Fig. 7 shows that when SiO2 nanoparticles 

are mixed, the absorption bands (𝑣1) and (𝑣2) shift towards lower 

frequencies compared with that in pure CoFe2O4. The observed 

phenomenon can be attributed to the CoFe2O4 modified with 

SiO2
[36].

Table 6: The wave number of FT-IR spectroscopy of CoFe2O4/SiO2 nanocomposites with different ratios (0, 20, 40, and 60%). 

Composition Mixing ratio% 
FTIR frequency bands (cm-1) 

𝑣1 𝑣2 𝑣3 𝑣4 𝑣5 

CoFe2O4/SiO2 

 

0 574.79 374.19 -------- -------- -------- 

20 572.67 372.87 1104.2 811.02 463.81 

40 572.03 372.84 1104.2 811.02 463.81 

60 570.77 370.05 1104.2 811.02 463.81 

 

3.2.3 FE-SEM study of CoFe2O4/SiO2 nanocomposites. 

The surface morphology and particle size of CoFe2O4/SiO2 

nanocomposites calcined at 700 °C were examined using FE-

SEM images. The image displayed in Figure 8 (a) showcases 

CoFe2O4 in its unadulterated form, devoid of any SiO2. Spherical 

crystallites with the majority of crystals aligned in the same 

direction can be formed by fashioning a dense structure visible 

from the shape. All particles seem to be roughly the same size 

46.50 nm). Fig. 8 (b) displays a homogenous microstructure with 

evenly distributed smaller particles. Fig. 8 (c) demonstrates 

bigger particles than Figure 8 (b). Figure 8 (d) had a different 

morphology from the previous image, with agglomerated 

particles of varying sizes and shapes. Figures 8(b-d), from which 

we can deduce that the silica network contains nanoparticles of 

CoFe2O4 that are well-crystallized, uniformly scattered, and 

almost spherical. Furthermore, the surface structure of NPs is 

relatively uneven, consisting of smaller subunits. In the FE-SEM 

image, some aggregates can be observed and this may mostly be 

due to the interaction that occurs naturally between magnetic 

nanoparticles.  

  

  

Figure 8: FE-SEM images of CoFe2O4/SiO2 nanocomposites with different ratios of silica (a) 0 %,  (b)20 %, (c) 40 %, and (d) 60% %. 

Table 7: Average crystallite size and particle size of CoFe2O4/SiO2 

nanocomposites determined from XRD and FE-SEM for the different 

ratios of silica (0, 20, 40, and 60%). 

Composition 
Mixing 

ratio% 
D(nm) XRD 

D(nm) FE-

SEM 

CoFe2O4/SiO2 

 

0 46.50 51.97 

20 43.89 46.74 

40 46.32 50.99 

60 49.05 54.22 

As shown in Figure 9, an energy dispersive spectroscopy (EDS) 

technique was utilized to determine the elemental compositions 

of nanoparticles. This technique was activated by an electron 

beam with a 10 keV energy as illustrated in Fig. 9(a-d). The EDS 

analysis indicates that the created nanocomposite contains 

significant amounts of the elements Cobalt, iron, Oxygen, and 

Silica. The apparent height of the peak of silicon increases in 

tandem with the increasing Si mixing concentration. The EDS 

analysis indicated the following weight ratios for the elements 

Co, Fe, O, and Si, as depicted in insets figure 9(a-d). 
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3.2.4 Magnetic measurement of CoFe2O4/Sio2 nanocomposites. 

The M-H loops of CoFe2O4/SiO2 nanocomposites with varying 

percentages of SiO2 (0, 20, 40, and 60%) are illustrated in Fig. 

10, and their magnetic property values are listed in Table (8). The 

saturation magnetization (Ms) and magnetic moment (nB) of the 

nanocomposite samples decrease significantly as the SiO2 mixing 

ratio increases. At 0% silica, the saturation magnetization and 

magnetic moment (nB) of CoFe2O4/SiO2 nanoparticles were the 

highest at 70. 335 emu.g-1 and 2.95 μB, respectively. At 60% 

silica, the saturation magnetization and magnetic moment were 

the lowest at 41.403 emu.g-1 and 1.74 μB, respectively. 

Interatomic spacing, Vacancies, and low coordination numbers 

may explain the drop in (Mr) with increased SiO2 mixing[17], 

whereas the reduction in the magnetic moment is associated with 

an elevation in SiO2 occupancy at (B-sites)[19]. 
 

Figure 10: Hysteresis curves of CoFe2O4/SiO2 nanocomposites with 

different ratios of silica (0, 20, 40, and 60%). 

The remnant magnetization (Mr) of CoFe2O4/SiO2 

nanocomposites decreases with increasing SiO2 content, from 

(38.695 emu.g-1) at 0% SiO2 to (23. 299 emu.g-1) at 60%, and has 

similar behavior for the saturation magnetization. The 

development of non-crystalline SiO2 on the surface of ferrite 

nanoparticles may be explained by such a decrease[37].

Table 8: Magnetic properties of CoFe2O4/SiO2 composites for different silica ratios (0, 20, 40, and 60%). 

Composition 
Mixing 

ratio % 
Ms (emu.g−1) Mr (emu.g −1) Hc(Oe ) nB (μB) Mr/ M S 

K × 103 (emu. 

Oeg−1) 

CoFe2O4/Si

O2 

 

0 70.335 38.695 2414.10 2.95 0.55 176.87 

20 56.321 31.791 2265.00 2.36 0.56 132.88 

40 49.215 27.494 2300.00 2.07 0.56 117.91 

60 41.403 23.299 2585.60 1.74 0.56 111.51 

 

Figure 9: EDS spectra of CoFe2O4/SiO2 nanocomposites with different ratios of silica (a) 0 %, 

(b)20 %, (c) 40 %, and (d) 60% %. 
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The coercive force values (Hc) fall from 2414.10 Oe (CoFe2O4) 

to 2265.00 Oe as the mixing content SiO2 increases at rate of 

20%. However, the coercive force values increase from 2300.00 

Oe (40%) to 2585.60 Oe (60%) with an increase in the mixing 

ratio of SiO2. The seen reduction in coercivity with an increase in 

SiO2 mixing can be assigned to a corresponding reduction in the 

anisotropy field, thereby resulting in a reduction of the motion for 

the domain walls[38]. The rise in CoFe2O4/SiO2 coercivity (at 40% 

to 60%) may be due to an increase in magnetic crystalline 

anisotropy  (K)[17]. 

The degree of squareness influences whether or not there is grain 

exchange. Since (Mr /Ms) values are higher than 0.5, the results 

indicate an exchange-coupled interaction[17] exists between the 

nanoparticles. The magnetic anisotropy (K) values fall from 

176.87 to 111.51×103 emu.Oeg-1 as the SiO2 mixing ratio 

increases. The presence of Co2+ ions on the octahedral (B-sites) 

is the primary cause of the high magnetic anisotropy of CoFe2O4, 

and this fact may be explained in terms of the effect of SiO2 

mixing on the cation site occupancies. Therefore, K is decreased 

if SiO2 enters the octahedral (B-site) and at least some Co2+ ions 

are displaced from the octahedral (B-site) to the tetrahedral (A-

site)[39]. 

3.2.5 Dielectric measurements 

The investigation of the dielectric properties of ferrite 

nanoparticles concerning their behavior under an applied AC 

electric field offers valuable knowledge regarding the mechanism 

of electrical conduction. The present term is influenced by 

various factors such as production technique, stoichiometric ratio, 

ionic charge, porosity, grain dimensions, and cation allocation 

within tetrahedral and octahedral structures[40]. Fig. 11(a-d) 

illustrates the dielectric parameters of synthesized CoFe2O4/SiO2 

nanocomposites with different ratios of silica (0, 20, 40, and 60 

%).

 

Using the following equations[20], the dielectric characteristics of 

synthesized ferrite nanocomposites were determined. 

𝜀′ =
𝐶𝑑

𝜀𝑜𝐴
                                                                                              (9) 

𝜀′′ = 𝜀′ tan 𝛿                                                                                    (10) 

σ𝑎𝑐 = 2𝜋𝑓𝜀𝑜𝜀′ tan 𝛿                                                                       (11) 

where C is the pellet's capacitance measured in farads and d is the 

pellet's thickness measured in meters, and A is the cross-sectional 

area, 𝜀𝑜  is the free space permittivity constant, and f is the 

frequency. 

Figure 11 (a) presents an illustration of the electrical behavior 

exhibited by ferrites nanocomposite, At low frequencies, the 

dielectric constant demonstrates a significant increase in value, 

followed by a decrease as the frequency increases and eventually 

attains its minimum value at high frequencies[26]. Table 3 displays 

the determination of the dielectric constant (ε') at different 

frequencies. (200 kHz, 400 kHz, 600 kH, 800 and 1000KHz). 

Lower frequency measurements show a greater dielectric 

constant, which can be attributed to the coexistence of multiple 

polarization mechanisms, such as space charge, dipolar, ionic, 

and electronic polarization. These mechanisms are known to 

diminish as the frequency increases. The observed raise in 

dielectric constant at lower frequencies may be related to the 

coexistence of various polarization mechanisms, such as space 

charge, dipolar, ionic, and electronic, which exhibit a diminishing 

effect as the frequency is raised[25]. At elevated frequencies, it has 

been observed that any element that contributes to polarization 

demonstrates a reaction slowly to an external field. This leads to 

a decrease in the dielectric constant, which can be attributed 

exclusively to the effect of electric polarizability[17]. As shown in 

Figure 11(a), when the amount of SiO2 is raised to 60%, the 

dielectric constant (ε') also rises, a result that is in great agreement 

Figure 11: Dielectric properties of CoFe2O4/SiO2 nanocomposites with different ratios of silica (0, 

20, 40, and 60 %) as a function of frequency, (a) dielectric constant(ε′), (b) dielectric loss factor 

(ε′′), (c) dielectric loss angle (tan δ), and (d) AC conductivity (σac). 
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with earlier reports by Q.M. Ahkam et al. and A.B. Kadam et 

al.[14, 41]. The incident frequency, which affects the dielectric 

constant, may be controlled via space charge polarizations. When 

an electric field is applied, a process known as charge entrapment 

takes place, which leads to the buildup of space charge at the 

boundaries of the grains, consequently, this results in an elevation 

of the dielectric constant. Dielectric loss pertains to the 

dissipation of electromagnetic energy within a dielectric 

substance and can be characterized by the dielectric loss angle 

(represented by the symbol 𝑡𝑎𝑛 𝛿) and the dielectric loss factor 

(denoted by 𝜀′′)[42]. Fig. 11(b and c) depicts the dielectric loss 

angle and dielectric loss factor of CoFe2O4/SiO2 as a function of 

frequency. Both showed a decreasing trend as the frequency 

increased and then stayed constant at high values, which is a 

characteristic of any ferrite material. Koop's idea[43] explains the 

frequency-dependent reduction in the values of each (𝑡𝑎𝑛 𝛿) and 

(𝜀′′). Within the high range of frequency, characterized by low 

resistivity resulting from the grains, a minimal amount of energy 

suffices for electron hopping between two Iron oxides (Fe2+ and 

Fe3+) situated at the octahedral (B-site). Conversely, in the low-

frequency region, the grain boundary becomes active due to high 

resistivity, necessitating a substantial amount of energy for 

electron hopping between two Fe ions located at the (B-site)[43]. 

Dielectric loss has large values for pure cobalt ferrite, however, 

these values decrease with increasing SiO2 content (0-60%) in 

CoFe2O4 nanocomposite. The preparation method, Fe2+ 

concentration, density, and structural homogeneity all affect the 

dielectric loss angle and factor. These properties make them 

appropriate for high-frequency applications[41].

Table 9: Dielectric properties of CoFe2O4/SiO2 nanocomposites with different ratios of silica (0, 20, 40, and 60 %) as a function of various 

frequency. 

Frequency (kHz) Dielectric parameters 0% SiO2 20% SiO2 40% SiO2 60% SiO2 

200 

𝜀′ 12 14.5 17.03 18.8 

𝜀′′ 14.1 12.5 7.8 4.5 

tan δ 0.63 0.61 0.57 0.37 

σac 15.1 14.1 8.8 5.1 

400 

𝜀′ 10.1 12.5 15.3 16 

𝜀′′ 10 9 5.8 3.8 

tan δ 0.60 0.59 0.5 0.33 

σac 22.6 20.02 12.5 7.4 

600 

𝜀′ 9 11.3 13.2 13.3 

𝜀′′ 8 7.5 4.3 2.8 

tan δ 0.58 0.57 0.42 3.02 

σac 25.7 24.0 15 9.1 

800 

𝜀′ 8.5 11 13 13.01 

𝜀′′ 6.3 6.1 3.9 2.4 

tan δ 0.54 0.53 0.32 2.76 

σac 27.4 25.3 16.2 11.5 

1000 

𝜀′ 8 9 11.3 11.4 

𝜀′′ 5.7 5.9 3.8 2.2 

tan δ 0.5 0.49 0.25 0.22 

σac 30 27.03 17.1 12.3 

 

Cobalt-doped SiO2 was observed to have a similar ac 

conductivity (𝜎𝑎c) pattern by Q. M. Ahkam et al.[14]. Conductivity 

rises with frequency, as shown in Fig. 11(d), which plots 

conductivity against frequency. The transition of Fe3+ ions from 

the tetrahedral site to the octahedral site is difficult and 

inefficient, which causes a decline in the couple's number made 

up of ions with the charges of Fe2+ and Fe3+. As a direct 

consequence of this, the amount of hopping that occurs between 

ferrites' electrons during the conduction process is reduced. The 

conductivity values of pure (CoFe2O4) and 60% of SiO2 mixed 

(CoFe2O4) were found to be the greatest and lowest, respectively. 

it was discovered in the current investigation that increasing the 

SiO2 mixing decreases ac conductivity (𝜎𝑎c), which contradicts a 

previous work by K. Nadeem et al.[17]. 

 

Conclusions 

Using the sol-gel auto-combustion method, CoFe2O4/SiO2 ferrite 

nanocomposites (SiO2=0, 20, 40, and 60%) were effectively 

synthesized. Each sample exhibited the behavior typical of cubic 

spinel ferrite nanocomposites, as confirmed by XRD and FT-IR. 

Dependent on the calcination temperature, crystallite size 

changes from (33.46-46.50 nm), X-ray density from (5.312-5.362 

g/cm3), and hopping length from (3.625-3.614 Å). Depending on 

the SiO2 mixing ratio, crystallite size changes from (46.50-49.05 

nm), x-ray density (5.301-5.300 g/cm3), and hopping length from 

(3.627-3.628 Å). FE-SEM images demonstrated that particle size 

grows during calcination. and mixing SiO2 ratio increases. Co, 

Fe, SiO2, and O were found in all ferrites using EDS. Vibrating 

Sample Magnetometer measurements show that all pure and 

mixing samples displayed ferrimagnetic behavior at various 

calcination temperatures and SiO2 mixing ratios. Additionally 
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stated that at 700 °C, pure and doped samples' maximum 

saturation magnetization (Ms) values were 70.335 emu.g-1 and 

70.335 emu.g-1, respectively. Dielectric factors like (𝜀′, 𝜀′′, and 

𝑡𝑎𝑛𝛿) decreased as frequency rose due to electron hopping 

between ferrous (Fe2+) and ferric (Fe3+) ions. At high frequencies, 

they became constant. The conductivity (𝜎𝑎𝑐) was noticed to grow 

with frequency. Depending on the SiO2 mixing ratio, 

CoFe2O4/SiO2 at 200(kHz), the dielectric constant (ε’) changes 

from 12-18.8 with mixing 60% to pure substance. However, the 

other parameters (εʺ) change from (14.1-4.5), tan 𝛿 change from 

(0.63-0.37), and (𝜎𝑎c) change from (15.1-5.1 ohm.m-1×10-5), 

which decreases with increasing the maxing ratio from pure to 

60%. 
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