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Abstract: 

       Analysis of the structural and dielectric properties of Ag-substituted Ni-Co spinel ferrite, 

represented by the formula Ni0.4Co(0.6-x)Ag2xFe2O4, were examined for values of (0.00 ≥ X ≤ 

0.45). An auto-combustion sol-gel process was used to synthesis this ferrite, which was then 

calcined at temperatures up to (1000°C). The ferrite samples underwent X-ray diffraction 

(XRD) research to determine their particle size, lattice characteristics, bulk density, and 

hopping length. The size of the crystallites varied between (32.952 nm and 43.926 nm), while 

the lattice parameter rose between 8.291 and 8.326 Å as the amount of silver ions increased. 

The X-ray density increased from 5.466 to 5.904 g/cm³, which was attributed to the larger 

molecular mass of silver (Ag) at 107.87 g/mol compared to cobalt (Co) at 58.93 

g/mol.Dielectric properties were also studied, including both the real (𝜀′) and imaginary (𝜀′′) 

components of the dielectric constant, the dielectric loss represented by the loss tangent (tan δ), 

and electrical resistivity(𝜌𝑎𝑐(. The results showed a decrease in both the real and imaginary 

dielectric constants, as well as a reduction in dielectric loss with increasing applied frequency. 

Additionally, a decrease in electrical resistivity was observed with increasing frequency. 
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كوبالت المعوض بأيونات الفضة والمكلسنة عند  -النيكل  تحضير ودراسة خصائص فرايت

1000°C 
 أمل خلف سالم1*، صباح محمد علي رضا2، أسماء احمد عزيز3

التربية للعلوم   العراق، كلية -جامعة كركوك-التربية للعلوم الصرفة العراق، كلية -جامعة كركوك-كلية التربية للعلوم الصرفة
.العراق -جامعة تكريت  -الصرفة  

amal-Khalaf@uokirkuk.edu.iq, sabahyagmur@uokirkuk.edu.iq, asmaa.jamal@tu.edu.iq 
 

 :الخلاصة

   4O2Fe2xAgx)-(0.6Co0.4Niالصيغة:ذات  الفضة،    -  لفرايت الكوبلت  التركيبية والعزلية  الخصائصيدرس هذا البحث          

السول (X ≤ 0.45 ≤ 0.00) ان  حيث طريقة  النماذجتم    حيثجل،  -باستخدام  إلى  عند  تلدين  تصل  حرارة    )   درجات 

1000°C).  الخواص التركيبية للعينات المحضرة باستعمال فحص حيود الأشعة السينية ) )    ويدرس البحث ايضا(XRD  

القفزات.   الحجمية، وطول  البلورية، والكثافة  الشبكة  الجسيمات، وخصائص  بين  حيث  لتحديد حجم  البلورات  تراوح حجم 

مع زيادة تركيز أيونات الفضة.   Å 8.326إلى    8.291من    يةالشبك  معامل  تنانومتر، بينما زاد  43.926نانومتر و  32.952

، ويرجع ذلك  ³جرام/سم  5.904إلى    5.466كما أظهرت نتائج تحليل حيود الأشعة السينية زيادة في كثافة الأشعة السينية من  

ثابت العزل  المتمثلة  أيضًا،    الخواص الكهربائيةدراسة    وتمت ،(Co) مقارنة بالكوبلت (Ag) إلى الكتلة الجزيئية الأكبر للفضة 

. (𝜌𝐴𝐶) والمقاومية الكهربائية (tan δ) بالإضافة إلى زاوية فقدان العزل  ،(′′𝜀) خياليوال (’′𝜀) لحقيقيالكهربائي بنوعيه ا

أظهرت النتائج انخفاضًا في كل من الثابت العازل الحقيقي والتخيلي، فضلًً عن انخفاض في فقدان العزل مع زيادة التردد 

 .المطبق. كما لوحظ انخفاض في المقاومية الكهربائية مع زيادة التردد

فضة النانوي، الفرايت الاسبينل، حيود  ال  - الكوبلت    جل، الخصائص العزلية، الفرايت-السول  طريقة  :المفتاحيةالكلمات  

 . ((XRDالأشعة السينية

1. Introduction : 

A notable group of electrical materials, spinel ferrites are used in radio frequency circuits, 

factor gadgets of superior quality, cores of transformers, medium for magnetic recording, fluids 

that are magnetic, and other state-of-the-art technology because of their strong electrical 

resistance and minimal eddy current losses [1,2,3].Cobalt ferrite nanoparticles demonstrate 

improved characteristics when integrated with noble metals such as silver (Ag) or gold (Au). 

The incorporation of silver into Co-NiFe2O4 is anticipated to augment its antimicrobial efficacy 

owing to the intrinsic antibacterial characteristics of silver[4,5]. The characteristics of these 

ferrites are affected by various factors, such as the preparation technique, sintering parameters, 

chemical composition, crystallite dimensions, and the distribution of cations in the tetrahedral 
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(A) and octahedral (B) lattice sites, represented chemically by the formula AB2O4 [6,7,8,9]. 

Among ferrite materials, nanoparticles of cobalt and silver stand out for their high electrical 

resistance, low tangent losses, and excellent dielectric properties. Therefore, that is critical to 

investigate their dielectric characteristics throughout a range of frequencies[10,11]. This 

research intends to examine the impact of integrating silver ions into the cobalt ferrite structure 

on its electrical properties. This is accomplished by examining the real (𝜀′) and imaginary (𝜀′′) 

components of the dielectric constant, the dielectric loss tangent (tan δ), and the electrical 

resistivity (𝜌𝑎𝑐) across an extensive frequency spectrum. This work enhances the 

comprehension of the correlation between structural composition and electrical qualities, aiding 

in the creation of materials with improved electrical performance for advanced technological 

applications. These applications encompass supercapacitors, insulating materials in integrated 

circuits, electrical sensors, high-frequency transformers, electromagnetic wave-absorbing 

materials, and electronic components utilized in wireless communication and microwave 

technologies[12]. 

2. Material and methods: 

     Sol-gel technique was used to prepare six distinct samples of Ni0.4Co(0.6-x)Ag2xFe2O4, with 

the value of x ranging from 0.00 to 0.45. Initially, the solution was prepared using a set of pure 

chemicals, such as iron nitrate (Fe(NO3)3·9H2O), cobalt nitrate (Co(NO3)2·6H2O), silver nitrate 

(Ag(NO3)), nickel nitrate (Ni(NO3)2·6H2O), and citric acid (C6H8O7·H2O). These materials 

were carefully chosen, as the metal nitrates act as oxidizing agents, while citric acid serves as 

a reducing agent, helping to form the final ferrite structure. Double distilled water was used 

throughout all experiments to ensure the solvent was free of impurities that could affect the 

reaction[13]. Subsequent to the solution's preparation, the mixture was incrementally heated on 

a hot plate to 90°C for two hours, culminating in the formation of a dense gel. Continuous 

agitation during this phase was essential to guarantee the uniform distribution of the 

components within the mixture. As the solvent evaporated, the mixture became increasingly 

concentrated, evolving into a viscous brown gel, which serves as the precursor to the self-

propagating combustion process[14]. 

The next step, the temperature was increased to 250°C to initiate the self-combustion process, 

which removed the remaining water from the mixture and produced the burned ferrite powder. 

To ensure a fine and uniform powder, it was ground using a mortar and stirring mechanism, 

which helped improve the uniformity of the particles. The resultant powder was further heated 

to 400°C for three hours to eliminate any residual organic compounds and to enhance the 
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sample's homogeneity. Subsequently, the powder was combined with polyvinyl alcohol (PVA) 

as a binder to fabricate circular discs of 13 mm in diameter and roughly 2 mm in thickness. The 

dry pressing process involved applying a pressure of 3 tons using a hydraulic press for one 

minute to form the discs. The resultant discs were sintered at 1000°C for three hours to enhance 

the characteristics of the samples. Subsequent to the sintering procedure, the discs were allowed 

to cool naturally to ambient temperature, so preparing them for the examination of their 

insulating qualities. An electrical impedance analyzer was employed to assess these properties 

subsequent to the sintering of the samples  [15] . Figure1shows the steps involved in using the 

sol-gel method for preparation [16]. 

 

Figure1:Flowchart depicting the different phases of the so1-ge1 process: from precursor to aerogel (16) 

3. X-ray diffraction analysis: 

       Figure 2 illustrates the XRD pattern for a sample with minimal Ag doping (x = 0. 00, 0.05, 

0.15,0.25,0.35 and 0.45). The lattice planes (111), (220), (311), (222), (400), (422), (511), (440), 

(620), (533), and (622) exhibit various configurations. The material exhibits a single-phase 

spinel structure, with the most prominent diffraction peak found at the (311) plane. The cubic 

spinel structure (ICDD 22-1086) matches the indexed peaks corresponding to the lattice planes 

According to [17]. The crystallite size (D) of the samples was calculated based on the Debye-

Scherrer equation [18]. 

𝐷 =
𝑘

(𝛽 𝐶𝑜𝑠𝜃)
… … … … … … … … … … … … … . . (1)  
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In this context, β signifies the full width at half maximum (FWHM) in radians, k indicates the 

form factor, which is set at 0.89, λ is the wavelength of the incident X-ray beam, and its value 

is 0.15406 nm, and θ represents the Bragg diffraction angle[19].  

The lattice constant (a) of the cubic spinel structure was ascertained using the approach. 

𝑎 = 𝑑√ℎ2 + 𝑘2 + 𝑙2 … … … … … … … … … … … … (2)  

In this context, h, k, l denote Miller indices, while d represents interplanar distance, which may 

be calculated using Bragg's law: 2d sin θ = λ 

Variations in the lattice parameter as a result of silver ion accumulation. The following equation 

is used to determine the X-ray density of the ferrite nanoparticles that are produced [20]: 

𝜌𝑥 =
8𝑀

 𝑁𝐴𝑎3
… … … … … … … … … … … … … … . . (3) 

M denotes the molecular weight, 𝛼 marks the lattice parameter, and 𝑁𝐴 represents Avogadro's 

number.  

The hopping length at the tetrahedra1 (A) site and octahedra1 (B) site is determined using the 

subsequent equations [21].  

LA = a
√3

4
… … … … … … … … … … … … … … … . . (4) 

LB = a
√2

4
… … … … … … … … … … … … … … … … . (5)   

 The structural properties were computed utilizing the aforementioned equation, as indicated 

with in Table 1 

Table 1: X-ray diffraction (XRD) results for Ni0.4Co(0.6-x)Ag2xFe2O4 ferrite nanoparticles calcined at 1000 °C. 

x D(nm) a (Å) ρ (g/cm3) LA(Å) LB(Å) 

0.00 32.952 8.291 5.466 3.590 2.932 

0.05 39.165 8.303 5.499 3.596 2.936 

0.15 39.771 8.302 5.614 3.595 2.937 

0.25 43.929 8.308 5.715 3.598 2.938 

0.35 43.928 8.323 5.797 3.604 2.943 

0.45 43.926 8.326 5.904 3.605 2.944 

mailto:rasha.talib@coeng.uobaghdad.edu.iq
https://isnra.net/index.php/kjps
mailto:kjps@uoalkitab.edu.iq
mailto:kjps@uoalkitab.edu.iq


 Amal Khalaf Salim1*, Sabah M. Ali Ridha2, Asmaa Ahmad Aziz3 . / Al-Kitab Journal for Pure Sciences (2026); 10(1):63-77.

 

 

Web Site: https://isnra.net/index.php/kjps   E. mail: kjps@uoalkitab.edu.iq

 
68 

 

20 40 60 80

In
te

n
s

it
y

(a
.u

)

2θ (Degree)

 0.00

 0.05

 0.15

 0.25

 0.35

 0.45

(1
1

1
)

(2
2
0

)

(3
1

1
)

(2
2
2

)

(4
0
0

)

(4
2
2

)

(5
1
1

)

(4
4

0
)

(6
2
0

)

(6
2
2

)
(5

3
3

)

 

Figure 2: XRD pattern of nanoparticles Ni0.4 Co (0.6-x) Ag2xFeO42. 

3.1 Crystallite Size (D): 

Equation 1 and X-ray diffraction (XRD) analysis were used to determine the crystallite size 

(D). The 311) peak and its full width at half maximum (FWHM) as well as its peak position 

(2θ) were used for the measurements. For the Ni0.4Co(0.6-x)Ag2xFe2O4 ferrites at 1000°C, the 

particle sizes, depending on the varying x concentrations, ranged from 32.952 nm to 43.926 

nm, as presented in Table 1. The results indicated that the crystallite size increases with the 

enhancement of silver doping in Ni-CoFe₂O₄, as the higher concentration of Ag⁺ ions 

substituting Co²⁺ ions leads to a larger crystallite size. This increase is attributed to the larger 

ionic radius of Ag⁺ (1.26 Å) compared to Co²⁺ (0.83 Å) ,and Fe²⁺ (0.92 Å) ions, This is 

consistent with the researchers' results  [22,23]. As the silver concentration (x) increases in the 

crystal lattice, the available sites in the crystal structure are filled with silver ions. However, 

after a certain concentration (typically at X = 0.25 or higher), the network reaches a state of 

“saturation,” where most of the sites in the lattice are fully occupied. Therefore, silver can no 

longer significantly influence the expansion of the crystallite size beyond this point, leading to 

the stabilization of the crystallite size[24]. 
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Figure 3: Variation in Crystallite Size (D) with Ag Concentration (x) for Ni-Co Ferrites Sintered at 1000°C. 

3.2 Lattice Parameter (a): 

The lattice parameter (a) for the sample at the (311) peak at 1000°C was calculated using 

Equation 2, and the results are shown in Table 1. As silver content increases, the lattice 

parameter of silver-cobalt ferrite go from 8.291 Å to 8.326 Å. According to the researchers, this 

is because the ionic radius of Ag⁺ (1.26 Å) is larger than that of Co²⁺ (0.83 Å). Consequently, 

the lattice constant of cobalt ferrite that is substituted with silver is expected to increase as the 

concentration of silver increases [25, [62 . 
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Figure 4: Lattice Parameter Variation as a Function of Ag Content (x) for Ni-Co Ferrites. 
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3. 3 Theoretical Density ( ρx-ray):  

Equation 3 was applied to determine the theoretical density values (ρx-ray) of the Ni0.4Co(0.6-

x)Ag2xFe2O4 ferrite phase at 1000°C across various silver concentrations (x = 0.0 to 0.45). 

Figure 5 depicts the relationship between silver concentration and density. The disparity in 

molar masses between cobalt (Co²⁺) and silver (Ag⁺) is responsible for the observed shift in 

behavior. Comparing silver to cobalt (Co), the former has a molar mass of 107.87 g/mol and 

the latter stands at 58.93 g/mol. The density is increased when silver is used in place of cobalt 

because silver has a larger atomic weight, This is consistent with the researcher results[20]. 
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Figure 5: shows how the theoretical density values (ρx-ray) for Ni-Co ferrites vary with increasing Ag 

Content (x). 

3. 4 Hopping Length (L): 

The lengths of ion hop at the tetrahedra1 (A) site LA and octahedra1 (B) site LB were 

determined by calculating the interionic distances using the crystal lattice constant, as outlined 

in Equations 4 and 5. The calculated values for the synthesized Ag-Co ferrite sample at 1000°C  

are illustrated in Figures 6 and Table 1. It is evident that the ionic jump lengths increase with 

augmented Ag content. Given that silver ions are larger than cobalt ions, their substitution 

results in an expansion of the lattice constant, thereby yielding a denser crystal structure[14]. 

The ionic jump lengths (LA and LB) exhibit a direct proportionality to the lattice constant (a), 

This results in a rise in jump lengths as silver concentrations increase. Furthermore, the ionic 

jump length (LB) is somewhat shorter than (LA) due to the more compact nature of the (LB) 

sites, resulting in shorter jump distances; this is consistent with the researcher's results [27,28]. 

mailto:rasha.talib@coeng.uobaghdad.edu.iq
https://isnra.net/index.php/kjps
mailto:kjps@uoalkitab.edu.iq
mailto:kjps@uoalkitab.edu.iq


 Amal Khalaf Salim1*, Sabah M. Ali Ridha2, Asmaa Ahmad Aziz3 . / Al-Kitab Journal for Pure Sciences (2026); 10(1):63-77.

 

 

Web Site: https://isnra.net/index.php/kjps   E. mail: kjps@uoalkitab.edu.iq

 
71 

 

0.0 0.2 0.4

3.5904

3.5952

3.6000

3.6048

0.0 0.2 0.4

2.9328

2.9367

2.9406

2.9445

 

10
00

 °
C

Conentration(X)

 LA(Å)

 

 

10
00

 °
C

 LB(Å)

 

Figure 6: Shows the variation in jump lengths LA and LB for Ni-Co ferrites with increasing Ag content (x). 

4. Electrical Characteristics: 

The behavior of nanoparticles made from ferrite demonstrates the mechanism 

associated with the dielectric response to alternating electric fields and electrical conduction 

processes. These properties are influenced by several factors, including chemical composition, 

manufacturing process, the ratio of components, particle size, ionic charge, porosity, and the 

cation distribution between the tetrahedra1 (A-site) and octahedra1(B-site) [29].  

Calculations of the dielectric properties of the Ni0.4Co(0.6-x)Ag2xFe2O4 sample at room 

temperature were carried out, including the dielectric constant (𝜀′), dielectric loss (εʺ), dielectric 

loss angle (tan δ), and electrical resistivity (ρac) as a function of frequency (500kHz – 5MHz) 

using the following equations [30]. 

𝜀′=
𝑪𝒅

𝜺°𝑨
… … … … … … … … … … … … … … … … … …. (6) 

𝑡𝑎𝑛𝛿 =
1

2𝜋𝑓𝑅𝑃  𝐶𝑃
… … … … … … … … … … … … … ..(7) 

𝜀′′ = 𝜀′𝑡𝑎𝑛𝛿 … … … … … … … … … … … … … … … (8)  
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𝜌 = 𝑅𝑃

𝐴

𝑑
… … … … … … … … … … … … … … … (9) 

In this context, 𝐶 denotes the capacitance of the pellet in farads, 𝑑 represents the thickness of 

the pellet in meters, 𝐴 signifies the cross-sectional area of the pellet's flat surface, 𝜀ₒ refers to 

the permittivity constant of free space, 𝑅𝑝 indicates the equivalent parallel resistance, and 𝐶𝑝 

stands for the equivalent parallel capacitance, A Surface area of the insulator, and d Thickness 

of the insulator 

Figure (7-10) Illustrates the variation of the dielectric constant (𝜀′), the dielectric loss angle 

(tan δ), dielectric loss factor (εʺ), and the electrical resistivity (𝜌𝑎𝑐) as a function of frequency. 

4.1 Dielectric Constant (𝜀′): 

Figure 7 shows how the real dielectric constant ( 𝜀′) changes with frequency at ambient 

temperature, ranging from (50 Hz to 5 MHz) for Ni0.4Co(0.6-x)Ag2xFe2O4 ferrite samples. As the 

frequency increases, a decrease in the dielectric constant (𝜀′) is observed, which can be 

explained by Equation 6. It can be inferred that the ferrite samples contain conductive grains 

with non-conductive grain boundaries. Electron polarization occurs when electrons hop across 

the non-conductive grain boundaries, where they accumulate due to the increased resistance. At 

higher frequencies, the electrons fail to interact with the oscillating field, minimizing the 

probability of electrons encountering the grain boundaries, hence diminishing polarization, This 

aligns with the researcher's findings [31,32].  
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Figure 7:The dependence of dielectric constant (𝜀′) on frequency for Ni0.4Co(0.6-x)Ag2xFe2O4. 
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4.2 Dielectric Loss Angle (𝒕𝒂𝒏𝜹): 

The values of tangent loss (𝑡𝑎𝑛𝛿) are influenced by various elements, including chemical 

composition, Fe2+ concentration, and structural uniformity, all of which are contingent upon 

the composition of the ferrite samples and the calcination temperature.  

Figure 8 illustrates the fluctuation of tangent loss relative to frequency for Ni-Co ferrite 

samples with varying silver ion (x) concentrations. The factor of dielectric loss is highest at low 

frequencies and declines with the rise in the applied electric field frequency, as explained by 

Equation 7. The inverse relationship between the dielectric loss factor and frequency arises 

from the substantial energy gained by dipoles from the applied electric field, which heightens 

the probability of collisions among these dipoles as they rotate at lower frequencies, resulting 

in diminished dielectric properties. With the increase in the applied field frequency, the capacity 

of the dipoles to track the fluctuations in the field diminishes, leading to a reduction in the 

energy absorbed by the dipoles from the applied field, and consequently, a decline in the 

dielectric loss factor, This is consistent with the researcher results [33]. 
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Figure 8: Displays the correlation between frequency and dielectric loss angle (tanδ) for spinel 

nanoparticles of Ni0.4Co(0.6-x)Ag2xFe2O4. 
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4.3 Dielectric Loss Factor (εʺ): 

The imaginary portion of the dielectric constant (εʺ) representing the loss of dielectric 

energy, is calculated through Equation 8 and is a critical parameter in evaluating the total core 

loss of ferrites. Consequently, lower dielectric losses are preferred for reducing core loss. The 

relationship between dielectric loss (εʺ) and frequency for Ni-Co nano ferrite samples with 

different levels of Ag-ion content (x) is shown in Figure 9. The dielectric loss curve resembles 

the tangent loss shown in the previous figure. The increase in electron hopping results in a 

localized shift in the direction of the applied electric field, resulting in higher electric 

polarization and consequently enhancing the dielectric loss factor, This is consistent with the 

researcher's results [31,34]. 
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Figure 9: Relationship between the dielectric loss factor (𝜀′′) and frequency for Ni0.4Co(0.6-x)Ag2xFe2O4 

spinel nanoparticles. 

4.4 Resistivity (𝝆𝒂𝒄): 

        Using Equation 9, the electrical resistance was computed, where Figure 10 shows the 

relationship between electrical resistance and frequency. As the frequency increases, a drop in 

electrical resistance is detected, following a pattern similar to the real value of the dielectric 

constant (𝜀′) and the imaginary component of dielectric loss (εʺ). This tendency suggests that 

electrical conductivity rises with increasing frequency. This alteration can be described based 
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on the conduction mechanism in ferrite materials, where electron transfer happens between 

(Fe²⁺) and (Fe³⁺) ions at the octahedral locations (site B). As the ions get closer together, this 

transfer increases, leading to electron hopping in internal displacements, resulting in 

polarization. This is congruent with the researchers' results [35,34].   
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Figure 10: Resistivity (𝝆𝒂𝒄) variation with frequency for Ni0.4Co(0.6-x)Ag2xFe2O4 spinel nanoparticles. 

5. Conclusions 

This work studied the effect of substituting Co ion with Ag ion in the spinel ferrite structure 

Ni₀.₄Co(₀.₆₋ₓ)Ag₂ₓFe₂O₄, synthesized using the auto-combustion so1-ge1 process and sintered at 

1000°C. X-ray diffraction (XRD) studies demonstrated an increase in lattice constant and bulk 

density with increasing Ag content, which is due to the larger molecular mass of Ag. Dielectric 

investigations demonstrated a drop in both the real (ε′) and imaginary (ε′′) components of the 

dielectric constant, as well as a reduction in dielectric loss (tan δ) and AC electrical resistivity 

(ρac) with increasing frequency. These discoveries contribute to the understanding of the 

relationship between the structural composition and electrical properties of the material, 

supporting applications in high-frequency circuits, sensors, integrated circuit insulation, and 

electromagnetic wave absorption. Additionally, introducing Ag may boost the antibacterial 

capabilities, expanding its potential for medical and electrical applications. Overall, this work 

helps to the creation of high-performance materials appropriate for sophisticated technological 

applications. 
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