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This paper presents the first-time synthesis of CoFe2−𝑥Co𝑥O4 nanoparticles (where x = 0.0, 0.1, 
0.2, 0.3, 0.4, 0.5, and 0.6) through hydrothermal methods utilizing metal chloride precursors. 
X-ray diffraction (XRD) analysis cofirms the formation of a cubic spinel structure characterized 
by the Fd3̄m space group. Field Emission Scanning Electron Microscopy (FE-SEM) images reveal 
that the average grain size of the nanoparticles lies between 50 nm and 90 nm. Notably, the 
optical band gap of the Co3+-doped samples exhibits a gradual increase from 1.7 eV to 2.5 eV. 
Furthermore, a reduction in saturation magnetization was noted with increasing doping content at 
both 5 K and 300 K. The observed decrease in saturation magnetization in the doped samples can 
be attributed to the migration of Co2+ ions from the B site to the A site, as well as the substitution 
of Fe3+ ions with Co3+ ions in the B site. Additionally, the ifluence of annealing temperature on 
the structure, morphology, and magnetic properties of the nanoparticles was examined.

1. Introduction

Magnetic nanoparticles have garnered significant attention over the past few decades due to their potential applications in various 
fields, including magnetic recording, magnetic resonance imaging, medicine, data storage, solar cells, sensors, and catalysis [1--6]. 
The optical properties of CoFe2O4 nanoparticles have attracted researchers because they are useful for optical data storage devices. 
CoFe2O4 nanoparticles exhibit strong magneto-optical effects [7]. Also, the absorption and transmission spectra of CoFe2O4 nanopar
ticles are ifluenced by their size, shape, and crystal structure. These properties can be tailored to control the optical response of the 
nanoparticles for specific applications, such as optical filters and colorants [8]. CoFe2O4 nanoparticles have been shown to exhibit 
nonlinear optical properties, such as second harmonic generation and two-photon absorption. These properties make them attractive 
for applications in optical communications and laser technology [9].

Spinel ferrites, a prominent class of magnetic materials, possess a cubic structure with the general formula AB2O4, where A and 
B represent different metal cations situated at two specific sites: A (tetrahedral) and B (octahedral). Each crystallographic unit cell 
contains eight formula units of AB2O4, leading to 64 A sites (of which 8 are occupied) and 32 B sites (with 16 occupied). The 
arrangement of metal cation M2+ within the spinel structure allows for categorization into normal, inverse, and mixed spinel. In a 
normal spinel cofiguration, A2+ cations occupy only the tetrahedral sites, while B3+ ions are found exclusively in the octahedral 
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sites. Conversely, in inverse spinel structures, all A cations and half of the B cations occupy octahedral sites, while the remaining B 
cations are located in tetrahedral sites. Mixed spinel structures represent a further variation, where both metal cations and B3+ ions 
are distributed across octahedral and tetrahedral sites, with an inversion parameter indicating the degree of inversion [10,11].

Various synthesis methods have been employed to produce spinel ferrites, including solid-state reaction techniques [12], sol-gel 
auto-combustion [13], and hydrothermal methods [14]. Among the range of spinel ferrite nanoparticles, cobalt ferrite (CoFe2O4) has 
attracted considerable interest due to its inverse spinel structure and superior electromagnetic properties. CoFe2O4 offers high coer
civity, significant magnetization, excellent chemical stability, mechanical hardness, and notable cubic magnetocrystalline anisotropy 
[15]. These attributes make cobalt ferrite a prime candidate for diverse applications in the field of magnetism and materials science.

The properties of CoFe2O4 ferrite are significantly ifluenced by the size and shape of its nanoparticles, which are determined by 
both the preparation method and the type of substituent used. In this study, we employed the hydrothermal method to synthesize 
nanoscale ferrites. This approach offers distinct advantages in terms of controlling grain size, crystalline phase, particle morphology, 
and reaction temperature. The hydrothermal technique allows for the formation of nanomaterials across a wide temperature range, 
from room temperature to elevated temperatures. Furthermore, the morphology of the synthesized materials can be tailored by 
utilizing low-pressure or high-pressure conditions, based on the vapor pressure of the primary reactants involved in the reaction. 
In addition, the magnetic properties of spinel ferrites can be modfied by adjusting their chemical composition, for example, by 
incorporating transition metals.

This paper is motivated by the need to enhance the properties of cobalt ferrite through controlled doping with cobalt ions. 
By synthesizing CoFe2−𝑥Co𝑥O4 nanoparticles using a hydrothermal method, we aim to investigate the effects of varying cobalt 
concentrations on the structural, magnetic, and optical properties of the nanoparticles. The systematic study of these properties 
is vital for understanding how ion substitution and migration can ifluence magnetization, which is essential for optimizing materials 
for specific applications. By examining the relationship between doping concentration, grain size, optical band gap, and thermal 
effects via annealing, this research contributes to a deeper understanding of the interplay between composition and properties in 
magnetic nanoparticles.

2. Experimental

2.1. Synthesis procedure

To synthesize the nanocrystalline powders of CoFe2−𝑥Co𝑥O4 (where x = 0.0, 0.1, 0.2, 0.3, 0.4, 0.5, and 0.6), we utilized a 
hydrothermal method. The starting materials included high-purity ferric chloride hexahydrate (FeCl3 .6H2O), cobalt chloride hexahy
drate (CoCl2.6H2O), and sodium hydroxide (NaOH). Initially, stoichiometric amounts of the metal chlorides were dissolved in 28 mL 
of distilled water to form a homogeneous solution. A NaOH solution was prepared by dissolving 1 g of NaOH in 50 mL of distilled 
water and then adding it and then added dropwise to the chloride solution while stirring vigorously. Following this, the mixture was 
stirred magnetically for 1 hour before being transferred into an autoclave. The solution was heated to 250 ◦C and maintained at that 
temperature for 2 hours, after which it was allowed to cool to room temperature. The resulting precipitate was washed several times 
with water and ethanol sequentially before being dried at 60 ◦C for 6 hours to obtain the final nanocrystalline powders.

2.2. Characterizations

The synthesized samples were characterized for their crystal structure using X-ray diffraction (XRD) patterns with CuK𝛼 radiation 
(𝜆 = 0.15406 nm). The morphology and size of the nanoparticles were assessed via field emission scanning electron microscopy 
(FE-SEM). Optical absorption spectra were collected using a Perkin Elmer UV–Vis spectrophotometer over the wavelength range of 
190 to 1100 nm, with a scan interval of 0.1 nm. The ferrite powder sample was dispersed in ethanol. A small quantity of the sample 
suspension was then transferred to a cuvette, which is subsequently positioned in the sample holder of the UV-Vis spectrophotometer. 
The transmittance measurement is then conducted. Finally, magnetic behavior was determined at room temperature and 5 K using 
a vibrating sample magnetometer (VSM) and a superconducting quantum interference device (SQUID) magnetometer (Quantum 
Design, MPMS-7) under applied magnetic fields up to 5 T.

3. Results and discussions

3.1. Phase analysis

X-ray diffraction (XRD) analysis was conducted to examine the crystal structure of the prepared samples. The X-ray diffraction 
patterns for CoFe2−𝑥Co𝑥O4 nanoparticles (where x=0.0, 0.1, 0.2, 0.3, 0.4, 0.5, and 0.6) are illustrated in Fig. 1. The patterns and 
corresponding data reveal that all samples exhibit a cubic spinel structure with the Fd3̄m space group. The XRD patterns feature 
notable peaks indexed as (220), (311), (222), (400), (422), (511), and (440), characteristic of the cubic spinel structure. These peaks 
were consistently identfied as spinel ferrites according to JCPDS card no. 001-1121. Additionally, Fig. 1 shows that samples with 
higher cobalt concentrations (x=0.4 and 0.6) contain a minor presence of a secondary phase (CoO). The shifting of the peaks toward 
lower angles does not display a distinct trend, indicating that the lattice parameters of the samples vary without a consistent pattern. 
The crystallite sizes were estimated from the XRD spectra using the Debye-Scherrer formula, represented by the following equation 
[16]:
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Fig. 1. XRD patterns of CoFe2−𝑥Co𝑥O4 (x=0.0, 0.1, 0.2, 0.3, 0.4, 0.5 and 0.6) nanoparticles and magnified section of (311) indicating peak shits. 

Fig. 2. X-ray patterns for the CoFe1.8Co0.2O4 ferrite nanoparticle refined by FULLPROF program. 

𝐷 = 0.9𝜆 
𝛽𝑐𝑜𝑠𝜃

(1)

In this formula, 𝜆 represents the wavelength of the X-ray radiation, 𝛽 denotes the full width at half maximum (FWHM) of the strongest 
diffraction peak, and 𝜃 is the angle of diffraction. Additionally, the relationship between the lattice parameter and volume in a cubic 
crystal structure is described by equations (2) and (3). In these equations, a refers to the lattice parameter, (h, k, l) are the Miller 
indices, and 𝑑ℎ𝑘𝑙 signfies the interplanar distance [17].

𝑎 = 𝑑ℎ𝑘𝑙(ℎ2 + 𝑘2 + 𝑙2)
1
2 (2)

𝑉 = 𝑎3 (3)

To gain further insights into the samples, Rietveld rfinements of the XRD data were performed using the FULLPROF program. The 
satisfactory agreement between the fitted results and experimental data is illustrated in Fig. 2, which represents the typical case for 
the sample with x=0.2.

The findings related to the XRD and the Rietveld rfinement parameters are summarized in Table 1. The parameters R𝑤𝑝 , R𝑒𝑥𝑝 and 
Sig represent the weighted residual error, expected error, and goodness of fit (where 𝑠𝑖𝑔 = 𝑅𝑤𝑝

𝑅𝑒𝑥𝑝
), respectively. A slight increase in the 

lattice parameters observed from the XRD patterns for x=0 to x=0.3 can be attributed to the variance in ionic radii between Co+2, 
Co+3 and Fe+3 ions. Additionally, at higher substitution levels (x≥0.4), the presence of impurities in the samples may contribute to 
a decrease in the lattice parameter. 

It is crucial to understand that the distribution of cations between tetrahedral and octahedral sites is primarily ifluenced by 
the overall energy of the crystal, which is affected by factors such as ionic radius, Coulomb energy, crystal field effects, and the 
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Table 1
XRD pattern rfinements using Rietveld method for CoFe2−𝑥Co𝑥O4 .

𝑥 (at.%) 𝑎𝑋𝑅𝐷 (Å) 𝑎𝑅𝑖𝑒𝑡𝑣𝑒𝑙𝑑 (Å) 𝐷 (Å) sig R𝑤𝑝 R𝑒𝑥𝑝

0.0 8.33 8.39 17.95 1.12 23.13 20.54
0.1 8.34 8.38 17.53 1.23 23.26 18.82
0.2 8.38 8.36 17.55 1.10 22.33 20.21
0.3 8.38 8.38 17.33 1.09 21.98 20.04
0.4 8.37 8.39 15.33 1.17 22.33 18.96
0.5 8.32 8.40 16.75 1.20 24.36 20.27
0.6 8.27 8.35 14.81 1.17 23.74 20.14

Table 2
Theoretical values of the lattice parameter, the ionic radii and cation distortion of A and B sites.

𝑥 (at.%) 𝑎𝑡ℎ (Å) 𝑟𝐴 (Å) 𝑟𝐵 (Å) cation distortion (A site) cation distortion (B site) 
0.0 8.31 0.4927 0.7509 (𝐶𝑜2+0.03𝐹𝑒3+0.97) (𝐶𝑜2+0.97𝐹𝑒3+1.03)

0.1 8.32 0.4984 0.7488 (𝐶𝑜2+0.09(𝐶𝑜3+0.01𝐹𝑒3+0.9) (𝐶𝑜2+0.97𝐶𝑜3+0.03𝐹𝑒3+1.0)

0.2 8.32 0.5011 0.7471 (𝐶𝑜2+0.12𝐶𝑜3+0.01𝐹𝑒3+0.87) (𝐶𝑜2+1.05𝐶𝑜3+0.02𝐹𝑒3+0.93)

0.3 8.33 0.5077 0.7469 (𝐶𝑜2+0.19𝐶𝑜3+0.02𝐹𝑒3+0.79) (𝐶𝑜2+1.08𝐶𝑜3+0.01𝐹𝑒3+0.91)

0.4 8.25 0.4951 0.7277 (𝐶𝑜2+0.01𝐶𝑜3+0.14𝐹𝑒3+0.85) (𝐶𝑜2+0.88𝐶𝑜3+0.37𝐹𝑒3+0.75)

0.5 8.23 0.4951 0.7199 (𝐶𝑜2+0.01𝐶𝑜3+0.14𝐹𝑒3+0.85) (𝐶𝑜2+0.86𝐶𝑜3+0.49𝐹𝑒3+0.65)

0.6 8.21 0.4951 0.7121 (𝐶𝑜2+0.01𝐶𝑜3+0.14𝐹𝑒3+0.85) (𝐶𝑜2+0.84𝐶𝑜3+0.61𝐹𝑒3+0.55)

arrangement of cations [19]. The distribution of cations over octahedral and tetrahedral sites can be represented as: (𝐶𝑜2+
𝑥

𝐹 𝑒3+1−𝑥)𝐴
(𝐶𝑜2+1−𝑥𝐹 𝑒3+1+𝑥)𝐵 O4 The ionic radii for tetrahedral and octahedral coordination can be calculated using the following equation [20]:

𝑟𝐴 =
∑

𝑖 
𝑟𝑖𝛼𝑖 𝑟𝐵 = 1

2
∑

𝑖 
𝑟𝑖𝛼𝑖 (4)

In this context, 𝛼 represents the quantity of the substituted ion, while r𝑖 denotes the ionic radii at the A and B sites, respectively. The 
ionic radii are as follows: (0.58 Å, 0.72 Å) [21,22] for 𝐶𝑜2+, (0.52 Å, 0.64 Å) [22] for 𝐶𝑜3+ and (0.49 Å, 0.78 Å) [23,24] for 𝐹𝑒3+. 
It is important to note that there is a relationship exist between the ionic radius and the lattice parameter. The lattice parameter can 
be theoretically calculated using the following equation [20]:

𝑎𝑡ℎ =
8 

3
√
3
[(𝑟𝐴 +𝑅0) +

√
3(𝑟𝐵 +𝑅0)] (5)

Here, R0 represents the radius of the oxygen ions, with a value of R0=1.32 Å. The theoretical values for the lattice parameter, 
ionic radii, and cation distortion for both tetrahedral (A-site) and octahedral (B-site) ions are summarized in Table 2. As mentioned 
earlier, the observed slight increase in the lattice parameter for x<0.3, followed by a subsequent decrease for x>0.3, is likely 
attributed to the distribution of 𝐶𝑜2+, 𝐶𝑜3+, and 𝐹𝑒3+ ions with different ionic radii at the A and B sites, as detailed in Table 2. 
These findings demonstrate a strong correlation with the experimental results obtained, further emphasizing the ifluence of ionic 
distribution on the lattice structure. Using the experimental data for the lattice constant and the oxygen position parameter (expressed 
as 𝑢 = (𝑟𝐴 +𝑅0)

1 
𝑎
√
3
+ 1

4 ), we conducted calculations to determine the hopping length between the magnetic ions in the tetrahedral 
(A) site and the octahedral (B) site. We also calculated the bond lengths for the tetrahedral (denoted as d𝐴𝑋 ) and octahedral (denoted 
as d𝐵𝑋 ) sites. Furthermore, we estimated the tetrahedral edge length (d𝐴𝑋𝐸 ), which corresponds to the closest distance between 
anions at the tetrahedral sites, along with the shared and unshared octahedral edges (d𝐵𝑋𝐸 and d𝐵𝑋𝐸𝑈 , respectively. Please refer to 
equations (6) through (12) for more details [25]. The results of these calculations are presented in Table 3.

𝐿𝐴 = 0.25𝑎
√
3 (6)

𝐿𝐵 = 0.25𝑎
√
2 (7)

𝑑𝐴𝑋 = 1.732𝑎(𝑢−0.25) (8)

𝑑𝐵𝑋 = 𝑎(3𝑢2−2.75𝑢+ 0.6719)
1
2 (9)

𝑑𝐴𝑋𝐸 = 1.4142(2𝑢−0.5) (10)

𝑑𝐵𝑋𝐸 = 1.4142𝑎(1−2𝑢) (11)

𝑑𝐵𝑋𝐸𝑈 = 𝑎(4𝑢2−3𝑢+ 0.6875)
1
2 (12)

As the substitution of Co3+ increases, the hopping length between the magnetic ions in the tetrahedral (A) site and the octahedral (B) 
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Table 3
Structural parameter values of hopping length (𝐿𝐴,𝐿𝐵 ), values of bond lengths of tetrahedral 
(d𝐴𝑋 ) and octahedral (d𝐵𝑋 ), tetrahedral edge (d𝐴𝑋𝐸 ) sites, shared and unshared octahedral 
edges (d𝐵𝑋𝐸 and d𝐵𝑋𝐸𝑈 ) of CoFe2−𝑥Co𝑥O4 nanoparticles.

𝑥 = 0.0 𝑥 = 0.1 𝑥 = 0.2 𝑥 = 0.3 𝑥 = 0.4 𝑥 = 0.5 𝑥 = 0.6

L𝐴 (Å) 3.5983 3.6027 3.6027 3.6070 3.5723 3.5636 3.5550
L𝐵 (Å) 2.9380 2.9416 2.9416 2.9451 2.9168 2.9097 2.9026
d𝐴𝑋 (Å) 1.8127 1.8183 1.8210 1.8276 1.8150 1.8150 1.8150
d𝐵𝑋 (Å) 2.0701 2.0706 2.0691 2.0690 2.0463 2.0388 2.0314
d𝐴𝑋𝐸 (Å) 2.9601 2.9694 2.9738 2.9846 2.9640 2.9640 2.9640
d𝐵𝑋𝐸 (Å) 2.7970 2.8003 2.8003 2.8037 2.7767 2.7700 2.7633
d𝐵𝑋𝐸𝑈 (Å) 2.9397 2.9433 2.2493 2.9468 2.9184 2.9114 2.9043

Fig. 3. The behavior of the values hopping length between the magnetic ions in the tetrahedral (A) site and the octahedral (B) site. 

Table 4
The formulas for calculating the cation-cation (Me-Me) and 
cation-anion (Me-O) distances, along with the bond angles.

Distances Me-O Distances Me-Me Bond angle 

p=a( 5
8

− u) b=
√
2 𝑎

4 𝜃1 = 𝑐𝑜𝑠−1
(𝑝2+𝑞2−𝑐2 )

2𝑝𝑞

q=a
√
3(𝑢− 1

4
) c=

√
11 𝑎

8 𝜃2 = 𝑐𝑜𝑠−1
(𝑝2+𝑟2−𝑒2)

2𝑝𝑟 
r=a

√
11(𝑢− 1

4
) d=

√
3 𝑎

4 𝜃3 = 𝑐𝑜𝑠−1
(2𝑝2−𝑏2)

2𝑝2

s=a
√
3( 𝑢 

3
+ 1

8
) e=

√
3 3𝑎

8 𝜃4 = 𝑐𝑜𝑠−1
(𝑝2+𝑠2−𝑓 2)

2𝑝𝑠 
f=

√
6 𝑎

4 𝜃5 = 𝑐𝑜𝑠−1
(𝑟2+𝑞2−𝑑2)

2𝑞𝑟 

site varies, as illustrated in Fig. 3. The distribution of cations between the tetrahedral and octahedral sites notably affects both bond 
lengths and edge dimensions. With increased cobalt substitution, bond lengths in both sites also rise. Specifically, the bond lengths 
at the tetrahedral (d𝐴𝑋 ) and octahedral (d𝐵𝑋 ) sites are directly correlated with the lattice parameter, thereby making the observed 
increase in bond lengths in both positions expected. 

We also calculated the interaction distances and angles between the metal ions and oxygen in all samples based on the XRD results. 
These parameters are summarized in Table 4, where p, q, r, and s represent the interaction distances between metal cations and oxygen 
anions. Additionally, b, c, d, e, and f denote the interaction distances when only metal ions are involved in the chemical bonds [16]. 
Furthermore, Fig. 4 presents a diagram illustrating the angles 𝜃1 to 𝜃5, which depict the arrangement of ions in both octahedral and 
tetrahedral cofigurations. The obtained values of these quantities are documented in Table 5 and Table 6. The experimental analysis 
reveals that the intrinsic distances increase gradually with the increment of cobalt substitution. In an undistorted spinel structure, the 
A-O-B angles are approximately 125◦ and 154◦. The B-O-B angles are around 90◦ and 125◦. Additionally, for the A-A cofiguration, 
the angle is approximately 80◦ [26]. The results indicate that the distortion caused by cobalt doping in CoFe2O4 has ifluenced the 
angles between interactions and led to a reduction in 𝜃5. 

Heliyon 11 (2025) e41276 

5 



Z. Mosleh, M. Beygmohammadvand, A. Ghotbi Varzaneh et al. 

Fig. 4. Interionic distances and angles in the spinel structures. 

Table 5
The estimated distances between cation-cation and cation-anion at the tetrahedral (A) site and octahedral (B) 
site.

𝑥 (at.%) p q r s b c d e f 
0.0 2.0775 1.8121 3.4700 3.609 2.9450 3.4534 3.6069 5.4104 5.1010
0.1 2.0741 1.8244 3.4935 3.6175 2.9486 3.4575 3.6113 5.4169 5.1071
0.2 2.0882 1.8259 3.4963 3.6325 2.9627 3.4741 3.6286 5.4429 5.1316
0.3 2.0857 1.8302 3.5047 3.6339 2.9627 3.4741 3.6286 5.4429 5.1316
0.4 2.0782 1.8368 3.5172 3.6325 2.9592 3.4700 3.6243 5.4364 5.1255
0.5 2.0641 1.8287 3.5017 3.6117 2.9415 3.4492 3.6026 5.4039 5.4039
0.6 2.0766 1.8266 3.4977 3.6219 2.9521 3.4617 3.6156 5.4234 5.1133

Table 6
Angles between cation-cation and cation-anion at tetrahedral (A) site 
and octahedral (B) site.

𝑥 (at.%) 𝜃1 𝜃2 𝜃3 𝜃4 𝜃5

0.0 125.070 153.619 90.276 125.329 79.395
0.1 124.844 152.346 90.600 125.405 78.727
0.2 125.005 153.249 90.368 125.350 79.203
0.3 124.908 152.703 90.507 125.383 78.917
0.4 124.715 151.643 90.787 125.448 78.350
0.5 124.650 151.298 90.880 125.470 78.163
0.6 124.844 152.346 90.600 125.405 78.727

3.2. Morphology of nanoparticles

An analysis of the surface morphology and grain size of CoFe2−𝑥Co𝑥O4 samples was performed using Field Emission Scanning 
Electron Microscopy (FESEM). As shown in Fig. 5, the FESEM micrographs indicate that the nanoparticles are predominantly spherical, 
with a grain size within the range of 50 to 90 nm. Furthermore, the inherent magnetism of the particles contributes to their tendency 
to aggregate, resulting in an increase in grain size with greater substitution of Co3+ . 

3.3. Magnetic analysis

Fig. 6 displays the measured magnetization (M) as a function of the applied field (H) for CoFe2−𝑥Co𝑥O4 samples at room tem
perature, with the corresponding magnetic parameters summarized in Table 7. Initially, the saturation magnetization (M𝑆 ) values 
increase with higher levels of Co3+ doping. This enhancement in M𝑆 can be attributed to changes in cation distribution, as shown in 
Table 2. CoFe2O4 exhibits an inverse spinel structure in which divalent Co2+ ions occupy the octahedral sites, while Fe3+ cations are 
located in both tetrahedral and octahedral sites. The net magnetic moment of the CoFe2O4 unit cell primarily results from the differ
ence between the magnetic moments in the tetrahedral (B) and octahedral (A) sites. As Co3+ ions (with a smaller magnetic moment 
of 4𝜇𝐵) replace Fe3+ cations (which have a larger magnetic moment of 5𝜇B) at the A site, the overall magnetization increases for 
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Fig. 5. FE-SEM of CoFe2−𝑥Co𝑥O4 (x=0.0, 0.1, 0.3 and 0.5) nanoparticles. 

Fig. 6. The hysteresis loops of CoFe2−𝑥Co𝑥O4 (x=0.0, 0.1, 0.2, 0.3, 0.4, 0.5 and 0.6) ferrite nanoparticles at 300 K. 

samples with x<0.3. However, at higher doping levels (x>0.3), the increased presence of Co2+ ions at the A sites, the replacement 
of Fe3+ with Co3+ at the B sites, and the incorporation of impurities lead to a reduction in saturation magnetization.

Additionally, the coercivity (H𝐶 ) exhibits a decreasing trend with increasing Co concentration, reaching a minimum value at x 
= 0.3, before rising again with further increases in doping content. This behavior can be explained by particle size; the increase in 
H𝐶 with particle size indicates of single-domain particle characteristics, as previously reported [27]. According to Néel’s law, the 
magnetic moment can be calculated from the cation distribution by determining the difference between the total magnetic moments 
of the B sites and A sites. This relationship is expressed mathematically as: 𝑛𝐵

𝑐𝑎𝑙
= M𝐵 -M𝐴. Here 𝑛𝐵

𝑐𝑎𝑙
is the theoretical value of the 
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Table 7
Coercive field (H𝐶 ), remanent magnetization (M𝑟), saturation magne
tization (M𝑆 ) and remanence ratios (R) values extracted from M - H 
loops.

x (at.%) HC(Oe) Mr (emu∕g) MS (emu∕g) 𝑅 = 𝑀𝑟

𝑀𝑆

0.0 704.78 18.99 55.33 0.34
0.1 1024.66 27.86 70.06 0.39
0.2 953.33 25.94 66.17 0.39
0.3 834.62 25.10 70.52 0.36
0.4 872.66 21.83 59.12 0.37
0.5 844.77 19.46 53.45 0.37
0.6 829.89 18.06 47.61 0.38

Fig. 7. Variation of experimental and calculated magnetic moment with composition x of CoFe2−𝑥Co𝑥O4 (x=0.0, 0.1, 0.2, 0.3, 0.4, 0.5 and 0.6) nanoparticles. 

magnetic moment, M𝐵 represents the magnetic moment of the B sites, and M𝐴 is the magnetic moment of the A sites. Additionally, 
the magnetic moment can be derived from experimental data using the following relationship, where M𝑤 denotes the molecular 
weight of each sample:

𝑛𝐵
𝑒𝑥𝑝

=
𝑀𝑤 ×𝑀𝑠

5585 
(13)

The illustration in Fig. 7 shows the variations in magnetic moment as a function of cobalt composition (x), comparing both experi
mental and calculated values. The figure emphasizes a strong correlation between the experimental observations and the theoretical 
predictions, indicating that the cation distribution and Néel’s law effectively describe the magnetic behavior of the cobalt-doped 
ferrites. This alignment indicates that the theoretical models effectively capture the fundamental magnetic properties of the material 
as the cobalt content varies. 

3.4. Optical characterization

The optical absorption spectra of the samples were obtained using UV-Vis spectrophotometry. Fig. 8 illustrates the absorption 
spectra of all the samples. The synthesized samples exhibit absorption peaks at the ultraviolet and visible region. A strong absorption 
peak is observed around 300 nm wavelength in the spectrum of CoFe2−𝑥Co𝑥O4 nanoparticles.

The optical band gap (𝐸𝑔 ) of CoFe2−𝑥Co𝑥O4 nanoparticles was determined from the absorption spectra using the following equa
tion:

𝛼ℎ𝜈 =𝐴(ℎ𝜈 −𝐸𝑔)𝑛 (14)

In this context, 𝛼 represents the absorption coefficient, h is Planck’s constant, A is a constant, and 𝐸𝑔 is the energy band gap. The 
parameter n indicates the type of optical transition and is limited to values of 12 , 2, 32 , and 3, which correspond to direct electronic 
transitions (direct band gap), indirect electronic transitions (indirect band gap), forbidden direct transitions, and forbidden indirect 
transitions, respectively [8]. To analyze the band edges, the Tauc equation is applied for direct band transitions. By plotting ((𝛼ℎ𝜈)2) 
versus photon energy (see Fig. 9), the linear segment of the resulting curve can be extended to the energy axis. The point of intersection 
indicates the approximate value of (E𝑔) [8]. The energy band gap of all samples was calculated using Bras’ effective mass model. In 
this model, the energy band gap 𝐸𝑔 can be expressed as a function of particle size [28]:
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Fig. 8. UV-Vis spectra of CoFe2−𝑥Co𝑥O4 nanoparticles. 

Fig. 9. Plots of (𝛼ℎ𝜈)2 as a function of photon energy (ℎ𝜈) for all samples. 

Table 8
Energy band gap for CoFe2−𝑥Co𝑥O4 samples.

𝑥 = 0.0 𝑥 = 0.1 𝑥 = 0.2 𝑥 = 0.3 𝑥 = 0.4 𝑥 = 0.5 𝑥 = 0.6

E𝑔(eV) 1.7 3.2 2.7 2.4 2.3 2.6 2.5

𝐸𝑛𝑎𝑛𝑜
𝑔

≅𝐸𝑏𝑢𝑙𝑘
𝑔

ℎ2

8𝑚0𝑟
2 (

1 
𝑚𝑒

+ 1 
𝑚ℎ

) + 1.8𝑒2
4𝜋𝜀𝜀0𝑟

(15)

Table 8 presents the values for the direct band gaps. It is noted that the band gap ranges from 1.7 to 3.2 eV for varying concentrations 
of Co3+, with the maximum band gap occurring at x = 0.1. The band gap obtained for the sample with x=0.0 aligns well with 
the previously reported value [29]. Various factors, including the cation distribution, presence of impurities, crystallite size, lattice 
parameter, and surface/interface effects, significantly ifluence the band gap [30]. 

4. Effect of annealing temperature

4.1. Effect of annealing temperature on structural properties

To eliminate impurities and investigate the effect of annealing temperature on the structural and magnetic properties of 
CoFe2−𝑥Co𝑥O4 nanoparticles, samples were sintered in air at 1000 ◦C for 3 hours. Fig. 10 presents the XRD pattern of the 
CoFe2−𝑥Co𝑥O4 nanoparticles after annealing at 1000 ◦C. Based on the standard CoFe2O4 powder diffraction data (JCPDS card no. 
391346), all observed peaks correspond to pure cubic phase nanoparticles with a space group of Fd3̄m. From the XRD spectrum, the 
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Fig. 10. XRD patterns of the CoFe2−𝑥Co𝑥O4 annealed at 1000 ◦C.

Table 9
Lattice parameter, crystalline size, unit cell volume and hopping length for CoFe2−𝑥Co𝑥O4
annealed at 1000 ◦C.

𝑥 = 0.0 𝑥 = 0.1 𝑥 = 0.2 𝑥 = 0.3 𝑥 = 0.4 𝑥 = 0.5 𝑥 = 0.6

𝑎 (Å) 8.37 8.36 8.33 8.33 8.30 8.29 8.27
𝐷 (nm) 51 45 49 44 50 54 44
𝑉 (Å3) 586.37 584.27 578.00 575.93 571.79 569.72 565.60
L𝐴 (Å) 3.6243 3.6199 3.6069 3.6026 3.5940 3.5896 3.5810
L𝐵 (Å) 2.9592 2.9557 2.9450 2.9415 2.9344 2.9309 2.9238

Fig. 11. The trend of L𝐴 and L𝐵 as functions of the Co content (x) in CoFe2−𝑥Co𝑥O4 samples annealed at 1000 ◦C. 

lattice parameter (as described in Equation (2)), crystallite size (according to Equation (1)), and unit cell volume (as per Equation 
(3)) were determined and are summarized in Table 9.

The slight variation in the lattice parameter with increasing Co3+ substitution can be attributed to the differences in the ionic 
radii of Fe3+ and Co3+. Specifically, the ionic radius of Fe3+ is 0.49 Å at the tetrahedral (A-sites) and 0.64 Å at the octahedral 
(B-sites). In comparison, the ionic radius of Co3+ is 0.52 Å at tetrahedral sites and 0.61 Å at octahedral sites [18]. Consequently, 
the gradual doping of Co3+ cations leads to a shrinkage of the lattice. The results indicate that during the Co substitution process, 
Co3+ ions preferentially replace Fe3+ in the B site. From the obtained lattice parameters, we calculated the hopping length between 
the magnetic ions in the tetrahedral (A) site and the octahedral (B) site. It was observed that the associated parameters decrease 
with increasing Co3+ ion substitution (see Fig. 11). This suggests that Co3+ ions show a preference for occupying the octahedral B 
sites. The theoretical values for the lattice parameter, ionic radii, and cation distortion for both tetrahedral (A-site) and octahedral 
(B-site) ions are summarized in Table 10. In comparison to the unannealed samples, the width of the diffraction peaks decreased 
while the intensity increased, suggesting an enhancement in the size of the crystallites. Rietveld rfinements of the XRD data were 
performed using the FULLPROF program, allowing for a detailed analysis of the crystal structure of CoFe2−𝑥Co𝑥O4. Fig. 12 display a 
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Table 10

Theoretical values of the lattice parameter, the ionic radii and cation distortion of A and B sites.

𝑥 (at.%) 𝑎𝑡ℎ (Å) 𝑟𝐴 (Å) 𝑟𝐵 (Å) cation distortion (A site) cation distortion (B site) 
0.0 8.31 0.4945 0.7515 (𝐶𝑜2+0.05𝐹𝑒3+0.95) (𝐶𝑜2+0.95𝐹𝑒3+1.05)

0.1 8.30 0.4954 0.7480 (𝐶𝑜2+0.04(𝐶𝑜3+0.06𝐹𝑒3+0.9) (𝐶𝑜2+0.95𝐶𝑜3+0.05𝐹𝑒3+1.0)

0.2 8.28 0.4954 0.7398 (𝐶𝑜2+0.04𝐶𝑜3+0.06𝐹𝑒3+0.90) (𝐶𝑜2+0.92𝐶𝑜3+0.18𝐹𝑒3+0.90)

0.3 8.26 0.4954 0.7320 (𝐶𝑜2+0.04𝐶𝑜3+0.06𝐹𝑒3+0.90) (𝐶𝑜2+0.90𝐶𝑜3+0.3𝐹𝑒3+0.80)

0.4 8.24 0.4954 0.7246 (𝐶𝑜2+0.04𝐶𝑜3+0.06𝐹𝑒3+0.90) (𝐶𝑜2+0.89𝐶𝑜3+0.41𝐹𝑒3+0.70)

0.5 8.22 0.4954 0.7168 (𝐶𝑜2+0.01𝐶𝑜3+0.14𝐹𝑒3+0.85) (𝐶𝑜2+0.87𝐶𝑜3+0.53𝐹𝑒3+0.60)

0.6 8.20 0.4954 0.7090 (𝐶𝑜2+0.04𝐶𝑜3+0.06𝐹𝑒3+0.9) (𝐶𝑜2+0.85𝐶𝑜3+0.65𝐹𝑒3+0.50)

Fig. 12. Rietveld analysis for the CoFe1.8Co0.2O4 sample annealed at 1000 ◦C.

Table 11

XRD pattern rfinements using Rietveld method for CoFe2−𝑥Co𝑥O4 annealed at 1000 ◦C.

𝑥 = 0.0 𝑥 = 0.1 𝑥 = 0.2 𝑥 = 0.3 𝑥 = 0.4 𝑥 = 0.5 𝑥 = 0.6

𝑎 (Å) 8.38 8.36 8.35 8.34 8.34 8.33 8.31
𝑆𝑖𝑔 1.48 1.80 1.70 1.70 1.21 1.49 1.32
R𝑤𝑝 33.1721 37.4548 34.0263 36.0732 25.4146 28.3241 27.3432
R𝑒𝑥𝑝 22.2984 20.7001 19.9979 21.1985 20.8644 18.9967 20.5683

typical Rietveld analysis for x=0.2 sample, showing the fitted prfile alongside the observed data, as well as the difference plot. The 
estimated values of the Rietveld rfinement parameters are summarized in Table 11. 

4.2. Magnetic properties

Fig. 13 displays the magnetization loops for CoFe2−𝑥Co𝑥O4 nanoparticles annealed at 1000◦. The magnetization was analyzed using 
Superconducting Quantum Interference Device (SQUID) magnetometry at 5 and 300 K. The results illustrate the magnetic behavior 
of the nanoparticles under varying magnetic fields. The values of saturation magnetization (M𝑆 ), coercive field (H𝐶 ), remanence 
magnetization (M𝑟), and squareness ratio (R) are summarized in Table 12. The observations suggest that the applied magnetic field 
is insufficient for fully aligning the spins in the direction of the field at low temperatures, suggesting notable anisotropy or other 
magnetic interactions within the nanoparticles. The variation of saturation magnetization (𝑀𝑆 ) and coercive field (H𝐶 ) with Co+3

substitution at 5 K and 300 K is illustrated in Fig. 14 and Fig. 15, respectively. At both temperatures, a noticeable decreasing trend 
in magnetization is observed with increased Co+3 substitution. This decrease in magnetization can be attributed to the distribution 
of cations across the various sublattices, as previously discussed for the unannealed samples. At 300 K, the coercive field (H𝐶 ) 
exhibited only minor changes; however, its behavior at 5 K was inconsistent. The coercive field of ferrite nanoparticles is affected by 
several factors, including internal microstress that distorts the lattice structure, as well as variations in particle size and electronic 
cofigurations [31].

It is noted that after annealing, the saturation magnetization and coercive field increase significantly due to several factors. First, 
annealing promotes the crystallization of the material, which can lead to improved structural order and reduced internal defects. 
This enhancement in crystallinity facilitates better alignment of magnetic moments within the material, resulting in higher saturation 
magnetization.

Additionally, annealing can induce grain growth, which may diminish magnetostatic interactions between nanoparticles and allow 
for greater coherence of magnetic domains. This alignment helps in achieving a more uniform and stronger net magnetization. Another 
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Fig. 13. VSM of CoFe2−𝑥Co𝑥O4 at 5 and 300 K.

Table 12

Saturation magnetization (MS
)
, coercive force (HC

)
, remanent magne

tization (Mr
)
, and anisotropy constant (K) as a function of Sm content 

(𝑥) measured at temperatures 5 K (a), and 300 K (b).

x (at.%) HC(Oe) Mr (emu∕g) MS (emu∕g) 𝑅 = 𝑀𝑟

𝑀𝑆

T = 5 K
0.0 5764.13 69.30 98.20 0.70 
0.1 3534.00 78.51 96.30 0.81 
0.2 4281.00 74.33 88.80 0.83 
0.3 4173.09 66.91 79.68 0.84 
0.4 5781.09 6242 72.69 0.85 
0.5 3031.59 53.35 67.95 0.79 
0.6 4508.85 49.92 61.04 0.81 
T = 300 K
0.0 768.40 23.12 94.48 0.24 
0.1 165.36 8.62 90.94 0.09 
0.2 102.30 6.07 83.30 0.07 
0.3 69.21 3.39 74.10 0.04 
0.4 70.95 5.32 64.88 0.08 
0.5 76.74 3.09 63.36 0.04 
0.6 83.36 3.86 55.40 0.07 

contributing factor is the redistribution of cations during the annealing process. This can optimize the cation distribution among the 
octahedral and tetrahedral sites, increasing the overall magnetic moment of the material according to Néel’s model. Finally, the 
reduction of internal microstress and defects resulting from the annealing treatment can further improve the stability of the magnetic 
domains, contributing to an increase in the coercive field (H𝐶 ). Overall, these changes result in enhanced magnetic properties of the 
samples after annealing. 

5. Conclusions

In conclusion, this study successfully synthesized CoFe2−𝑥Co𝑥O4 nanoparticles using hydrothermal methods, revealing significant 
insights into the structural, morphological, optical, and magnetic properties of these materials ifluenced by cobalt substitution. X-ray 
diffraction analysis cofirmed the formation of a cubic spinel structure, while FE-SEM revealed average grain sizes ranging from 50 
nm and 90 nm, indicating the successful cultivation of nanoparticles.

The investigation of optical properties showed a notable increase in the band gap of Co+3-doped samples from 1.7 eV to 2.5 
eV, suggesting potential applicability in optoelectronic devices. Magnetic characterization demonstrated a decrease in saturation 
magnetization with rising Co+3 content at both 5 K and 300 K, driven by the migration of Co+2 ions to the A site and the substitution 
of Fe+3 ions in the B site, which have important implications for magnetic performance in various applications. Finally, the effects of 
annealing were considered, highlighting its role in optimizing the structural and magnetic properties of the nanoparticles. Overall, 
the findings of this study contribute to the understanding of how cobalt doping can tailor the properties of CoFe2O4 nanoparticles, 
paving the way for their potential applications in biomedical, magnetic, and electronic fields.
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Fig. 14. The total trend of 𝑀𝑆 and H𝐶 as functions of the co content (x) in 5 K.

Fig. 15. The total trend of 𝑀𝑆 and H𝐶 as functions of the co content (x) in 300 K. 
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