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Abstract: The objective of this study was to establish the dielectric properties of CoFe2O4 nanoparticles with particle sizes that varied from 
28.6 to 5.8 nm. CoFe2O4 nanoparticles were synthesized using a chemical coprecipitation method. The particle sizes were calculated accord-
ing to the Scherrer formula using X-ray diffraction (XRD) peaks, and the particle size distribution curves were constructed by using 
field-emission scanning electron microscopy (FESEM) images. The dielectric permittivity and loss tangents of the samples were determined 
in the frequency range of 1 kHz to 1 MHz and in the temperature range of 300 to 10 K. Both the dielectric permittivity and the loss tangent 
were found to decrease with increasing frequency and decreasing temperature. For the smallest CoFe2O4 nanoparticle size, the dielectric per-
mittivity and loss tangent exhibited their highest and lowest values, respectively. This behavior is very useful for materials used in devices 
that operate in the microwave or radio frequency ranges. 
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1. Introduction 

The AB2X4 spinels represent one of the most attractive 
and significant families of crystalline compounds, where A, 
B, and X denote a divalent cation, a trivalent cation, and a 
divalent anion, respectively [1]. Cobalt ferrite (CoFe2O4) 
nanoparticles are of great interest because of their 
size-dependent dielectric properties that vary with frequency 
and operating temperature [2]. The dielectric permittivity [3] 
and dissipation factor (tanδ) [4] are two basic parameters 
used to determine the dielectric properties of CoFe2O4 

nanoparticles. These parameters depend on three funda-
mental factors: (1) ionic and dipolar relaxation, (2) atomic 
vibration, and (3) electronic resonance at high frequencies. 
Ionic and dipolar relaxation is most dominant among these 
three factors [5]. Ferrites, which are very good dielectric 
materials, have numerous applications in microwave-fre-
quency- and radio-frequency-range devices [6] because they 
exhibit very low electrical conductivity [7]. They are there-
fore used as an essential ingredient in electromagnetic de-
vices that operate in the microwave frequency range. The 

microwave behavior can be significantly modified through 
the application of a biasing field [8]. Because of their high 
resistivity, ferrites can also be used as high-frequency mag-
netic materials [9].  

In high-frequency applications [10], understanding of the 
dielectric properties of materials is very important. The di-
electric properties of CoFe2O4 nanoparticles depend upon 
the technique used to synthesize them [11]. In recent years, 
numerous synthesis procedures for synthesizing nanoscale 
ferrites have been developed. The synthesis of ferrites using 
a chemical coprecipitation [12] method has many advan-
tages over other wet chemical methods. These advantages 
include maximum reactivity, short processing time, low 
preparation temperature, homogenous distribution of ions, 
and low costs [13].  

In this study, CoFe2O4 nanoparticles with different sizes 
have been synthesized by a chemical coprecipitation method 
at different temperatures from 75 to 10°C and different mo-
lar fractions to establish the dependence of their dielectric 
properties on their particle size without using any surfactant. 
To the best of our knowledge, this method has not been re-
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ported previously. Controlled synthesis without using any 
surfactant may increase the possibility of preparing highly 
pure, single-crystalline nanoferrites.  

2. Experimental  

CoFe2O4 nanoparticles were synthesized via a chemical 
coprecipitation method. The reagents CoCl2·6H2O (Merck, 
99.9% pure) and FeCl3·6H2O (S.D. Fine Chem, 99.9% pure) 
were mixed in an aqueous solution in a Co/Fe molar ratio of 
1:2. An aqueous solution with an excess of NaOH was used 
as the alkaline precipitating agent. The reaction tempera-
tures were constantly maintained at the desired temperature 
from 10 to 75oC, and the molar fractions of the reagents 
were varied with each set of samples, as shown in Fig. 1. 
Sets I, II, and III were synthesized at FeCl3·6H2O/ 
CoCl2·6H2O/NaOH molar ratio of 2:1:16 and at molar frac-
tions of 1%, 5%, and 10%, respectively. Specimens (a), (b), 
(c), and (d) were synthesized at 10, 25, 55, and 75°C, re-
spectively. We synthesized a series of nanoparticle samples 
by controlling the dilution of the precursors while keeping 
the molar ratios constant. When the mixed solution was 
dripped into the alkaline aqueous solution, precipitation oc-
curred immediately and the color of the suspension changed 
from the initially brown to dark-brown over a period of 2 h. 
The reaction time of 2 h was found to be sufficient for the 
dehydration and atomic rearrangement involved in the con-
version of the hydroxide into the ferrite compound. The 
magnetic separation technique was used to separate the 
magnetic particles from the solution using a 0.1 T magnetic 
field; the magnetic particles were subsequently washed five 
times with distilled water to remove sodium and chloride 
ions. The washed samples were dried at room temperature 
and calcined at 200°C for 2 h. 

The structural properties of CoFe2O4 nanoparticles were 
characterized by powder X-ray diffraction (XRD) (Bruker 
diffractometer, model D8 Advance) using Cu Kα radiation in 
the range 20°-80°; the scan rate was 0.02°/s, and the X-ray 
source was operated at 40 kV and 40 mA. Surface morpho-
logical and microstructural properties were investigated us-
ing atomic force microscopy (AFM) (M/s Digital Instru-
ments, model NSE) and field emission scanning electron 
microscopy (FESEM) (JEOL JSM-6390A). The dielectric 
properties were measured using an HP 4284A Precision 
LCR meter in the frequency range of 100 kHz to 1 MHz at 
low temperature using a model CCS-150 liquid-helium cry-
ostat (Janis Research Company, USA). The temperature of 
the device was controlled using a Lakeshore model 331 
temperature controller and a GaAlAs temperature sensor.  

 
Fig. 1.  XRD patterns of CoFe2O4 nanoparticles synthesized at 
different temperatures using various molar fractions of re-
agents. Set I, set II, and set III were synthesized at molar frac-
tions of 1%, 5%, and 10% respectively. (a), (b), (c), and (d) 
were synthesized at 10, 25, 55, and 75°C, respectively. 

3. Results and discussion 

3.1. Structural properties 

The XRD patterns of CoFe2O4 nanoparticles synthesized 
at different temperatures and molar fractions are shown in 
Fig. 1. Analysis of the XRD patterns revealed that all sam-
ples consisted of CoFe2O4 (JCPDS No. 00-022-1086), had a 
single-phase cubic structure, and contained no other 
phases/impurities. The particle sizes were determined using 
the Scherrer formula [14]: 

0.89
cos

t λ
β θ

=  (1) 

where β is the full-width at half-maximum (FWHM) cor-
rected for instrument-induced line broadening using silicon 
as a standard sample, λ is the wavelength of the X-rays, and 
θ is the Bragg angle. 

As shown in Fig. 1, the samples in sets I (a) and (b) are 
amorphous because of the low molar fraction and low reac-
tion temperatures. The average particle sizes are 5.8 and 9.2 
nm for sets I (c) and (d), respectively, 10.2, 10.7, 11.8, and 
13.6 nm for sets II (a), (b), (c), and (d), respectively, and 
14.4, 16.2, 17.3, and 28.6 nm for sets III (a), (b), (c), and (d), 
respectively.  

The average particle sizes and the assigned structure are 
tabulated in Table 1 for the different sets of molar fractions 
and temperatures used in the experiments. The XRD results 
show that the sharpness of the prominent peak increases 
with increasing reaction temperature and molar fraction of 
the reagents, which indicates that the grain size increased, as 
seen in Fig. 1 and Table 1. This result can also be under-
stood with the help of the Debye–Scherrer formula because 
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the particle size is inversely proportional to β (FWHM). 
Cedeño-Mattei et al. [15] have also reported that the sharp-
ness of the prominent peak increases as the grain size of 
nanomaterials increases.  

Table 1.  Summary of the growth process variables, grain 
sizes, and phase assignments for sample sets I, II, and III 

Set 
Molar fraction / 

% 
Temperature / 

°C 
Grain size / 

nm 
Phase  

assignment

10 — Amorphous
25 — Amorphous
55 5.8 Cubic 

I 1 

75 9.2 Cubic 

10 10.2 Cubic 

25 10.7 Cubic 
55 11.8 Cubic 

II 5 

75 13.6 Cubic 
10 14.4 Cubic 
25 16.2 Cubic 
55 17.3 Cubic 

III 10 

75 28.6 Cubic 
 

3.2. Dielectric properties 

The dielectric properties of the CoFe2O4 nanoparticles of 
various sizes were studied in the temperature range from 
300 to 10 K at different frequencies using an LCR (HP 
4284A) meter, a liquid-helium cryostat, and a temperature 
controller. Nanoparticles of CoFe2O4 were pressed using a 
uniaxial press into pellets with a diameter of 10 mm and a 
thickness of 0.1 mm. Silver paste was applied to both sides 
of the pellet to form a metal–insulator–metal parallel-plate 
capacitor configuration. The dielectric permittivity [16] was 
calculated using Eq. (2): 

r
0

Cd
A

ε
ε

=  (2) 

where εr is the dielectric permittivity of the sample, C is the 
capacitance of the sample, d is the thickness of the sample, 
εo = 8.854 × 10−12 F/m is the permittivity of free space, and 
A is the cross-sectional area of the sample.  

The dielectric permittivity of CoFe2O4 nanoparticles as a 
function of temperature at frequencies of 1 kHz and 1 MHz 
and for particle sizes that ranged from 28.6 to 5.8 nm is 
shown in Fig. 2. As evident in Fig. 2, the dielectric permit-
tivity increases as the particle size decreases from 28.6 to 
5.8 nm. The enhancement of the dielectric properties as the 
particle size decreases can be explained by the correlated 
barrier hopping (CBH) model [17]. For the CBH model, 

ions or charge carriers are assumed to be separated by a po-
tential well (or anisotropy barrier) and to jump from one site 
to another site over the barrier. When the particle size de-
creases to 5.8 nm, the number of domains decreases and the 
particles remain single-domain. A weak field is required to 
overcome the barrier and results in an enhancement of the 
dielectric permittivity [18].  

Results in Fig. 2 also indicate that, as the temperature de-
creases from 300 to 175 K, the dielectric permittivity de-
creases very rapidly due to the rearrangement of dipoles in 
the direction of the electric field. Furthermore, at lower 
temperatures from 175 to 10 K, the CoFe2O4 nanoparticles 
exhibit almost constant dielectric permittivity values be-
cause of an anisotropy barrier that prevents the polarization 
direction of each nanoparticle from flipping at low tempera-
tures [19]. At low temperatures, dipoles are frozen and ex-
hibit a low degree of polarization; as a result, the dielectric 
permittivity does not significantly change. 

Variation of the dielectric permittivity as a function of 
frequency for different particle sizes of CoFe2O4 nanoparti-
cles at 300 and 175 K is shown in Fig. 3. Figs. 2 and 3 
clearly indicate that the dielectric permittivity at a frequency 
of 1 kHz is greater than that at a frequency of 1 MHz for all 
particle sizes. As the frequency increased from 200 kHz to 1 
MHz, the CoFe2O4 nanoparticles exhibited almost constant 
values of dielectric permittivity.  

Dielectric polarization occurs as electronic, ionic, interfa-
cial, or dipolar polarization. Electronic and ionic polariza-
tions are active in the high-frequency range, whereas the 
other two mechanisms prevail in the low-frequency range 
[20]. When the frequency is increased, the dipoles will no 
longer be able to rotate sufficiently fast, and their oscilla-
tions will begin to lag behind that of the field. As the fre-
quency is further increased, the dipole will be completely 
unable to follow the field and the orientation polarization 
will stop. Consequently, the dielectric permittivity decreases 
at higher frequencies and approaches a constant value. This 
behavior is believed to be due to the vanished interfacial or 
space charge polarization [20]. 

Fig. 4 illustrates tanδ as a function of frequency at dif-
ferent temperatures of CoFe2O4 nanoparticles with different 
particle sizes. As evident in Fig. 4, as the particle size is re-
duced from 28.6 nm to 5.8 nm, tanδ also decreases due to 
the superparamagnetic behavior of the smallest particles 
[19]. We also observed that the tanδ gradually decreases as 
the frequency increases to 1 MHz and also decreases as the 
temperature decreases from 300 to 175 K [20]. At tempera-
tures less than 175 K, CoFe2O4 nanoparticles adopt constant 
values of tanδ because the anisotropy barrier prevents the 
polarization direction of each nanoparticle from flipping [19]. 
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Fig. 2.  Dielectric permittivity as a function of temperature at frequencies of 1 kHz (a) and 1 MHz (b) for all sizes of CoFe2O4 
nanoparticles. 

 
Fig. 3.  Variation of the dielectric permittivity with frequency for different particle sizes of CoFe2O4 nanoparticles at 300 K (a) and 
175 K (b). 
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Fig. 4.  Loss tangent (tanδ) as a function of frequency at different temperatures of CoFe2O4 nanoparticles corresponding to the particle 
sizes of 28.6 nm (a), 17.3 nm (b), 16.2 nm (c), 14.4 nm (d), 13.6 nm (e), 11.8 nm (f), 10.7 nm (g), 10.2 nm (h), 9.2 nm (i), and 5.8 nm (j). 

In general, tanδ is a measure of the loss-rate of energy of 
a mode of oscillation (mechanical, electrical, or electrome-
chanical) in a dissipative system. It is the reciprocal of the 
quality factor, which represents the quality of oscillation. 
Electrical potential energy is dissipated in all dielectric ma-
terials, usually in the form of heat [21]. An ideal capacitor 
exhibits a small dissipation factor [22]. The previously men-
tioned results indicate that a capacitor device fabricated 
from the 5.8-nm CoFe2O4 nanoparticles can be considered 
as an ideal capacitor.  

3.3. Surface morphology 

Surface morphological investigations were performed 
using field-emission scanning electron microscopy (FESEM) 
measurements. Characteristic FESEM results related to the 
morphological properties of the ultrafine dispersion of CoFe2O4 
nanoparticles corresponding to particle sizes 5.8 and 28.6 nm 
are shown in Fig. 5 along with the high-resolution images. 
Both the samples of CoFe2O4 nanoparticles exhibit a homo-

geneous, cubic nanocrystalline morphology. The particle 
size distribution and its Gaussian fit are illustrated in Figs. 
6(a) and 6(b) for the 5.8 nm and 28.6 nm CoFe2O4 nanopar-
ticles, respectively. The size distribution curves clearly show 
that the majority of cubic nanocrystallites have a particle size 
close to (a) 5.8 nm or (b) 28.6 nm with a dispersion of (a) ± 
2 and (b) ± 3 nm, which confirms that our XRD and FE-
SEM analysis results are in good agreement with each other. 

4. Conclusions 

(1) Our results show that the synthesis of highly crystal-
line, ultrafine, and pure particles of cubic-phase CoFe2O4 
using Fe and Co chloride as precursors and sodium hydrox-
ide as a precipitant was successful. The reaction temperature 
and molar fraction of reagents were found to be two very 
important parameters in the synthesis of highly pure 
CoFe2O4 nanoparticles by a chemical coprecipitation 
method that did not involve the use of a surfactant.  

 
Fig. 5.  Typical FESEM images of CoFe2O4 nanoparticles with sizes of 5.8 nm (a) and 28.6 nm (b). 
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Fig. 6.  Particle size distribution of CoFe2O4 nanoparticles corresponding to average particle sizes of 5.8 nm (a) and 28.6 nm (b). 

 
(2) The dielectric permittivity of CoFe2O4 nanoparticles 

rapidly decreases as the temperature decreases from 300 to 
175 K and achieves almost constant values at lower tem-
peratures of 175 to 10 K due to an anisotropy barrier. The 
dielectric permittivity decreases gradually as the frequency 
increases and becomes constant at high frequencies due to 
the disappearance of interfacial or space charge polarization. 
The loss tangent slowly decreases as the frequency increases 
up to 1 MHz and the temperature decreases up to 175 K. 
The dielectric permittivity increases as the grain size de-
creases and reaches its maximum value in the case of 
5.8-nm particles, whereas the loss tangent decreases as the 
grain size decreases and reaches its smallest value in the 
case of 5.8-nm particles. These features are very important 
for devices that operate in the microwave or radio frequency 
range. 

(3) The XRD results show that the CoFe2O4 nanoparticles 
are cubic; this result was confirmed by the nanoparticles’ 
surface morphological and microstructural properties. The 
XRD and FESEM analysis results agree well with each other.   
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