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Abstract 

Electrical energy storage is very crucial and is required in our life for every portable electronic device. Ferrite nanoparticles (NiFe2O4, 

Co0.5Ni0.5Fe2O4 and CoFe2O4) were prepared by simple co-precipitation process, and their nano-composites based on polyaniline 

(CoFe2O4/PANI, Co0.5Ni0.5Fe2O4/ PANI and NiFe2O4/PAN) assigned as (S1, S2, and S3) respectively were synthesized by the in-situ chemical 

oxidative polymerization method. The structure of the produced samples was analyzed by X-ray diffraction (XRD), A cubic phase structure of 

CoFe2O4 in addition to a tetragonal phase of Fe2O3 nanoparticles were identified and they embedded in a semi-crystalline PANI matrix with a 

higher degree of crystallinity. The crystallite size of 6.98, 5.74, and 6.14 nm were calculated for S1, S2, and S3 respectively. The field 

emission scanning electron microscope (FESEM) with energy dispersive x-ray mapping analysis was used to analyze the surface morphology. 

The optical energy gap of the prepared nano-composites was studied by the UV-vis technique. The calculated energy gaps 1.08, 1.0, and 1.04 

eV for S1, S2, and S3 respectively were found to slightly change with composition. Magnetic hysteresis loop of nano-composites were 

recorded at room temperature using a vibrating sample magnetometer (VSM). The magnetic parameters; saturation magnetization Ms, 

remanenet magnetization Mr, and corecivity have been measure. The highest saturation magnetization (Ms), coerecivity (H c) and squreness 

were registered for CoFe2O4/PANI nanocomposite (13.686 emu/gram, 55.759 Oe and 29.333*10 -3 respectively.) due to the magnetic 

anisotropy of cobalt. The dielectric properties: permittivity, dielectric loss, and AC conductivity were evaluated in the frequency range from 

10-1 Hz to 107 Hz using a Novo control Alpha analyzer. The Ni0.5Co0.5Fe2O4/PANI nano-composite sample introduces excellent prospective 

permittivity, which in turn leads to a significant improvement in capacitance.  On the other hand, it showed the highest conductivity. So, the 

Ni0.5Co0.5Fe2O4/PANI nano-composite offers great prospects for electrical energy storage applications as well as a promising active electrode 

material for energy storage appliances and electromagnetic wave filters. 
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1. Introduction 

Due to ferrite nanoparticles' appealing electrical, magnetic, and optical properties that indicate their roles in a range of 
intriguing applications, including drug delivery, high-density information storage devices, microwave devices, and 

hyperthermia, many studies on the material have been conducted over the past 20 years [1-4]. Nickel ferrites are the most 
stable, mechanically hard, coercive, and saturation magnetized of all the spinel ferrite nanoparticles [5, 6]. The main reason 
behind the insertion of ferrite nanoparticles into polymers is their extreme agglomeration, which causes them to coalesce very 
fast in the absence of a trapping medium or other encapsulating agent [7, 8].  

 
The capping agents improve the surface state and chemical passivation of ferrite nanoparticles, which partially inhibits 

agglomeration [9]. The optical and electrical performance of ferrite nanoparticles is strongly influenced by reducing 
agglomeration and maintaining nanoscale particle size [10]. [11]. [12]. Over the last twenty years, ferrite nanocomposites 

based on polymers have been the subject of various studies. It exhibits complementary behavior with polymer and ferrite 
nanoparticles [13] and is used in industry for applications such as biosensors, tissue engineering, electrochromic, 
electromagnetic, corrosion-preventing materials, and electric rechargeable batteries [14]. Integrated circuits, batteries, field-
effect transistors, electrical or optoelectronic devices, and other types of sensors are a few other examples [15, 16]. Numerous 
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researchers have examined PANI and its nanocomposites as an effective adsorbent for dye elimination and other organic 

contaminants from wastewater, and they remain a viable option for environmental applications [17-19]. The production of a 
composite thin film of  tungsten trioxide and polyaniline, as well as the rapid evolution of oxygen electrocatalytic activity, 
were reported by Alenad et al. [20]. The dielectric and thermal characteristics of PVDF/PVP/Co0.6Zn0.4Fe2O4 polymer 
nanocomposite films were studied by Taha et al. [21]. The impact of PVC/PVP/ZnFe2O4 polymer concentration on the 
thermal and dielectric properties of the nanocomposites was created by Alshammari et al. [22]. Polyester/Ni0.5Zn0.5Fe2O4nano-
composites were made, and their thermal and dielectric properties were analyzed by T. A. Taha et al. [23]. 
PmPD/ZnNiFe2O4nano-composites were created by Kumar et al. [24] using an in-situ chemical oxidative polymerization 
technique using ammonium persulphate as an oxidant. The dielectric characteristics of the nano-composites were examined at 

various temperatures and frequencies.  
 
In the current study, nano-composites of CoFe2O4 /PANI, Co0.5Ni0.5Fe2O4/ PANI, and NiFe2O4 /PANI have been prepared 

by in-situ chemical oxidative polymerization method. The prepared nano-composites were characterized by XRD, FESEM, 
UV-vis spectrophotometer, VSM and broadband dielectric spectroscopy BDS which is a very important tool to study the 
electrical and dielectric performance of the prepared samples. It is useful in understanding the structure, the molecular 
mobility and the mechanism of charge transport in polymers and their nano-composites. However, different techniques can be 
used to investigate the molecular and sub-molecular mobility of different polymeric systems, like ellipsometry, specific heat 
spectroscopy and quasi-elastic neutron scattering and BDS allows measurements in a wide range of frequencies and different 

temperatures as well [25, 26]. 

 

2. Results and Discussion 

2.1. Structure and Morphology 

2.1.1. X-ray diffraction (XRD) analysis 

 Fig. 1 shows the X-ray diffraction patterns (XRD) of CoFe2O4/PANI, Co0.5Ni0.5Fe2O4/ PANI and NiFe2O4/PANI nano-
composites assigned as S1, S2, and S3 respectively. The XRD of all samples displays two broad peaks at around 2θ = 20.35° 
and 25.3 corresponds to PANI [30-33]. The XRD patterns of CoFe2O4/PANI, NiCoFe2O4/PANI and NiFe2O4/PANI 
demonstrate peaks at 2θ = 35.51° and 53.89° corresponding to (311) and (422) planes, respectively for ferrite composites 

either cubic CoFe2O4 (JCPDS Card No. 03-0864) or cubic Ni0.4Fe2.6O4 (JCPDS Card No. 87-2335). Furthermore, there are 
peaks at 2θ = 24.08°, 33.05°, 40.74°, 49.30°, 62.25°, and 63.78° corresponding to (012), (104), (113), (024), (214), and (300) 
planes, respectively which belong to rhombohedra Fe2O3 (JCPDS Card No. 24-0072) and a peak at 71.71° corresponding to 
(206) plane that belong to tetragonal Fe2O3 (JCPDS Card No. 65-0390). Among the various composites, CoFe2O4/PANI has 
been observed to exhibit a higher degree of crystallinity. This may be due to the uniform distribution of CoFe2O4 in the PANI 
chain and their interaction with each other forming complex particles that are responsible for crystallinity [34, 35]. This can be 
confirmed by calculating the crystallinity percentage, which is given by [36, 37]: 

C% =A_s/A                                                         (1) 

C%: percent crystallinity, As: the total area of crystalline peaks, and A: the total area of all peaks. 
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Figure 1: X-ray diffraction patterns of CoFe2O4/PANI, Co0.5Ni0.5Fe2O4/ PANI and NiFe2O4/PANI nano-composites assigned 

for S1, S2, and S3 respectively. 
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The calculated values of the crystallinity percentage for different composites are recorded in Table 1. The crystallite 

size (D) of each composite can be calculated by using Scherer’s equation, which states that the full width at half maximum () 

of the main peak is related to the wavelength () and the angle (θ) of the incident x-ray radiation by: 

D =
0.9λ

βcosθ
                           (2) 

The crystallite sizes for different samples are listed in Table 1. It is observed that the CoFe2O4/PANI nanocompositehad the 
greatest crystallite size D. This is due to the difference in  ionic radius, where the radius of Co (125 pm) compared to Ni (124 
pm) [33]. Moreover, the dislocation density (δ) can be calculated by the following equations [34, 35]:  

 

(3) 

 
Table 1 shows the calculated values of δ for the prepared nano-composites. Following the table, the nanocomposite CoFe2O4/ 
PANI has the lowest dislocation density, indicating the highest level of crystallinity[38]. 

 

Table 1:  The crystallinity%, the crystallite size (D), and the dislocation density of the prepared nano-composites. 

Sample Crystallinity % D (nm) δ× 102 (nm-2) 

CoFe2O4/PANI 61.17 6.98 2.05 

Co0.5Ni0.5Fe2O4/ PANI 55.34 5.74 3.03 

NiFe2O4/PANI 56.45 6.14 2.66 

 

2.1.2. Morphological Analysis  

 

 The morphologies of synthesized PANI, CoFe2O4/PANI, Co0.5Ni0.5Fe2O4/ PANI and NiFe2O4/PANI nano-composite were 
investigated by FESEM and Energy dispersive x-ray mapping techniques. Figure 2 illustrates the morphology of pure 
polyaniline with a fibrous structure formed initially due to the linear chain of polyaniline, as seen from the inset of the figure 
with higher magnification. The polyanilinenanofibers tend to agglomerate and form micro-size particles,whereas the 
CoFe2O4/PANI nanocomposite morphology revealed spherical nanoparticles  of cobalt in the size range of 32 nm to 76 nm 
with uniform distribution and well dispersion decorating the irregular flakes-like structure of PANI. The morphology of 
NiFe2O4-PANI nanocomposites is shown in Fig.3.  The polyaniline covered nickel ferrite where nickel ferrite nanoparticles 

are present during the aniline polymerization process. As a result, during polymerization, nickel ferrite served as an active 
nucleation point for the polyaniline nanostructures that blanket their surface. Thus, it can be said that the polymer covered the 
ferrite surface and formed on top of the NF surface. On average, the grain size ranged from around 35 nm to 78.5 nm. The 
morphology of NiFe2O4/PANI and NiCoFe2O4-PANI nanocomposites (Fig 3) reveals that the surface morphology has mostly 
changed to disordered agglomerates after the incorporation of both cobalt and nickel ferrite into polyaniline, and the particle 
size is about 36 nm to 60 nm. The elemental components in nanocomposites Co, Ni, and CoNi ferrite/PANican be 
investigated through FESEM-mapping as clearly shown in Figs 2 and 3. The presence of   C, N, O, Fe, Co, and Ni 
distributions is confirmed. A tiny percentage of S is due to the APS ions left behind after the process. 

 

 
Figure 2: The morphology and Energy dispersive X-ray mapping of pure PANI and CoFe2O4 /PANI nano-composites. 
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Figure 3: The morphology and the Energy dispersive X-ray  mapping of Ni Fe2O4/PANI and  Co0.5Ni0.5Fe2O4/ PANI 
nanocomposites. 

 

2.2. Optical properties 

The optical properties of CoFe2O4/PANI, Co0.5Ni0.5Fe2O4/ PANI and NiFe2O4/PANI nano composites can be 
studied by applying the Kubelka–Munk (K–M) method based on the following equation [33, 39]: 

 

𝐹(𝑅) =
(1−𝑅)2

2𝑅
                     (4) 

 

Where R is the diffuse-reflectance; F(R) is proportional to the absorption coefficient ().This equation is typically used for 
highly light-scattering materials and absorbing particles within a matrix. Fig. 4 illustrates the dependence of diffuse 
reflectance on the wavelength for all samples. The plot shows a small peak at 368 nm attributed to π —π* transition in the 
benzenoid rings of polyaniline[40, 41]. Additionally, there is an absorption band at 434–488nm and a peak at 856 nm 
corresponding to polaron— π* band and π — polaron band transitions, respectively [42, 43].  

 

Figure 4: Dependence of diffuse reflectance on the wavelength for CoFe2O4-PANI, Co0.5Ni0.5Fe2O4/ PANI and 
NiFe2O4/PANI nano-composites assigned as S1, S2, and S3 respectively. 
 
 



Ferrite Nano-composites Based on Polyaniline as Solid Electrolytes for Electrical Energy Storage Technology… 

__________________________________________________________________________________________________________________ 

________________________________________________ 

Egypt. J. Chem. 68, No. 3 (2025) 

515 

 

The Tauc relation has been applied when determining the optical band gap of the prepared samples. which is given by [44]:    




h

EEA n

g )( 
                     (5) 

Where A is constant depending on the transition probability, Eg,is the optical band gap, and hυ is photon energy. The values of 
n are 2, 1/2, 3, or 3/2, corresponding to transitions that are indirect allowed, direct allowed, indirect forbidden and direct 
forbidden transitions, respectively. When n = 1/2, the prepared samples fit together the best, suggesting a direct permitted 

transition. 

 

Figure 5: The plots of (h)2 as a function of h for for CoFe2O4-PANI, Co0.5Ni0.5Fe2O4/ PANI and NiFe2O4/PANI nano-
composites are assigned as S1, S2, and S3 respectively. 

Figure 5 represents a plot of (hυ)2 versus photon energy, hυ. The linear portion has been extrapolated to hν, where α = 0, to 
estimate the optical band gap, Eg. The values of Eg are 1.08 eV, 1.00 eV, and 1.04 eV for S1, S2, and S3 respectively.   The 
optical band gap of NiCoFe2O4/ PANI is smaller than the others and comparable to other related works, as seen in Table 2.  

Table 2; The optical band gap Eg of current nanocomposites and related nanocomposite. 

 

 

 

 

 

 

2.3. Magnetic characterization 

  A vibrating sample magnetometer (VSM) was used to measure the magnetic properties of the materials under 
investigation. To measure it briefly, a positive magnetic field H was supplied to the synthesized samples. Subsequently, the 
sample underwent vertical vibration, generating an induced magnetic field that matched the sample's magnetization in terms 
of induced current. The magnetic field was reduced to zero once the sample's magnetization reached Ms, although some 
magnetization persisted in the ferromagnetic sample. Therefore, the coercive field Hc is a negative magnetic field that was 

used to eliminate the residual magnetization, which is called the coercive field Hc. The M-H hysteresis loops were obtained by 
repeating this cycle. The magnetic properties of ferrite powders Co Fe2O4/PANI, Co0.5 Ni0.5 Fe2O4/PANI and  Ni Fe2O4/PANI 
were measured by VSM under the effect of applied magnetic field ranging from −20 to 20 kOe at room temperature. The 

Nanocomposites Eg  

 

 

Current work Co  Fe2O4/PANI 1.08 

Co0.5 Ni0.5 Fe2O4/PANI 1.00 

Ni Fe2O4 /PANI 1.04 

Co–Zr doped Ni ferrite/PANI  2.0 Ref [45] 
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magnetic hysteresis loops of the prepared spinel ferrites and their zoom range are shown in Fig. 6a, b. revealing soft 

ferromagnetic behavior. The ferrimagnetism observed in the investigated samples results from anti-parallel spins between Fe3+ 
and Ni2+/Co2+ at different sites. It was demonstrated that the cation distribution in the majority of nano-size spinel ferrites had 
an intermediate degree of inversion, with both sites containing a portion of the divalent and trivalent cations, or mixed spinels. 
 
 Nickel ferrite's microstructural and magnetic characteristics can be efficiently tuned and controlled by partially substituting 
Co2+ for Ni2+. CoFe2O4/ PANI sample indicated a higher magnetic saturation (Ms) of 13.686 emu/g in comparison with Co Ni 
Fe2O4/ PANI (11.733 emu/g) and Ni Fe2O4/ PANI (7.90 emu/g). On the other hand, the lowest coercive field Hc observed for 
NiFe2O4/ PANI can be due to the smaller grain structure. The magnetic element Co caused a higher magnetization for 

CoFe2O4/ PANI and Co Ni Fe2O4/ PANI compared to Ni Fe2O4/ PANI. Table 3 presents the values of coercivity (Hc), 
remanent magnetization (Mr), and saturation magnetization (Ms) derived from hysteresis loops. The detected values of 
saturation magnetization, retentivity, and coercivity verified the presence of soft magnetic Ni-Co phase and Co phase [46]. 
Increasing the values of squareness with composition variation proved that the Co phase with Fe2O3 is suitable and desired for 
the recording medium devices application. 

 

Figure 6 a - b (a): Magnetic hysteresis curves of Co Fe2O4/PANI, Co 0.5Ni0.5 Fe2O4/PANI and Ni Fe2O4 /PANI in the 
magnetic range from -2000 Oe to 2000 Oe , (b) Zoom to (MH) in from -900 to 900 Oe.

Table 3:The magnetic parameters extracted from the hysteresis curves ; The saturation magnetization Ms, the remanant 
magnetization Mr, exchange bias Hciand squarness SQR; 1, 2 and 3 are the current  composites where  4, 5 and 6 other related 
composites. 

 

When the dimensions are only a few nanometers, a ferromagnet, like iron, has a large exchange parameter but a comparatively 
tiny anisotropy. Large anisotropies and correspondingly stable orientations are seen in several antiferromagnets, such as NiO. 
Exchange coupling between ferromagnets and antiferromagnets in heterostructures can theoretically result in ferromagnetic 
behavior with high anisotropy and stable order [49].   

Nanocomposites Ms 
(emu/gram) 

Mr 
(emu/gra) 

Hc 

Coercivity(Oe) 
 

SQR  

 

Current 

work 

1. CoFe2O4/PANI  13.686 0.40146 55.759 29.333*10-3 

2. Co0.5Ni0.5Fe2O4/PAI 11.733 0.14517 25.702 12.374*10-3 

3. NiFe2O4 /PANI  7.9025 67.830*10-3 11.954 8.583*10-3 

4. NiFe2O4/50%PANI  13.36 8.59 307 ----- Ref [47] 

5. NiFe2O4/25%PANI  6.24 3.95 303 ----- Ref [47] 

6. PANI/CoFe2O4 17.5 ------- ------ ----- Ref [48] 
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2.4. Dielectric study 

 
The dielectric spectroscopy is very important tool for studying the electrical and dielectric performance of CoFe2O4-

PANI, CoNiFe2O4-PANI, and NiFe2O4-PANI nano-composites which are assigned as S1, S2, and S3 respectively. Therefore, 
the dielectric parameters: permittivity, ε', dielectric loss, ε'', as the real and imaginary parts of the complex permittivity, ε*, in 

addition to the electric loss modulus (M''), dissipation factor, tan , and AC conductivity (σac) have been measured over a wide 
frequency range ranging from 10-1 to 107 Hz at room temperature. These dielectric and electrical parameters are interrelated 
according to [50]: 

 

                                                                                                                      (6)  
 
 
 
Implying that: 

  

σ′ = ε0ωε
"                                                                                                                   (7) 

  
 
And 
   

M" =
Ɛ"

Ɛ′
2
+Ɛ"

2                                                                                                                 (8) 

 

tanδ =
Ɛ"

Ɛ′
                                                                                                                      (9) 

 

Where εo is the free-space permittivity, ω is the radial frequency = 2 ( is the frequency), ε' and ε'' are the real and 
imaginary parts of the dielectric permittivity, respectively. The samples were prepared between two gold-plated stainless-steel 
electrodes in a parallel plate capacitor configuration. A material's capacity to store electric energy in the form of polarization 
is indicated by its permittivity, also known as its dielectric constant (ε'). The maximum permittivity of energy storage devices 
is necessary to improve their electrical performance.  
 
Fig.7 displays the frequency dependence of the permittivity, ε', with the three different compositions under investigation. 
There are three distinguished trends that could be seen here. The permittivity increases rapidly with decreasing frequency, 

starting from 100 kHz down to 0.1 Hz. This originates basically from the superposition of the well-known electrode 
polarization (which results from the charge carriers building up at the electrode/composite interface) and the contribution of 
charge carrier transport (which causes conductivity). For all samples, the abrupt increase in ε' as the frequency decreases in 
this range is clear with the highest permittivity for S2. The intermediate frequency window (102 – 105 Hz) shows a dispersion 
step-like behavior attributed to interfacial polarization, which is usually found in such heterogeneous structures. A further 
increase of the frequency than 105 Hz, shows more or less stability of the permittivity values. In other words, the effect of the 
frequency on the permittivity is reduced remarkably. This clearly reflected the lag of the fluctuations for all kinds of 
polarizations behind the frequency of the external applied field in such high-frequency range. The composition of the 

considered sample plays the main role of the permittivity values and not the frequency.  
 
 
The prevalence of interfacial or Maxwell-Wagner-Sillars (MWS) polarization [51] is caused by the conductivity difference 
between the composite polymer matrix and the dopants, which causes free charges to accumulate at the Co, Ni, and PANI 
interfaces. According to this model, grains and grain boundaries should be present in the dielectric structure. The grain 
boundaries are active in low-frequency regimes offering high resistance and thus giving high permittivity values; instead, in 
high-frequency regime, electric dipoles are responsible for the materials' dielectric relaxation at lower frequencies.  

 
 
The large value of the real part of the dielectric constant at lower frequencies is attributed to these dipoles because they have 
enough time to respond to the applied frequency. Higher frequencies, on the other hand, cause the dipoles to be unable to 
reorient in response to the applied oscillating fields, leading to a delayed reaction and lower dielectric constant values. Where 
the effect of grains is dominating producing almost linear permittivity. Additionally, at higher frequencies starting from 105 
Hz, less effect could be noticed here, either due to frequency or composition, on the determined values of permittivity as it 
appears almost constant and has collapsed in one decade over this frequency window. This can be explained according to the 
fact that at higher frequencies any fluctuations of polarizations or hopping mechanisms of charge carries lag behind the 

frequency of the external applied electric field. The highest permittivity value ε' was observed for the S2 (Co0.5 Ni0.5 Fe2O4) / 
PANI) sample, which could be confirmed from XRD results, where it has the smallest grain size (5.74 nm), the highest 
dislocation and the less crystallinity compared to S1 and S3. The coexistence of both Co and Ni in the Nano composite results 
in the formation of polarization states due to space charge accumulating at the interfaces, as previously discussed in the 
FESEM study, leading to high dielectric permittivity. 
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Figure 7: The frequency dependence of permittivity (ε') of CoFe2O4-PANI, Co0.5Ni0.5Fe2O4-PANI and NiFe2O4-PANI nano-
composites are assigned as S1, S2, and S3 respectively. 

 

The second attribute required for evaluating a material's electric performance is its ac-conductivity, or σ (ω), which measures 
the material's electrical conductivity. The DC conductivity, or frequency-independent conductivity, is represented by σdc 
under an alternating electric field. Given that σac (ω) is dependent on electron hopping, charge carrier mobility, and space 

charge distribution, it results from free charge carriers moving in the direction of the electric field.  Conversely, σdc results 
from the erratic movements of free charge carriers, which have significantly smaller values than σac.  
 
 
 
As seen in Fig. 8, conductivity (σ'ac) has been studied over a broad frequency range. Every sample showed a growing σ'ac 
trend at two distinct rates in response to the frequency increase. It exhibits a semi-plateau-like characteristic at f > 105 Hz and 
grows with frequency at a very sluggish rate. The contribution of frequency-independent conductivity could be responsible for 

this kind of behavior. On the other hand, σ ac (ω) increases significantly at f <105 Hz showing the frequency-dependent 
conductivity. This behavior is due to electrode polarization, as confirmed by the peak appearing at the imaginary part of the 
conductivity  (σ'' ac) plot as shown in the lower inset of Fig. 8.   
 
 
In addition, an increase in σ ac observed at low frequency can be explained by a rise in the mobility or concentration of free 
charge carriers, which in turn causes an increase in σ ac. The existence of some relaxation peaks revealed the presence of 
relaxation phenomena inside these composites.  

 
For all samples, the conductivity at a given frequency of 105 Hz was examined as a representative study behavior due to the 
composition effect, as shown in the upper inset of Fig. 8. As was previously mentioned in the permittivity section, the 
coexistence of more interfacial layers is responsible for the increase in the value of S2's ac conductivity. It is worth 
mentioning that an expected competition between different parameters affects the conductivity behavior as the effect of NH+4 
in decreasing the charge carriers through capturing H+ by NH+3 in the PANI framework leads to decreasing the conductivity.  
 
 

On the other hand, the opposite behavior is observed by incorporation of Ni Co Fe2O4 into the PANI matrix as increase in 
conductivity and more predominant than the previous effect. The noticeable shift in frequency and conductivity (σ' and σ'') 
due to the composition change is attributed to the effect of incorporation of insulating material into the conductive one. 
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Figure 8: The frequency dependence of the real part of AC conductivity (σ') of CoFe2O4-PANI (S1), Co0.5Ni0.5Fe2O4-PANI 

(S2) and NiFe2O4-PANI (S3) nano-composite. 

 

The frequency dependence of dielectric loss (ε'') and modulus (M'') has been studied. They represent the electrical energy lost 
by the material as heat or/and leakage current, as shown in Figs. 9 and 10 respectively. The variation of ε'' with frequency for 
all composites which includes the effects of both molecular dynamics and conductivity, sharply decreases with increasing 
frequency and composition. The highest value was observed for S2 sample with a hump-like peak at intermediate frequency 
range which  is an indication for the electrode polarization as the free charges are blocked at sample/electrode interfaces 
which clearly observed as a steep increase in the dielectric constant (ε'). The highest energy loss is related to the high 
dielectric loss that is obtained at lower frequencies because of active resistive grain boundaries and the increased energy 

needed for electron hopping between Fe2+ and Fe3+ ions. Because conducting grains are active at higher frequencies, less 
dielectric loss occurs and less energy is needed for the electron hopping process [24]. 
The electrical response can be analyzed by the complex electric modulus (M*) to investigate the dielectric relaxation 
processes of the composites.  
 
The evolution of the imaginary part (M'') of the modulus as a function of frequency at room temperature is shown in Fig. 10. 
The imaginary part of the modulus (M'') exhibits an increase by increasing the frequency for S2 showing the least value of M' ' 
and a higher value for ε'. The relaxation peak starts to be noticed at a higher frequency at different positions for each sample 
but is not completely seen, it may be it is out of the frequency range. This variation in the peak position of the imaginary part 

of the modulus of the composite could be related to the difference in the microstructure. All the previous parameters decrease 
the relaxation time and confirm that the relaxation is frequency and composition dependent.  
It is known that the phenomenon of polarization is the result of an applied ac field that leads to the storage of energy in a 
material. Under the recovery of this energy, some of its amount is dissipated in the form of heat, which is quantitatively 
measured in the form of loss tangent (Tanδ). Fig.11 depicts the variation of Tan δ versus log f for all samples. The occurrence 
of relaxation peaks in the observation of tanδ is due to the equalization of the applied ac field and localized mobility carr ier’s 
frequencies, which is comparable to that of Rezlescu’s model [52]. Furthermore, these relaxation peaks represent the presence 
of some structural defects in the samples. Moreover, S2 sample shows the highest value of tan δ relaxation peak appeared at 

higher frequency which affirmed the optimized response of this composition. 
 
Based on all of the earlier findings, it can be said that many mechanisms contribute to the ε′ when electromagnetic (EM) 
waves pass over the nanocomposites samples. Interfacial polarization is the first effect of free charges building up at the edges 
of composite surfaces during composite synthesis because of differences in conductivity. Second, dipolar polarization will be 
facilitated by the dipoles found in the PANI as well as the dipoles created by the ions (Ni2+, Co2+, Fe2+, Fe3+ and O2–) in 
NiCoFe2O4[53].  When Ni and Co coexist, there may be greater electric energy storage, which is directly linked to an increase 
in the S2 nanocomposite's capacitance and ε′. 

Furthermore, the losses ε′′ resulting from Debye relaxation in the nano-composite matrix may also be influenced by the 
interfacial polarization and dipolar polarization phenomena.  
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As all dielectric parameters are sensitive to material changes brought about by processes like the addition of fillers, 

composition changes, and so on. Moreover, addition of insulating NiCoFe2O4 to the conductive PANI decreases or breaks the 
conductive gride of PANI partially so the EM waves could be transmitted to the composite interiors effectively, which means 
loss of incident EM waves. This could be utilized to be used as EM filters [53]. 

 

Figure 9: The frequency dependence of dielectric loss (ε'') of CoFe2O4-PANI, Co0.5Ni0.5Fe2O4-PANI and NiFe2O4-PANI 
nano-composite which are assigned as S1, S2, and S3 respectively 

 

Figure 10.The frequency dependence of the imaginary part (M'') of the modulus of CoFe2O4-PANI, Co0.5Ni0.5Fe2O4-PANI 
and NiFe2O4-PANI nano-composite which are designated as S1, S2, and S3 respectively. 
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Figure 11.The frequency dependence of the variation of loss tangent (Tan δ) of CoFe2O4-PANI, Co0.5Ni0.5Fe2O4-PANI and 

NiFe2O4-PANI nano-composite which are assigned as S1, S2, and S3 respectively. 

 

3. Experimental 

 
3.1. Preparation of Ferrite nanoparticles nanoparticles.       

Using pure AR grade Merck chemicals (99% pure), a straightforward co-precipitation process were used to prepare the 
nanoparticles composites of CoFe2O4, Co0.5Ni0.5 Fe2O4 and NiFe2O4 without need for additional purification. For the synthesis 
of nanoparticles, the CoSO4.7H2O, NiSO4.6H2O and Fe (NO3)3.9H2O salts were taken as precursors. The desired 
stoichiometric properties of metal sulfates and nitrates were weighed. They were dissolved separately in each minimum 
amount of 20 ml of deionized water. After the whole dissolution, the metal nitrates were mixed to maintain the Ni + Co / Fe 
ratio of 1:2. The solution was kept with constant stirring at 650 rpm at 80◦C. A precipitating agent, sodium hydroxide (KOH), 
was added with a pH value around 9. Further, the stirred solution was kept in for 3 hours at 80◦C. Finally, dark brown 

precipitate was obtained. Deionized water was used for washing the precipitate many times systematically. Additionally, the 
precipitate was dried in hot air oven for 2 hours at 75 °C to form the synthesized nano-composites and then calcined at 900 
°C. 

3.2. Preparation of nano-composites based on polyaniline. 

To prepare CoFe2O4 /PANI, Co0.5Ni0.5Fe2O4/ PANI, and NiFe2O4 /PANI nano-composites, the in situ polymerization was 
employed. A solution of 300 mL containing 0.25M aniline in 0.25M HCl was mixed with 0.907 gm. (13 wt% of aniline) from 
each ferrite. Next, while stirring at 25°C for 12 hours, 300 ml of a solution containing 0.3125 M ammonium persulfate was 
added in drops to the acidic aniline solution. After separating the polyanilinenano-composite on filter paper and washing it in 
acetone and deionized water, it was dried in an electrical oven at 90°C. S1, S2 and S3 are the codes of nano-composites 
samples with 13 wt. % of nickel ferrite, cobalt-nickel ferrites, and nickel ferrite in the polyaniline, respectively. 

 

 

 

3.3. Characterization of prepared compounds 

Powder X-ray diffraction was used to investigate the crystal structure data based on a Type Diano PW 1370 X-ray 
diffractometer operating at 35 kV and 100 mA in the 2θ range of 10°  - 80° with a fixed Cu Kα radiation (λ = 1.5406 Å). The 
diffraction patterns were recorded at a scanning rate of 2°/min. 

The diffraction patterns were automatically recorded with a scanning rate of 2°/min. The field emission scanning electron 
microscope (FESEM) model Quanta FEG 250, operating at 35 kV, was used to analyze the film topography and Energy 
dispersive X-ray mapping. The optical measurements were examined by UV–vis spectrophotometer of type JASCO 570. The 
magnetic measurements were analyzed at room temperature using a vibrating sample magnetometer (VSM; Lake Shore -
7410-USA). A Novocontrol high-resolution alpha analyzer (Concept 40) was used to examine the electrical conductivity and 
dielectric characteristics of the investigated samples on frequency range of 0.1 Hz to 20 MHz. The current measurements were 
carried out at room temperature with an accuracy better than 99%.  The samples were prepared in a parallel plate capacitor 
design of two gold-plated stainless-steel electrodes. More information about the used setup can be found elsewhere [27-29]. 
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4. Conclusions 

Simple co-precipitation is used to synthesize ferrite nanoparticles and in-situ polymerization was used to create their 
polyaniline-based nano-composites.  The cubic phase structure of the nanoparticles in the PANI matrix was verified by XRD 
with the highest degree of crystallinity, lowest dislocation density, and greatest crystallite size with 6.98 nm for CoFe2O4 
/PANI in comparison to PANI /NiFe2O4 and Ni0.5Co0.5Fe2O4 /PANI nano-composites. The FESEM and x-ray mapping 
showed the formation of nanoparticles and homogenous distribution of the constituent elements in the prepared nano-
composites. The optical band gap was calculated showing the smaller energy gap (1.0 eV) for Ni0.5Co0.5Fe2O4 /PANI 
nanoparticles compared to 1.08 and 1.04 eV for CoFe2O4 /PANI and NiFe2O4 /PANI nanoparticles respectively. All samples 
showed soft ferromagnetic behavior at room temperature and an increase in all magnetic parameters depending on the type of 

composition in the nano-composite. The highest saturation magnetization Ms (13.686 emu/gram), coerecivity (55.759 Oe) and 
squreness (29.333*10-3) were registered for CoFe2O4/PANI nanocomposite. The dielectric properties of synthesized nano-
composites revealed an enhancement of the permittivity, from 106 to 108. According to HafizaVaneezaHussaina et al. [54] as 
their results of permittivity are in the range of 103 to 106, that means a significant improvement in capacitance with the 
highest conductivity for Ni0.5Co0.5Fe2O4 /PANI nano-composites with value (1.14*10-2 S/cm) in comparison to the CoFe2O4 
/PANI (2.23*10-5 S/cm) and NiFe2O4 /PANI (3.32*10-4 S/cm). According to all the discussed results, the future trend for 
such nanocomposite (CoFe2O4 /PANI) is its use in broad application fields, e.g. the recording medium devices electrical 
energy storage technology as well as in electromagnetic wave filters. Further work should be done using different 

compositions of the considered nanocomposites in order to optimize the efficiency for such application fields. 
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