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Abstract
NiFe2O4/PANI nano-composite with different polyaniline (PANI) content (25%, 50% and 75%) is synthesized. The NiFe2O4 
(NF) is prepared by the flash auto combustion method and annealed at 400 °C for 2 h. The PANI is prepared by oxidative 
polymerization of aniline. The X-ray diffraction (XRD) technique confirmed that the NiFe2O4 particles are successfully 
dispersed in the PANI matrix with single phase structure. The characteristic absorption bands are observed from infrared 
(IR) spectra for the pure NF, pure PANI and their nano-composite. The dielectric constant ( ��

) behavior of NF/PANI nano-
composite at higher PANI content tends to be a polymer behavior. The Curie temperature decreased by increasing the PANI 
content and it is attributed to the basis of A-B exchange interaction due to the variation of Fe3+ content among the octahedral 
and tetrahedral sites. The values of the saturation magnetization (Ms), remanence magnetization (Mr), coercivity (Hc), area 
and squareness (Mr/Ms) are measured by using a vibrating sample magnetometer (VSM).
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1  Introduction

In the last decades, Microwave absorption materials have 
attracted greater interest due to its ability to absorb electro-
magnetic (EM) wave effectively and convert it into thermal 
energy by interference [1–3]. Microwaves absorbing materi-
als can be classified into dielectric loss materials as conduct-
ing polymers (CPs) and magnetic loss materials according to 
different absorbing mechanisms as in ferrite [4–6].

Conducting polymers (CPs) such as PANI have become 
an expanding research area and PANI is the most promising 
conductive polymer with excellent environmental stability, 

electrochemical activity, high electrical conductivity, facile 
synthesis, and low synthetic cost, which could be used as 
microwave absorbing materials [7, 8].

NiFe2O4 is one of the most important spinel ferrites 
which, has known as a soft ferrite with low coercivity, satu-
ration magnetization, chemical stability and high electrical 
resistivity so it can be used as a magnetic resonance imag-
ing (MRI) enhancement, magnetic recording media, color 
imaging, ferro-fluids, high frequency devices, magnetic 
refrigerators, catalysts, microwave devices and electronic 
devices [9–11].

Nowadays Polymer nanocomposites (combination of pol-
ymers and organic/inorganic fillers at the nanometer scale) 
have attracted many scientific researches due to its novel 
features. These novel materials can be used as applications 
in many industrial fields. PANI is considered as an exam-
ple for the polymer nanocomposite and can be synthesized 
by polymerization of aniline in the presence of dispersed 
inorganic material [12, 13]. C. Wang et al. [13] prepared 
NiZn-ferrite/PANI by using hydrothermal method, the pre-
pared samples showed a high saturation magnetization and 
coercivity at room temperature. Also, M.Ajmal et al. [8] 
studied the optical and dielectric properties of NiZn ferrite/
PANI, they found that the optical band gap and the dielectric 
decreases as the amount of ferrite increases. Many authors 
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[14–17] studied the effect of nickel ferrite/PANI with dif-
ferent content of other doping materials. M. Khairy et al. 
[4] prepared Ni-ferrite by sol gel method and added the 
PANI with 2.5%, 5% and 50%. They found that the electri-
cal conductivity increases as the Ni-ferrite percent increases 
and the optical absorption band observed in near infrared 
with energy gap 1 eV. According to the above review, we 
decided to focuses on the synthesis of nickel ferrite/PANI 
nano-composite through the flash auto combustion method 
with different percentage and study the effect of PANI addi-
tion on the structural, magnetic, and electrical properties.

2 � Experimental Details

NiFe2O4 nano-powder is prepared by the flash auto combus-
tion method. Nickel nitrate Ni(NO3)3, 6H2O, ferric nitrate 
Fe(NO3)3, 9H2O and urea CO(NH2)2 as a fuel are used for 
preparation [18]. The metal nitrates are mixed with the urea 
by using a glass rod. The mixture is heated at 80 °C with 
constant stirring on a hot plate until the mixture become 
viscous. The internal ignition takes the form of a tree, and 
finally forms a brown ferrite powder. The powder is col-
lected and annealed at 400 °C for 2 h. The PANI synthesis 
is carried out by the polymerization of aniline monomer 
(ANIHCl) with ammonium persulfate (APS) using a mag-
netic stirring. Both components are dissolved in (0.1 M) 
hydrochloric acid and slowly added to each other by stir-
ring for 10 h, while keeping the temperature at 0 °C. The 
resulting polymer precipitate is collected by filtration and 
washed with distilled water several time and finally dried at 
80 °C overnight [19].

Ni ferrite is incorporated in PANI with different PANI 
content (25%, 50% and 75%). The Ni ferrite and PANI are 
mixed for one hour in distilled water and stirred by using a 
magnetic stirrer. Then the mixture is dried at 80 °C for 24 h 
as shown in Fig. 1. For electrical measurement, all samples 
are pressed as pellets under 15 Ton/cm2. The XRD is used 
for characterization the structure of all the prepared samples 
and carried out using Shimadzu XRD6000, Japan. The XRD 
data are taken at room temperature using Cu-Kα radiation 
source (λ = 1.5405° A) in the range of 2 � (2–80°) with 0.02° 
increment. The IR spectra carried out on all investigated 
samples using the infrared spectrometer Perkin-Elmer 1430, 
Germany in the wavenumber range from 200–4000 cm−1 in 
the KBr medium.

The behavior of dielectric constant is studied in the 
temperature range (300 – 800 K) at different frequencies 
(100 Hz and 1 kHz) using RLC-Bridge (MC2811C LCR 
meter). The magnetizations of the prepared samples are 
investigated using vibrating sample magnetometer (VSM, 
operating system v 1.6 control software Oxford OX8JTL 
England).

3 � Results and Discussion

3.1 � X‑Ray Diffraction Analysis (XRD)

The X-ray is done at room temperature for pure NiFe2O4 
(NF), pure polyaniline (PANI) and their intermediate com-
posites (Ni-PANI composite) with different ratio (25%, 50% 
and 75% PANI are done by weight) and the patterns are 
shown in Fig. 2. The XRD patterns confirm that NF-PANI 
composite are more packed than pure PANI. The broadening 
nature of different peaks reflects the small dimensions of the 
prepared particles which is measured by Scherer’s equation 
[20] and is found to be around 17–22 nm. The Scherer’s 
equation is given by

where λ is the wavelength of Cu-Kα (λ = 1.540598 Å), 
h
1∕2 is the full width at half maximum (FWHM) in radian, 

and � is the diffraction angle. The XRD pattern for PANI is 
shown in Fig. 2 and shows amorphous nature of PANI in 
partially crystalline state with two different peaks at about 
2θ = 20.3 (100) plane and 2θ = 25.1 (110) plane [21].

However, XRD patterns of NF-PANI composite show dif-
ferent peaks almost similar to the pure PANI. The diffraction 
peak at 25.1 appears at all composite ratio whereas the first 
diffraction peak which belongs to the benzenoid (2θ = 20.3) 
disappears. This may be due to the transformation of PANI 
skeleton rings by the addition of ferrite. At high concen-
trations of PANI (25%, 50% and 75%), the two crystalline 
states of ferrite and PANI still present with small shift of 
the main diffraction peak (311) leading a variation in the 
lattice parameter. The calculated lattice parameter and the 
particle size of NF-PANI composite are given in Table 1. It 
is noticed that the XRD patterns have no additional peaks 
for any foreign phases indicating a single phase of NF. The 
intensity of the peaks characterized for the PANI structure 
is weakened by increasing the ratio of NF in our nano com-
posite and one of them (100) is completely disappeared at 
higher ratio. This disappearance is due to the absorption of 
PANI on the NF surface by the strong adhesion force [22].

3.2 � FTIR Spectroscopic Analysis

The IR spectroscopy is a useful technique for confirming 
the cation distribution in the crystal lattice through their 
vibrational modes [23]. The FTIR spectra for the pure NF, 
pure PANI and their nano composite with ratios 25%, 50% 
and 75% are shown in Fig. 3. The characteristic absorption 
bands of PANI occur at 1577, 1494, 1301, 1240, 1139 and 

(1)t =
0.9�

h
1∕2 cos �
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805 cm−1. The absorption bands at 1577 and 1494 cm−1 
are assigned to the stretching vibration of C = C bond of 
the quinonoid and benzenoid ring while the peak at 1301 
and 1240 cm−1 are assigned to the stretching vibration of 
C-N. The broad absorption band at 1139 describes the 

electronic light band and is attributed to the vibration 
mode of N = Q = N, where Q refers to the quinonoid ring. 
Finally, the peak at 805 cm−1 is assigned to the out plane 
deformation of C-H in the benzene ring.

Preparation Method

Mixing and heating at 80°C

Flash method Oxidative polymerization 

Ferric nitrate, Nickel 
Nitrate and urea 

Internal ignition

Ferrite powder

Annealed at 400 °C for 2 hours

 (ANIHCl) and (APS) dissolved in 
0.1 M hydrochloric acid

Slowly stirring for 10 hours at 0°C

Participated PANI 

Washing with distilled water

Drying at 80°C overnight

Mixing in distilled water

Magnetic stirring for 1 hour

Mixture is dried at 80 ºC for 24 hrs.

Samples are pressed as pellets under 15 Ton/cm2

Fig. 1   Sample preparation flow chart
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The broad absorption bands for NF appear at the far 
infra-red due to the stretching vibration of Fe+3O−2 at the 
octahedral and the tetrahedral cites, which are assigned 
by (ν1) for the tetrahedral cite and (ν2) for the octahedral 
cite. The highest band (ν1) is observed at around 600 cm−1, 
while the lowest band is usually observed at 420 cm−1 and is 
assigned for the octahedral cite. The absorption band located 
at 3400 cm−1 is due to the stretching vibration of H–O. The 
FTIR spectra for the NF/PANI nano composite are almost 
identical to both constituents of our composite, but the fer-
rite absorption bands are getting weaker by increasing the 
PANI ratios which indicates a variation in the ferrite molec-
ular structure because of the adding PANI.

The Force constant in unit dyne/cm for (Fe+3 – O−2) 
bonds at both tetrahedral and octahedral site was calculated 
using the formula [24]

where c is the velocity of light in (cm/sec), � is the 
wavenumber in cm−1 and μ is the reduced mass in gm. It is 
noticed from Table 2 that the force constant of the tetrahe-
dral site increases by increasing Ni content. This increase 
of the force constant can be attributed to the increase of the 
vibrating frequency of the tetrahedral site which shifts to a 
higher frequency by increasing Ni content. The force con-
stant of the octahedral site decrease by increasing Ni content 

(2)F = 4�
2c2�2�
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Fig. 2   XRD for (NF), (PANI) and their composites (NF/PANI)

Table 1   Values of lattice parameter, particle size for (NF) and their 
composites (NF/PANI)

Composition Lattice parameter 
a (Å)

Particle size d (nm)

75% 8.1198 16.6084
50% 8.1905 22.014
25% 8.1240 19.0856
NF 8.2973 17.0808
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Fig. 3   FTIR for (NF), (PANI) and their composites (NF/PANI)

Table 2   IR absorption data for (NF), (PANI) and their composites 
(NF/PANI)

Composition ν1(cm-1) ν2(cm-1) F���(dyne/cm) F���(dyne/cm)

PANI 503.408 615.2764 1.86 × 105 2.77 × 105

75% 405.0409 505.3367 1.20 × 105 1.87 × 105

50% 408.898 507.256 1.22 × 105 1.88 × 105

25% 412.756 597.9175 1.25 × 105 2.62 × 105

NF 420.471 601.775 1.29 × 105 2.65 × 105
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up to x = 0.75 and then slightly increase which have the same 
behavior of the absorption frequency (ν2).

3.3 � Dielectric Behavior

The variation of the AC resistivity for the prepared samples 
with temperature in the range (300–800 K) at 100 Hz and 
1 kHz is shown in Fig. 4 and Fig. 5 respectively. The relation 
between resistivity and temperature is given by [25]:

where (ρ) is the resistivity at temperature (T), (∆E) is the 
activation energy for electrical process. The AC resistiv-
ity for the prepared nano composite samples is measured 
using RLC bridge (from room temperature to 800 K) and 

(3)� = �
0
e

ΔE

KT

two different frequencies (100 Hz and 1 kHz). It is shown 
that the AC resistivity decrease by increasing temperature 
in the low temperature region when the predominant mecha-
nism belongs to ferrite hopping conduction. Above certain 
temperature the composite obeys the conduction mechanism, 
and change the slope or behavior of ln ρ versus 1000/T due 
to the contribution of polyaniline which has a semiconductor 
character. It can be said that this temperature is the transition 
temperature between two conduction mechanism (hopping 
and semiconductor mechanism). At samples (X = 0.5 and 
0.75) the ln ρ has minimum values near the PANI glass tran-
sition temperature. For pure ferrite the change in the slope is 
due to transition from ferromagnetic to paramagnetic state.

The dielectric constant (��

) behavior of NF/PANI nano 
composite as a function of temperature (from room tempera-
ture to 800 K) at 100 Hz and 1 kHz is shown in Fig. 6 and 
Fig. 7 respectively. At low PANI concentration, the dielec-
tric constant increases gradually up to a certain temperature 
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Fig. 4   Variation of (ln ρ) as a function of temperature reciprocal at 
100 Hz
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(about 600 K) and then increases rapidly which is a charac-
teristic phenomenon of ferrite.

The dielectric constant of ferrite is attributed to four types 
of polarization mechanisms (interfacial, dipolar, atomic 
and electronic polarization). At low frequencies, all types 
of polarization contribute to the dielectric value. At higher 
frequencies, only the atomic and the electronic polarizations 
are responsible for the dielectric values. At higher tempera-
tures, the rapid increase of �′ with temperature is due to 
the interfacial and dipolar polarization which are strongly 
dependent on temperature [26, 27]. The interfacial polari-
zation results from the accumulation of charges at the grain 
boundary which increases by increasing the temperature and 
appears at low frequency [28, 29].

At higher PANI content (X = 0.5 and 0.75), the behavior 
of dielectric constant with temperature tends to be a polymer 
behavior which is a peak at a certain temperature (around 
the glass transition temperature for polymer) as shown in 
the figures. Below that temperature, the dielectric constant 
increases due to the waging vibration of polymer chain 
which increases the polarization. Above that temperature, 
the dielectric constant decreases due to the suppression pro-
cess occurred by the polymer which decreases the hopping 
process and consequently decreases the polarization and die-
lectric constant value. The behavior of the dielectric constant 
may be explained quantitatively by the suggestion that the 
mechanism of polarization process in ferrite is similar to the 
conduction process. The dielectric conduction mechanism 
can be explained according to the electron hopping model 
as follows [30].

In this model, the electron hopping occurred between 
two adjacent iron ions in the spinel lattice especially at the 
octahedral site causes a local electron displacement in the 
direction of the applied electric field and enhance the polari-
zation of ferrite. From the Fig. 6 and Fig. 7, it is noticed that 
the dielectric constant decreases by increasing the external 
applied frequency.

3.4 � DC Resistivity

The DC resistivity is plotted as a function of the temperature 
reciprocal (1000/T) as shown in Fig. 8.

It is shown that at low concentration of PANI (X = 0, 
X = 0.25 and X = 0.50), the temperature dependence of 
DC resistivity has a linear relation with two regions and 
one break point. The transition from ferromagnetic to 
paramagnetic state occurs at Curie temperature which is 
shifted to higher temperature with the increase of PANI 
content. The decrease of Curie temperature by increas-
ing the PANI content may be explained on the basis of 

(4)Fe+3 + e ⇌ Fe+2

A-B exchange interaction due to the variation of Fe3+ 
content among the octahedral and tetrahedral sites [31]. 
The first region of DC resistivity belongs to the ferro-
magnetic phase in which obeys the hopping conduction 
mechanism. The second disorder region belongs to the 
paramagnetic phase. The activation energy for the ferri-
magnetic and paramagnetic region is calculated as shown 
in Table 3. The small values of activation energy indicate 
the presence of hopping conduction mechanism. The hop-
ping conduction mechanism increases and the activation 
energy decreases. The electrical resistivity for all sam-
ples decreases by increasing the temperature indicating 
the semiconductor nature for all samples. The conduction 
mechanism in the first region involves the exchange of 
electrons between similar ions with difference valence. 
These hopping electrons are thermally activated and their 
mobility increases by increasing the temperature leads to 
the decrease of DC resistivity. At higher PANI content 
(X = 0.75), the DC resistivity has a minimum value at cer-
tain temperature (around the polymer glass transition tem-
perature). At low temperature, the ferrite mechanism of 
conduction is the predominant mechanism and the resistiv-
ity decreases linearly by increasing the temperature due to 
the thermally activated hopping electrons. Above the glass 
transition temperature, the semiconductor nature of poly-
mer is the predominant factor that affects the resistivity at 
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Fig. 8   Variation of DC resistivity as a function of temperature recip-
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Table 3   Activation energy for 
ferrimagnetic and paramagnetic 
regions

Composition Eg (eV) Ep (eV)

NF 0.13 0.79
25% 0.55 2.03
50% 0.13 0.89
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this region. The resistivity increases due to the suppression 
of hopping electrons caused by polymer chain at higher 
temperature. The ease of motion for the polymer chain 
at higher temperature facilitates the suppression process 
of the hopping electrons which leads to the increase of 
resistivity [32].

3.5 � VSM Measurements

The room temperature hysteresis loop for Ni-ferrite doped 
with different content of PANI (25%, 50% and 75%) were 
shown in Fig. 9. The values of saturation magnetization 
(Ms), remanence magnetization (Mr), coercivity (Hc), area 
and squareness (Mr/Ms) of the loops are listed in Table 4. 
The samples have polycrystalline structure with crystal 
size less than 40 nm which indicates that the samples have 
mono domain structure illustrating the easy arrangement 
of the domain in the direction of the external magnetic 
field. The low value of coercivity and unsaturated magneti-
zation indicates the presence of mono domain structure, 
beside the value of Mr∕Ms is very small that we can say 
that the samples are like superparamagnetic material.

The easy arrangement explains the low value of core-
civity as shown in Table 4. The values of squareness are 
very small and ranged from 0.17 to 0.19 which indicate 
that the samples are still soft magnetic ferrite. The satura-
tion magnetization decreases from 16.9 to 3.63 emu/g. The 
presence of PANI dilutes the magnetic properties of the 
composite samples leading to the decrease of saturation 
magnetization and remanence magnetization. The presence 
of PANI resists the easy domain motion in the direction 
of the external magnetic field and rotates the domain at 
higher values of the external magnetic field. This motion 
leads to the increase of corecivity from 261 to 290 gauss. 
The decrease of (Ms) and (Mr) may be also attributed to 
the decrease of the A-B exchange interaction due to the 
presence of PANI.

The values of corecivity can be given from the follow-
ing relation [33]

where K is the magnetic crystalline anisotropy and �
0
 is 

the permeability of free space. According to the previous 
equation, the Ms value decreases by increasing the PANI 
content while Hc and K values increase by increasing the 
PANI content.

(5)Hc =
2K

�
0
Ms

The values of the experimental magnetic moment ( �exp ) 
are calculated by using Eq. (5) [34], while the theoretical 
magnetic moment ( �theo ) values are calculated on the basis 
of Neel’s theory and are done by using Eq. (6).

where w is the molecular weight of the sample, ||MB
|
| is 

the magnetic moment at B-site and ||MA
|
| is the magnetic 

moment at A-site. The theoretical and experimental mag-
netic moment values are shown in Table 4 and they are close 
to each other indicating the absence of canting angle for the 
ionic magnetic moment at B-site, which indicates that the 
proposed cation distribution [Fe1] [Ni1 Fe1] is correct. The 
proposed cation distribution is calculated by using the fol-
lowing formula [35] and shown in Table 5:

where ath is the theoretical lattice parameter, ro is the 
oxygen radius, rA is the tetrahedral site radius and rB is the 
octahedral site radius.

4 � Conclusion

NiFe2O4/PANI nano composite with different polyaniline 
(PANI) content (25%, 50% and 75%) are successfully syn-
thesized by using flash auto combustion method. The XRD 
for the studied samples shows both the diffraction peaks of 
ferrite and the broad peak of polyaniline. The FTIR confirms 
that the ferrite particle embedded into the polymer chain of 
polyaniline. The experimental measurements at low PANI 
concentration show that, the dielectric constant increases 
gradually up to a certain temperature (about 600 K) then 
increases rapidly which is a characteristic phenomenon of 
ferrite. The DC resistivity has a minimum value at a certain 
temperature (around the polymer glass transition tempera-
ture) at higher PANI content. The magnetic parameters of 
Ni ferrite show that the samples are soft magnetic material, 
with mono domain structure illustrating the easy arrange-
ment of the domain in the direction of the external magnetic 
field.

(6)�exp =
wMs

5585
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|
|MB

|
| −

|
|MA

|
|

(8)ath =
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