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The polyaniline/Mng sZng oFe,0, (PANI/MZFO) nano-composites, with different ferrite contents (10,
20 and 30 wt%), were prepared via in situ polymerization technique using aniline and MZFO prepared
using citrate auto-combustion route. The produced composites were characterized using X-ray
diffraction (XRD), Fourier transform infrared (FT-IR), thermogravimetry (TG), transmission electron
microscopy (TEM) techniques. The effect of compositional variation on the electromagnetic properties
of PANI was measured using vibrating sample magnetometer (VSM) and ac-conductivity as a function
of temperature. The results of XRD and FT-IR indicated an interfacial interaction between PANI and
MZFO crystallites. TEM images showed that MZFO particles are embedded in the PANI matrix and
formed core-shell structure. TG curves exhibited an increase in the thermal stability of PANI with the
addition of MZFO. The hysteresis measurements indicate an improvement in the magnetic properties
by the addition of ferrite. The conductivity measurements confirmed the interaction between PANI and
MZFO and showed a change from metallic to semi-conducting properties by the addition of MZFO.
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1. INTRODUCTION

Because of their potential applications in various fields, conducting polymers have attracted the
interest of many researchers as they combine the mechanical and chemical properties of polymers with
the electronic properties of metals and semiconductors [1]. They can be used in electromagnetic
interference (EMI) shielding, rechargeable batteries, sensors, corrosion protection, coatings,
microwave absorption, etc [2].

Among conducting polymers, polyaniline (PANI) is considered as the most important member
owing to its unique electrical—electrochemical properties, high environmental stability, low cost, facile
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polymerization combined with high levels of electronic conductivity as well as thermoelectric and
optical properties [3,4]. It can be prepared either chemically or electrochemically. The most reasonable
method for its mass production is through oxidative polymerization using ammonium peroxodisulfate
as an oxidant [5].

Recently, considerable attentions were focused to develop the PANI properties through the
fabrication of nano-composites by incorporating inorganic nanoparticles in the PANI structure [6-9].
Using this process, a combination of the properties that are difficult to obtain with the individual
components could be attained. An example for these improvements is the incorporation of some
inorganic magnetic materials such as ferrites in the structure of PANI to produce new materials of
magneto-conducting polymers with unique properties [10-18].

The incorporation of ferrites in the PANI structure can lead to an increase in its thermal
stability [11], however, it could affect its electrical conductivity [19,20]. On the other hand, the
electromagnetic properties of the PANI/ferrites could be successfully improved and tailored by
controlling the addition of the ferrites [21,22] or in some cases through using different preparation
methods [16-18]. These composites have many applications in many fields such as information
storage, nonlinear optics, magnetic refrigeration, magnetic mediated hyperthermia, separation and
purification of biomolecules, drug delivery, sensors, electrode materials in supercapacitors, etc. [17].

Lee et al. [18] synthesized Mn;_ZnsFe,Os—polyaniline core—shell structure through aniline
polymerization in the presence of surfactant and ferrites, prepared via glycine combustion route. The
core-shell structure of ferrite—polyaniline composites was estimated using SEM and TEM techniques
and was fortified using XRD measurements. The conductivity of the ferrites core materials showed an
obvious increase on coating while magnetic measurements indicated a gradual decrease with
increasing the amount of polyaniline.

Babayan et al. [17] deposited polyaniline film on the surface of manganese—zinc ferrite during
in-situ polymerization process. The coercivity as well as thermomagnetic stability is observed to
increase compared with those of bare ferrite or its mixed composite with polyaniline.

In the present study, an approach to synthesize PANI/MnggZno 2Fe,O4 nano-composites, with
different ferrite contents (10, 20 and 30 wt%), by in situ polymerization of aniline was reported. The
entire ferrite was prepared using citrate sol-gel auto-combustion method. The structural,
morphological, thermal, magnetic and electrical properties of the obtained composites were
investigated using X-ray diffraction (XRD), Fourier transform infrared (FT-IR), thermogravimetry
(TG), transmission electron microscopy (TEM), vibrating sample magnetometery (VSM) and
conductivity measurements. The effect of incorporating Mn-Zn ferrite in the PANI structure as well as
the effect of composition on the different properties was investigated and discussed.

2. EXPERIMENTAL PROCEDURES

2.1. Preparation of MnggZng 2Fe,O, ferrite

Nano-sized MnggZng,Fe,04 (MZFO) was prepared using citrate sol-gel auto-combustion
method [23]. Stoichiometric amounts of analytical reagents (BDH) Mn(NOs),-4H,0, Zn(NO3),-6H,0,
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Fe(NO3),-9H,0 and citric acid; C¢HgO7.H,O were dissolved in deionized water in 1:1 mole ratio.
After adjusting the pH of solution to about 7, it was heated at 80°C until transform into gel. With
further heating and after evaporation of the entire water, the dried gel was ignited and this auto-
combustion reaction propagated rapidly until all the gel was burnt out completely with the formation of
MZFO through the solid-state diffusion process [24]. The combustion reaction can be written as
follows [23]:

O.8Mn(N03)2.4 H,O + OZZH(N03)26 H,O + ZFE(N03)3.9 H,.O + CgHgO7. H,O —
MngsZng oFe,04 + 4N5 + 6CO5 + 28.4H,0 + 50,

2.2. Preparation of pure PANI

Pure PANI was prepared using polymerization method described in [25]. In this procedure, 1
ml of aniline monomer was dissolved into 35 ml 0.5 mol/L H3PO, solution and sonicated for 30 min.
2.78 g of the oxidant; ammonium persulfate dissolved in 20 ml 0.5 mol/L H3PO4 solution was added
dropwisly during constant stirring. The stirring was continued at 0°C under nitrogen atmosphere for 24
h. The obtained green precipitate was filtered, washed with deionized water and ethanol then dried
under vacuum at 50°C for 24 h.

2.3. Preparation of PANI/ MZFO nano-composites

PANI/MZFO nano-composites were prepared through a simple in situ polymerization method
of PANI in the presence of different percentage of MZFO nanoparticles (10, 20 and 30 wt%) with
respect to the aniline monomer. In a typical procedure, an appropriate amount of MZFO was dispersed
in aniline monomer and the same polymerization procedure was followed as mentioned above. An
expected polymerization process is illustrated in Fig. 1.
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Figure 1. An illustration of the expected in-situ polymerization process for PANI/MZFO nano-
composite.
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The surface of the entire ferrite under the present acidic conditions is positively charged [26].
The negatively charged H,PO, and HPO," ions are then adsorbed on the ferrite surface in order to
compensate the charges [25]. At the same time, the aniline monomers under the present acidic
conditions are converted to cationic anilinium ions, which interact electrostatically with the adsorbed
phosphate anions. Finally, the (NH,4),S,Og oxidant polymerize the adsorbed anilinium ions on the
ferrite surface to produce PANI/MZFO nano-composite.

2.4. Instrumentation

XRD patterns were collected on a Bruker axs D8 diffractometer with Cu-Ka radiation source (A
= 1.5405 A) operated at 40 kV and 25 mA.

FT-IR spectra were recorded on Shimadzu-8300 spectrometer in the range of 4000-200 cm™
with a resolution of 2 cm™.

TEM images were obtained using a JEOL (JEM-1011 electron microscopy) operated at an
accelerating voltage of 100 kV.

Differential thermal analysis-thermogravimetry (DTA-TG) measurements were carried out
using a Perkin Elmer thermal analyzer at a heating rate of 5°C/min and a flow rate of 40 ml/min in air
atmosphere up to 700°C.

The magnetic measurements were carried out at room temperature using a vibrating sample
magnetometer (VSM-9600M) with a maximum magnetic field up to 5 kOe.

In the electrical measurements, the powders were pressed into pellets of 1 cm diameter and
about 1 mm thickness using a pressure of 2 tons cm . The pellets were coated by silver paste on both
sides and tested for ohmic contact. A Hioki LCR high tester 3531, using the two-probe method, as a
function of frequency (100 Hz — 5 MHz) and temperature up to 823 K., measured the dielectric
properties as well as the conductivity.

3. RESULTS AND DISCUSSION

3.1. X-ray diffraction

Fig.2 showed X-ray diffraction patterns of pure PANI, pure MZFO as well as PANI/MZFO
nano-composites with different compositions. The well-resolved diffraction peaks corresponding to
(111), (220), (311), (400), (422), (511) and (440) reflection planes confirmed the formation of single-
phase cubic ferrite (JCPDS card No. 74-2399). The broadness of the diffraction peaks suggested the
nano-sized characteristics of the entire ferrite. The average crystal size calculated according to
Scherrer's equation is amounted to about 28 nm. XRD pattern of PANI exhibited two broad diffraction
peaks at about 20 = 20.8" and 25.5". These peaks can be attributed to the periodicity parallel and
perpendicular to the polymer chains, respectively [27].
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Figure 2. XRD patterns of pure components and nano-composites with different compositions.

XRD patterns of PANI/MZFO with different compositions (10-30 wt%) showed only the
superposition of the diffraction peaks corresponding to polyaniline and the entire ferrite without any
indication for the presence of new phases. This indicates the formation of PANI/MZFO nano-
composites. The crystallite sizes (L) calculated according to Scherrer's equation for the different
compositions are reported in Table 1.

Table 1. Crystallite sizes and magnetic data of the investigated samples.

Sample L,nm Mg Hc

MZFO 28 501 749

10 % 13 20 917

20 % 16 32 921

30 % 18 52 882
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3.2. FT-IR spectra

FT-IR spectra of PANI, MZFO and PANI/MZFO nano-composite (30 %) are illustrated in Fig.
3. The spectrum of the pure PANI exhibited intensive bands at 1565, 1480, 1294, 1235, 1079 and 789
cm™ which describes PANI structure [28,29]. The bands at 1565 and 1480 cm™ are assigned to C=C
stretching vibration of quinoid (Q) and benzenoid rings, respectively indicating the oxidation of
emeraldine form of PANI. The bands appeared at 1294, 1235 cm™ are attributed to C-N stretching of
secondary aromatic amine. The bands positions at 1170-1010 and 789 cm™ reflected the aromatic C-H
in-plane bending mode and out-of-plane deformation of C-H in 1,4-distributed benzene ring,
respectively.
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Figure 3. FT-IR spectra of pure components and PANI/MZFO nano-composite (30%).

FT-IR spectrum of MZFO showed only two bands at 548 and 436 cm™. According to Waldron
[30], these band are considered as the characteristic one of spinel ferrite. The higher frequency band is
assigned to the stretching vibration of Fe** in the tetrahedral sites whereas, the lower frequency one is
attributed to stretching vibration in the octahedral sites. The spectrum of PANI/MZFO composite
showed a combination of the two spectra attributed to the pure components. The obvious red shift in
the characteristic bands of PANI can be attributed to the interaction between PANI and MZFO, which
leads to weaken N-H, C-N and N-Q-N bonds [29].
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3.3. TEM

The morphology and particle size of pure polyaniline, manganese-zinc ferrite and PANI/MZFO
composite (20 wt%) identified by TEM are illustrated in Fig. 4. It is clear that PANI exhibited fibrous
shape with average thickness of about 300 nm and length of about 1 #m. TEM image of crystalline
MZFO indicated semi-spherical agglomerated particles with an average size of 22 nm, which agrees
well with that estimated using XRD measurements. This agglomeration behavior can be due to the
magnetic dipole interaction exerted between magnetically ferrite particles.

(ED)

Figure 4. TEM image. (a) Pure PANI, (b) MZFO and (c) PANI/MZFO nano-composite (20%).
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The image corresponding to PANI/MZFO composite showed that MZFO particles are
embedded in the PANI matrix and formed core-shell structure. Owing to the different electron beam
penetrability, the dark core is attributed to the ferrite particles whereas, the light colored shell are
assigned to the PANI matrix [31]. The PANI matrix was irregularly polymerized on the ferrite surface
and at the same time, the agglomeration of the ferrite particles is obviously reduced. This indicates the
suitability of PANI matrix to the dispersion and stabilization of ferrites.

3.4. TG behavior and thermal stability

TG curves of the entire investigated samples (Fig. 5) were compared to investigate the effect of
ferrite content on the thermal stability of polyaniline. The first weight loss observed for PA can be
ascribed to the dehydration and HCI loss [32].
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Figure 5. TG curves for Pure PANI and PANI/MZFO nano-composites with different compositions.
Heating rate = 5°C min™.
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The further weight loss obtained which can be divided into two ranges: the first up to 320°C
can be attributed to the volatilization of chloride ions compensating the positive characteristics of
PANI chains while the second at higher temperature up to 510°C, which can be assigned to the
decomposition of molecular PANI chains [33].

From the figure, it is clear that, the addition of ferrite increases the thermal stability of PA,
which suggests the presence of intermolecular interactions between MZFO and PANI. The 50 %
weight loss is observed at 338°C for pure PANI whereas appeared at 435, 450 and 488°C for the
composites with increasing ferrite content, respectively. This behavior enhances the use of
PANI/MZFO as a magnetic conducting polymer in high temperature applications.

The obvious change in the weight loss with increasing ferrite content can be due to the change
in the compositional ratio by the addition of thermally stable MZFO.

3.5. Magnetic properties

The magnetic hysteresis loops of the pure MZFO as well as its composites with PANI are
illustrated in Fig. 6.
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Figure 6. Hysteresis loops of MZFO and nano-composites with different compositions.

Magnetic parameters such as saturation magnetization (Ms) and coercivity (H.) are reported in
Table 1. From the figure, it is evident that, MZFO exhibit soft ferromagnetic characteristics with
saturation magnetization value of 50.1 emu/g.
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The composite nanoparticles with 30% of nano-ferrite showed an obvious decrease in the
magnetization indicating the incorporation of the entire ferrite in core-shell structure with PANI
matrix. In this structure, the PANI coating lower the magnetic super exchange interaction among Fe®*
ions in the core material. By increasing PANI content (the samples with 20 and 10 wt% nano-ferrite),
the magnetization values (Table 1) are observed to decrease directly. This behavior can be discussed
based on the shielding action of nonmagnetic PANI-shell.

The relatively high coercivity values of the nano-composites (88-92 kOe) illustrate the
aggregation characteristics of the particles as revealed from TEM study. On the other hand, the
improvement of the PANI magnetic properties by addition of entire ferrite can be of important impact
in magnetic conducting polymer applications.

3.6. Electrical properties

The frequency dependent conductivity for disordered materials such as polymers can be due to
interfacial polarization at contacts and grain boundaries of the sample [34].

Fig. 7 shows the frequency dependence of Ino,. conductivity as a function of temperature for
pure PANI, Pure MZFO and PANI/MZFO composites with different compositions. The conductivity
of all the studied samples is observed to be frequency as well as temperature dependent.
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Figure 7. Relation between Inc and reciprocal of absolute temperature as a function of applied

frequency for pure components and PANI/MZFO nano-composites.
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The conductivity of pure PANI shows metallic behavior in which conductivity decreases
slightly with increasing temperature or frequency. The obvious decrease in conductivity at higher
temperatures can be attributed to the predominance of the phonon-electron collision over the mobility
effect.

Pure MZFO exhibits a semiconducting behavior in which the conductivity increases with
increasing temperature. The metallic like behavior observed at lower temperatures can be due to the
insufficient thermal energy (generated at low temperatures) needed to promote electrons to move out
of their positions. The slight decrease in the conductivity with increasing temperature (medium
temperature region) can be owed to the desorption of water molecules adsorbed on ferrites particles
[35].

PANI/MZFO nano-composites with different compositions showed a similar conducting
behavior to that of pure MZFO (Fig. 8). The obvious increase in the conductivity values than that of
MZFO can be owed to presence of the conducting PANI. In addition, the conductivity values increases
with increasing PANI content, which suggests that, the presence of PANI improving the conducting
properties of ferrite and indicates the interaction between PANI and MZFO.
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Figure 8. Relation between Inc and the absolute temperature at an applied frequency of 10 kHz for
pure components and PANI/MZFO nano-composites.

4. CONCLUSIONS

Magnetic-conducting polyaniline/Mng gZng,Fe,04 (PANI/MZFO) nano-composites have been
synthesized via in situ polymerization of aniline in the presence of different weight percent of MZFO
nano-particles prepared through citrate auto-combustion route. The pure components as well as the
composites with different ferrite compositions were characterized using XRD, TG, FT-IR and TEM
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techniques. The data analysis showed an interfacial interaction between PANI and MZFO through the
formation of core-shell structure and exhibited an increase in the thermal stability of PANI matrix with
the addition of MZFO. The magnetic characterization indicated ferromagnetic behavior for MZFO and
showed an improvement in the PANI magnetic properties by the addition of MZFO. The conductivity
measurements as a function of temperature showed a decrease in the conducting properties of PANI by
the addition of MZFO and a consequent change in the electrical properties from metallic to semi-
conducting behavior. Generally, the obtained results indicated the possibility of tailoring
electromagnetic properties of PANI depending on the weight percent of MZFO.
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