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Cog 5Zng sFe;04/PANI nanocomposites with bimodal size distribution were synthesized via reverse micro-
emulsion method. Structural characterization was done by Fourier transform infrared spectroscopy, X-
ray diffraction and transmission electron microscopy. Vibrating sample magnetometer measurement
confirmed the ferromagnetic behavior of nanocomposite with saturation magnetization of 3.95 emu/g

and low coercive force (39 Oe). It was observed that on nanocomposite formation with PANI nanofibers,
Cog 5Zng sFe,0,4 ferrite nanocrystals undergo transition from being superparamagnetic to ferromagnetic.
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1. Introduction

Polyaniline (PANI) is the most extensively studied conductive
polymer due to its relatively facile processability and excellent
environmental stability, combined with relatively high levels of
electronic conductivity as well as thermoelectric and optical prop-
erties [1]. The fabrication of 1D polyaniline with nanometer
dimensions have attracted intensive interest because they possess
dual advantage of being low-dimensional system along with
having potential applications like polymeric conducting molecular
wires, chemical sensors, biosensors, catalysts, etc. [2-8].

Magnetic nanoparticles with single domain are known to exhi-
bit unique properties such as enhanced magnetic moments,
exchanged-coupled dynamics, quantization of spin waves and
giant magneto resistance leading to new potential applications in
permanent magnets, data storage devices, targeted drug delivery
[9-12]. Ferrite nanocrystals are emerging as promising candidates
for biomedical and technological applications due to superpara-
magnetism, enhanced anisotropy and reactive surfaces [11,12].
Keeping this in view the hybrid composite fabricated from ferrite
nanocrystals and conductive PANI holds promise of an important
class of materials [13,14].

A mechanistic description of the process has also been presented in view that the process could be
extended for the fabrication of other bimodal nanocomposites

With the advancement in nanoscience and nanotechnology
research efforts have now been focused on synthesizing new type
of bifunctional nanocomposites with controllable shapes, sizes and
assemblages, with new and tunable properties useful for a wide
range of applications as this would combine the advantage of the
inorganic materials and the organic polymers, otherwise which
are difficult to obtain from individual components. This synergetic
behavior makes nanocomposite hold broad technological applica-
tions [15,16].

Intensive efforts have been devoted to develop techniques for
the synthesis of nanocomposites; some of them are electrode
deposition [17], in situ polymerization [18], electrochemical syn-
thesis [19], anodic oxidation [20] etc. However only limited
approaches have been used to develop simple, mild and efficient
route to tune the properties of multicomponent ferrite/PANI nano-
composites [21].

Recently reverse microemulsion polymerization has emerged as
an useful strategy for the fabrication of polymer-inorganic nanocom-
posites [22]. The microemulsion technique allows control of both
shape and size via the structure of the surfactant assemblies. Most
of the research groups have studied Fe304/PANI nanocomposites
[23-25] however, a very few reports have dealt with multicompo-
nent ferrite/polyaniline nanocomposites [21,26]. To the best of our
knowledge there is no report focusing on the synthesis of Cog sZng s-
Fe,04/PANI nanocomposites by reverse microemulsion route.

The present study is focused on the above-outlined hypothesis
driven synthesis of highly monodisperse CogsZngsFe,04 ferrite



nanocrystals and Cog sZng sFe;04/PANI nanocomposites via reverse
microemulsion techniques. The objective of the present study was
to investigate the alignment of Cog sZng sFe,04 ferrite nanocrystals
vis-a-vis PANI nanofibers. The effect of polyaniline on magnetic
properties of the nanocomposite was investigated. The structural
characterizations were carried out by FTIR, TEM and XRD and mag-
netic properties were studied through VSM.

2. Experimental section

2.1. Synthesis of the CogsZng sFe>04 ferrite nanocrystals by reverse
microemulsion process

Inreverse microemulsion route a quaternary system of kerosene/
CTAB/isoamylalcohol/H,0 was selected. For Cog5Zng sFe,04 ferrite,
aqueous solution was prepared by mixing stoichiometric amounts
of 0.5 M FeCls,0.125 M CoCl,-6H,0 and 0.125 M ZnCl,. All chemicals
used were of analytical grade. Two reverse microemulsion ME; and
ME, were prepared. CTAB (16.67 wt%) was added to kerosene
(38.88 wt%) giving a murky emulsion. 11.11 wt% of aqueous solution
containing the precursor salts and 11.11 wt% of iso-amyl alcohol
were then added to the emulsion under magnetic stirring. The mur-
ky emulsion became transparent. The stirring was continued for 1 h
resulting in a stable reverse microemulsion (ME,). Reverse micro-
emulsion (ME,) was prepared with 0.5 M aqueous solution of NaOH
as water phase under similar conditions.

The reverse microemulsion ME, was then heated to 80 °C and to
this was added reverse microemulsion ME; dropwise under con-
stant magnetic stirring. Appearance of blackish brown color after
few minutes marks the completion of the reaction and formation
of the desired ferrite colloidal solution. The reaction mixture was
further stirred for 4 h on magnetic stirrer with temperature main-
tained at 80 °C. The pH of the reaction was maintained at 12. The
nanocrystals present inside the colloid were then collected by cen-
trifugation (10,733g, 20 min). To ensure complete removal of the
surfactant, the powder was subjected to several cycles of washing
by methanol and double distilled water followed by centrifugation
and finally dried in vacuum oven at 100 °C for 48 h.

2.2. Synthesis of PANI nanostructures by reverse microemulsion process

For PANI synthesis, a stable reverse microemulsion (ME3) with
following composition was prepared: 52.52 wt% cyclohex-
ane +20.24 wt% CTAB +13.54 wt% aniline and dopant solu-
tion + 13.70 wt% iso-amyl alcohol. Second reverse microemulsion
(ME4) was prepared under similar conditions with 1 M aqueous
solution of the initiator ammonium per sulphate in place of aniline.
The homogeneous reverse microemulsion solution ME4 was then
added dropwise to reverse microemulsion MEs under constant stir-
ring at room temperature and the mixture was further stirred for
24 h under inert atmosphere. Protonated emeraldine formation
was confirmed by appearance of green color. After 24 h of stirring
the resulting content was centrifuged at 5000 rpm to obtain the
polyaniline nanostructures followed by washing with methanol
and double distilled water several times. The product obtained
was dried in a vacuum oven at 50 °C for 48 h.

2.3. Synthesis of CogsZng sFe;04/PANI nanocomposites by reverse
microemulsion process

To prepare the composite, 0.005 g of magnetic CogsZngsFe;04
ferrite nanocrystals were dispersed in aniline containing reverse
microemulsion ME; and same procedure was followed as described
above for the synthesis of PANI nanostructures. Finally the resulting
Cop5Zng sFe;04/PANI nanocomposites were separated by subse-

quent centrifugation followed by washing with methanol and dou-
ble distilled water and then dried in a vacuum oven at 50 °C for 48 h.

3. Results and discussion
3.1. Structure and morphology

X-ray diffraction was used for structural determination of the as
prepared Cog sZng sFe,0,4 ferrite nanocrystals, Fig. 1a. All the peaks of
the XRD spectra could be readily indexed to the spinel phase and no
characteristic peaks of impurities were detected, confirming the for-
mation of the cubic spinel structure of CogsZngsFe,04 ferrite [27],
[JCPDS file no. 79-1150]. The diffraction peaks at 20 values of 30.9°,
36°,44.7°,52.099°, 57° and 63.4° could be ascribed to the reflections
of (220),(311),(400),(422),(511) and (44 0) planes of the
Cog.sZng sFe;04 ferrite nanocrystals, respectively. The lattice con-
stant (a,) for CogsZngsFe,04 nanocrystals was found to be
8.3561 A, which is in agreement with the reported literature value
[27,28]. The average diameter of the CogsZngsFe,04 ferrite nano-
crystals calculated from the broadening of the XRD peak intensity
after Ky, corrections using the Debye-Scherrer equation [29] using
(311) peak was 5nm, which was in close agreement with the
TEM results.

The polyaniline nanostructures had also been subjected to X-ray
diffraction analysis at 30 °C. Fig. 1b shows the XRD patterns of the
resultant polyaniline nanostructures. Broad diffraction peaks cen-
tered at 20 = 20.7° and 25.9° (d-spacing = 4.3 and 3.5 Arespectively)
can be ascribed to the periodicity parallel and perpendicular to the
polymer chain [30]. It indicated that the resulting polymer was in
the form of highly doped emeraldine salt and had good crystallinity
[31,32]. Fig. 1c represents the XRD pattern of CogsZngsFe;04/PANI
nanocomposites revealing a diffused broad amorphous halo over
the 20 range of 10-30° and broad reflections around 15°, 21° corre-
sponding to large molecular weight polyaniline. The presence of dif-
fused broad peaks indicates lower crystalline order owing to the
formation of larger fraction of PANI [33]. The preponderance of
amorphous peaks of PANI indicates that the crystalline behavior of
ferrite is suppressed due to the presence of large fraction of PANI
in comparison to ferrite nanocrystals. The results obtained are con-
sistent with the ones obtained by other research groups [25]. The
presence of broad reflection around 20 value of 26° indicates planar
configuration of polyaniline due to the densely packed phenyl rings
and thus an extensive interchain pie-pie orbital overlap [31]. This
peak is present in the XRD spectra of both pure PANI as well as
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Fig. 1. XRD patterns of (a) CogsZngsFe,04 ferrite nanocrystals, (b) PANI nanofibers
and (c) CogsZngsFe;,04/PANI  nanocomposites obtained from reverse
microemulsion.



Cog.5Zng sFe,04/PANI nanocomposites indicating the fibrous struc-
ture. This observation was further corroborated by TEM studies.

Fig. 2a shows the representative TEM image of the ferrite nano-
crystals obtained from reverse microemulsion process, which
makes the particle size distribution narrower and monodispersed
with average diameter of 6 nm.

The representative TEM micrographs of PANI nanostructures
obtained via reverse microemulsion process with CTAB are com-
posed of fibrous structures having an average diameter of 20 nm,
Fig. 2b. The length of the fibers ranges up to several micrometers.

Cog.5Zno sFe;04/PANI nanocomposites were separated by centri-
fugation; therefore the nanocomposites take the form of round clus-
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ters under the action of centrifugal force, Fig. 2c. The samples were
left for few days in distilled water before TEM analysis. TEM image
reveals the onset of nanocomposite segregation. Fig. 2d shows a fiber
bridging two regions of fragmented nanofiber clusters of the com-
posite. In presence of water the strong H-bonding of PANI fibers with
water lessens the force between the clusters leading to segregated
nanofibers, Fig. 2d. Further aging in distilled water completely segre-
gates nanocomposites cluster into nanofibers accompanied by vis-a-
vis alignment of CogsZngsFe,04 nanocrystals, Fig. 2e and f. TEM
micrograph reveals the CogsZngsFe,04 ferrite nanocrystals sup-
ported on nanofibrillar PANI having a bimodal size distribution with
particles in the 20 nm regime and additional particles roughly 5-

I~
y
,, -
| k)
L ALBE 2 ] v
- &
S
[Saarom)

()

S e

i

Fig. 2. TEM images of (a) CopsZngsFe,04 ferrite nanocrystals, (b) PANI nanofibers, (c) and (d) clusters of CogsZngsFe,04 ferrite/PANI nanocomposite, (e) and (f)

CogsZngsFe,04 ferrite/PANI nanocomposite.



6 nm in diameter. The nanosize ferrite crystals are clearly visible
near the border of the nanofiber with ferrite nanocrystals aligned
vis-a-vis polyaniline nanofiber.

3.2. Magnetic properties

The room temperature hysteresis loop of all the samples was
measured using vibrating sample magnetometer (VSM). Fig. 3 shows
their magnetization curves taken at room temperature (300 K). Typ-
ical ‘S’ - like shape of hysteresis loops have been observed, indicating
a superparamagnetic property of the synthesized CogsZngsFe;04
ferrite nanocrystals (Fig. 3a). It has been found that the hysteresis
loop of CogsZngsFe;04 ferrite nanocrystals could not be saturated
with the available maximum field. The hysteresis curve recorded
at room temperature for Cog sZng sFe,04 ferrite nanocrystals exhibit
negligible coercivity and very low remanence, which would be
expected from these smaller size particles. This proves that the par-
ticles obtained from reverse microemulsion were superparamagnet-
ic at room temperature [34,35].

The magnetic hysteresis loop of CogsZngsFe,04 ferrite/PANI
nanocomposite at room temperature is depicted in Fig. 3b. The
magnetic properties were inherited from the magnetic CogsZngs.
Fe,04 ferrite nanocrystals. The hysteresis loop for the nanocom-
posite gets saturated with the available maximum field
indicating their ferromagnetic behavior. The saturation magnetiza-
tion value of bimodal CogsZngsFe,04 ferrite/PANI nanocomposite
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Fig. 3. The hysteresis loops of (a) CogsZngsFe,04 ferrite nanocrystals and (b)
Cop.5Zng sFe;04/PANI nanocomposite obtained from reverse microemulsion mea-
sured at 300 K.

was found to be 3.95emu/g at 300 K with low coercive force
(39 Oe). The interactions between the polymer and ferrite nano-
crystals play a significant role in attaining the magnetic nature of
these composites. The interaction between PANI nanofiber and
CogsZngsFe;0,4 ferrite increases, may be due to H-bonding be-
tween -0O- of ferrite and hydrogen of -N- of PANI nanofiber. Nano-
fiber has perfect geometrical orientation for strong H-bonding.
Thus increased interactions between polymer and ferrite nanocrys-
tals decrease the particle-particle exchange interaction due to
which ferrite nanocrystals aligned in applied magnetic field direc-
tion with PANI nanofiber effectively and CogsZngsFe;0,4 ferrite/
PANI became ferromagnetic despite CogsZngsFe,04 ferrite being
superparamagnetic.

3.3. Spectral analysis

A typical FTIR spectrum of CogsZngsFe,04 ferrite nanocrystals
obtained from reverse microemulsion is shown in Fig. 4a. The FTIR
spectra of CogsZngsFe,04 ferrite nanocrystals exhibits a peak at
3444 cm~! attributed to stretching vibrations of hydrogen -
bonded surface water molecules and hydroxyl groups [36-38].
Two different sublattices are situated in ferrites metal ions, desig-
nated as tetrahedral and octahedral according to the geometrical
configuration of the oxygen nearest neighbor atoms. It is believed
that the higher frequency band v; i.e., around 580-600 cm™' is
attributed to the intrinsic vibration of the tetrahedral sites and
low frequency band v; around 440-410cm™! is ascribed to the
intrinsic vibration of the octahedral sites [37-39]. FTIR spectra of
the prepared ferrite nanocrystals reveals the characteristic peak
around 580 and 420 cm™! ascribed to the intrinsic vibration of
the tetrahedral and octahedral sites, respectively.

FTIR spectrum confirms the formation of polyaniline (PANI),
Fig. 4b. Spectra are consistent with the emeraldine form of polyan-
iline. The absorption band around 3500 cm~' corresponds to the
free N-H bond [40]. The absorbtion bands at 1580 and
1495 cm™! corresponds to C=C stretching vibrations of the quinoid
(N=Q=N) and benzenoid (N-B-N) rings, respectively [40,41]. A
shoulder band appears around 1650 cm™! is assigned to the car-
bonyl group (C=0) indicating the formation of quinine during
polymerization [42]. The band at 1495 cm™! can be attributed to
aromatic stretching vibrations. Bands at 1364 and 1300 cm™! are
attributed to C-N stretching vibrations (4 1).

Fig. 4c shows the FTIR spectrum of CogsZng sFe,0, ferrite/PANI
nanocomoposite. The peak intensities in the spectrum of CogsZngs-
Fe,0, ferrite/PANI nanocomoposite are similar to the individual
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Fig. 4. FTIR spectra of (a) CopsZngsFe,04 ferrite nanocrystals, (b) PANI nanofibers
and (c) CogsZngsFe;04 ferrite/PANI nanocomposite.
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Fig. 5. Schematic illustration of the synthesis process of CogsZngsFe,04/PANI nanocomposite. * An: aniline; D: dopant; IAA: iso-amyl alcohol, APS: ammonium per-sulphate.

spectra of CogsZngsFe;04 ferrite and pure PANI The strong peak
intensities of both, i.e. ferrite nanocrystals as well as PANI nanofi-
bers suggest that the CogsZngsFe,04 ferrite nanocrystals are not
encapsulated in the PANI shell.

3.4. Self-organization of Cog sZng sFe;04/PANI nanocomposites

Precisely size regulated magnetic particles are essential to con-
trol the alignment of CoqsZngsFe;04 ferrite nanocrystals along the
PANI nanofiber. Here, we employed reverse microemulsion meth-
od to prepare very fine (6 nm) and monodisperse nanocrystals.
These CogsZng sFe,0,4 ferrite nanocrystals retain superparamagnet-
ic behavior at room temperature. Therefore, these CogsZngsFe;04
ferrite nanocrystals are the most suitable for linear alignment
along the boundary of the extremely fine PANI nanofibers.

The synthetic procedure for CogsZngsFe;04/PANI nanocompos-
ites is schematically illustrated in Fig. 5. The energies of reverse
micelle molecules collide and congregate are by far larger than that
of the reverse micelle molecules self-organize to regular structure.
The reverse micelle molecules assembled parallel just like threads
and the growth of particles is limited in these threads like micelles.
The thread like or giant worm like micelles represent an extreme
case of growth into elongated micelles [43]. Thus, the particles
do not aggregate disorderly but self-organized to fiber like elon-
gated micelles to maintain thermal equilibrium of the system.
The non-polar solvent cyclohexane weakens the van der waals
and hydrogen bonding interactions between the surfactant mole-
cules, which results in the elongation of the micelle taking the
shape of a long fiber. The superparamagnetic Cog sZng sFe,0,4 ferrite
nanocrystals have been added to the reverse microemulsion con-
sisting of monomer aniline. These nanocrystals get aligned along
the thread like micelles of CTAB instead of entering into the aque-
ous micelle core. As the reaction proceeds long PANI nanofibers
were obtained with CogsZngsFe;04 ferrite nanocrystals aligned
vis-a-vis on their surface.

4. Conclusion

In the present work we endeavor a facile synthetic approach for
the synthesis of CogsZngsFe,04 ferrite nanocrystals, PANI nanofi-
bers and bifunctional (bimodal) CogsZngsFe,0,@PANI nanocom-
posites. This work would result in a synthetic strategy for
obtaining morphologically controlled CogsZngsFe,0,@PANI nano-
composites. Highly superparamagnetic CogsZngsFe,04 ferrite
nanocrystals were synthesized by reverse microemulsion route

with an average diameter of 6 nm. Extremely fine PANI nanofibers
having an average diameter of 20 nm were synthesized. The length
of these fibers range up to several micrometers. Bifunctional
Cog.5Zng sFe;04/PANI nanocomposites had bimodal size distribu-
tion with PANI fibers in the 20 nm regime and additional ferrite
crystals 6 nm in diameter. These nanocomposites possess ferro-
magnetic behavior at room temperature. The present method
could be extended for the fabrication of many more nanocompos-
ites with bimodal size distribution, having applications in catalysts
supports, biomedical areas or electrical and magnetic shielding.
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