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Magnetic composites of cobalt ferrite nanoparticles and poly(aniline) have been synthesized in acid
media and characterized by X-ray diffraction studies, scanning and transmission electron microscopy
observation, thermogravimetric analysis, conductivity and infrared spectroscopy measurements. The
magnetic behavior was studied through DC magnetization measurements; hysteresis loops were
observed, showing ferromagnetic behavior for particles and composites. The remanence ratio increases
as the polymer contents increases, the coercivity decreases first and then increases, and the saturation

Keywords: magnetization does not follow the ferrite mass fraction in the composite. It is proposed that an indirect
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Oxides exchange mechanism (RKKY-like) between the nanoparticles and PANI localized spins mediated by the

conduction electrons is responsible for the observed magnetic behavior. The results suggest the presence

Magnetic properties - e t . h
of particle-matrix interactions related to the amount of polymer present, thus, in turn suggesting that

the material magnetic properties could be controlled through the nanoparticles to polymer ratio.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Among the wide variety of nanomaterials which have been
introduced in recent years, magnetic nanoparticles are highly
interesting, due to their potential applications in different fields
[1-3]. Whereas, larger particles are composed of several magnetic
domains, below a certain (composition dependent) critical size,
magnetic nanoparticles behave as monodomains, which give rise
to interesting properties [1,4,5]. A number of materials have been
investigated, mainly iron and iron oxides [6,7], ferrites [8,9] and
other metals [10,11]; among these, cobalt ferrite (CoFe,Q,4) is
highly interesting, since, it is a hard material from the magnetic
point of view (exhibiting ferromagnetism at room temperature),
has a high coercive field and moderate saturation magnetization
and, in addition, displays excellent chemical stability [12].

In recent years, there has been a growing interest in composites
formed by magnetic nanoparticles embedded in a polymer matrix
[4,13,14], particularly of conducting polymers. Conducting poly-
mers are very well known due to their interesting chemical,
mechanical and optical properties leading to a high number of
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proposed applications [15-17]. A number of magnetic nanoparti-
cle-conducting polymer composites have been proposed, mainly
based on polypyrrole (PPy) [18,19], poly(ethylenedioxythiophene)
[20] and poly(aniline) (PANI) [21-28]. The use of conducting
polymers gives rise to materials with properties that would be
difficult to obtain with the individual components, since, they have
both high magnetic susceptibilities and high conductivity [29,30].
These magnetic composite materials comprise a new generation of
multifunctional materials that combine the properties of ordinary
polymer and magnetic materials (ferri- and/or ferromagnetic
particles mixed or embedded in a matrix). Such materials have
been proposed for several applications: Radhakrishnan et al. [31]
synthesized PANI-Fe304 composites and showed its application as
an electrochemical dopamine sensor and supercapacitor material;
Bhaumik et al. [32] demonstrated the use of PPy-magnetite
composites for fluoride adsorption and removal from water;
Wauang et al. [33] obtained PPy-Fe;0,4 nanoparticles functionalized
with folic acid for cancer treatment; several authors have pointed
out the electromagnetic shielding capability of composites such as
PANI-vy-Fe,05 [34], PANI-TiO,-y-Fe;03 [35] or PANI-Fe;04 [36];
PANI-cobalt ferrite composites have been reported to show high
shielding efficiency [23]. All these applications underline the
importance of the study of these materials from an applied point of
view, besides the fundamental interest.

PANI is one of the most studied conducting polymers, due to its
interesting properties and applications [15,37]. CoFe,04-PANI
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composites have not received much attention in the literature;
there are some recent reports [23,38] which have synthesized the
composite and measured its properties, however, little attention
was given to the analysis of the magnetic behavior. Also, the
possible effects of particle-matrix interactions on the composite
properties are not well understood; for example, there are opposite
reports about the influence of magnetic particles on the polymer
conductivity, where some authors report an increase [39,40]
whereas others show a decrease [33,41].

In this work, CoFe,04-PANI composites have been prepared by
a wet chemical method, with in situ aniline polymerization. The
composites were characterized by XRD studies, SEM and TEM
observation, thermogravimetric analysis, conductivity measure-
ments, IR spectroscopy and DC magnetization measurements.

2. Materials and methods

AR grade chemicals and high purity water from a Milli-Q system
were employed throughout. Aniline (Ani), supplied by Fluka, was
distilled under reduced pressure and reducing conditions shortly
before the experiments.

2.1. Synthesis of cobalt ferrite nanoparticles

The synthesis of CoFe,04 nanoparticles was performed follow-
ing Antonel et al. [14]. Briefly, 22.25 mL of a solution containing
0.450M FeCl3-6H,0 and 0.225M CoCl,-6H,0 (2:1 Fe(III)-Co(II)
molar ratio), in 0.4 M HCl, was added dropwise to 200mL of 1.5M
NaOH, keeping the pH adjusted at 12, under constant high speed
stirring. The synthesis temperature was set at 80 °C, using a water-
jacketed reaction vessel with a circulating thermostatic bath. Dark
brown CoFe,04 nanoparticles precipitated immediately after the
first drops of the Fe(lll)-Co(Il) solution. The temperature of
synthesis and the high speed stirring were kept constant during
the addition of the cationic solution. After the addition of this
solution, the reaction media was maintained at 80 °C, at high speed
stirring, for 2h. The CoFe,0, nanoparticles were separated by
centrifugation at 12,000 x g during 20 min at room temperature.
The pellet was washed with Milli-Q water, repeating the cycles of
washing-centrifugation until neutral pH of the supernatant was
reached (about 10 times). Finally, the CoFe,0,4 nanoparticles were
dried using a vacuum oven at 40 °C during 24 h.

2.2. Synthesis of CoFe,04—PANI composites

The synthesis of CoFe,04-PANI composites was performed
following Xuan et al. [42] with some modifications. 80 mg of
CoFe,04 nanoparticles and 400 mg of poly(vinylpyrrolidone) (PVP)
were dispersed in 100 mL of Milli-Q water, by combined ultrasound
treatment and under strong mechanical stirring, during 30 min, in
order to disperse efficiently the particles, and to allow polymer
adsorption onto the particles so as to protect them. Then, Ani
monomer (in a given molar ratio, r, with respect to ferrite, see
below) and 200 pL of concentrated HCl were added; next, the
reaction mixture was maintained for 1h in the same conditions
(ultrasound treatment and strong mechanical stirring). Finally,
ammonium persulfate (APS) in a molar ratio of 1:1 with respect to
Ani was added. After APS addition, the reaction mixture was kept
for 2 h always under ultrasound treatment and mechanical stirring.
The dark green precipitate obtained was separated by centrifuga-
tion at 15,000 x g, during 10min, at 17°C. The pellet was
repeatedly washed with Milli-Q water and ethanol, in order to
remove the excess of reactants and oligomers (by-products of the
polymerization reaction). Finally, the pellets were dried at room
temperature for 24 h.

The synthesis was performed for different values of the molar
ratio

Nani
_ . Ani (-l )
CoFe;04

where nap; and negpe,0, are the mole numbers of Ani monomer and
CoFe,0,4, respectively. In the above specified conditions, r was
varied between 5 and 20. For comparison purposes, PANI without
ferrite particles was synthesized as above both in the presence
(PANI-PVP) and in the absence (Pure PANI) of PVP; moreover a
composite with r=5, without PVP (no-PVP) was also synthesized.

2.3. Characterization of CoFe;0,4 nanoparticles and CoFe;04—PANI
composites

2.3.1. X-ray diffraction (XRD)

X-ray powder diffraction analysis of the nanoparticles was
performed with a Philips X-Pert diffractometer using Cu Ko
radiation (A =0.154056nm); the average crystallite size was
determined with the Debye-Scherrer equation.

2.3.2. Electron microscopy studies

The particle size, morphology and composition of particles and
composites were studied by transmission electron microscopy
(TEM), scanning electron microscopy (SEM) and energy dispersive
X-ray spectroscopy (EDS). TEM observation was performed using a
transmission electron microscope Philips EM 301. Each material
(nanoparticles or composites) was suspended in acetone and
approximately 10 pL of each suspension were dripped on a TEM
grid and dried prior to insertion to TEM column. SEM analysis was
performed using a Zeiss Supra 40 Gemini microscope, equipped
with an EDS detector. The samples were prepared by placing a
small amount of each solid (nanoparticles or composites) in one
side of a carbon tape. EDS measurements were performed in the
same experiment.

2.3.3. Thermal analysis

Thermogravimetric analysis (TGA) of CoFe,04 nanoparticles,
CoFe,04-PANI composites and PANI polymer was performed using
a thermobalance TGA-51H Shimadzu. The TGA thermograms were
recorded for 10-20 mg of each sample at a heating rate of 10° C/min
in the temperature range of 25-800°C under air atmosphere.

2.3.4. Fourier transform infrared spectroscopy (FTIR)

The infrared (IR) measurements of composites, nanoparticles
and polymer were performed using a FTIR Nicolet 8700 spectrom-
eter, in the range 400-4000 cm™". The samples were pressed into
pellets prepared dispersing 0.5 mg of each one in 150 mg of KBr. For
each sample, 32 scans were accumulated.

2.3.5. Conductivity measurements

The conductivity of the different samples was measured on
pressed circular pellets (1 cm diameter) using a Teq-03 (S. Sobral,
Buenos Aires, Argentina) potentiostat under computer control.
Following Ohm’s law, a known current (i) was applied and the
potential difference (E) was measured and averaged during 120s.
The resistance was determined for each applied current and
potential; the pellet thickness was measured with a caliper. The
conductivity was determined for the as-obtained composites as
well as for the same composited redoped by soaking in 1M HClIO4
for 24 h, and drying in vacuum oven at 40°C.

2.3.6. Magnetization studies
A Lakeshore 7400 vibrating sample magnetometer (VSM) was
used for recording magnetization curves at room temperature. The
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samples were prepared by packing with Teflon tape 10-20 mg of
each composite.

3. Results and discussion
3.1. CoFe,04 nanoparticles characterization

3.1.1. Crystalline structure and composition

The XRD pattern of the particles obtained is shown in Fig. 1,
where a typical inverse spinel pattern is observed (ICDD 03-0864),
very similar to that of Fe30,4 [8,43]. The diameter of the crystallites,
d., prepared here was estimated through the Debye-Scherrer
equation using the (311) peak, resulting in d. = 16.5 nm which is in
agreement with reported results [8,14]. The composition was
verified from the SEM-EDS measurements, resulting in a Fe:Co
molar ratio of 2:1, thus confirming that the product obtained was
effectively CoFe;04.

3.1.2. Particle size and morphology

The morphology of the cobalt ferrite particles was analyzed
using SEM and TEM imaging. Fig. 2a shows a typical SEM image,
where it is observed that the nanoparticles have an approximately
spherical shape. Due to agglomeration, it is difficult to determine
particle sizes on these images; TEM observation, on the other hand
(Fig. 2b shows a typical TEM image), allows the particle diameters
to be measured in the low agglomeration zones. Over 100 particles
were measured in a set of images with the aid of the Image]
software [44]; background subtraction and contrast enhancement
were employed to improve particle detection and measurement.
Care was exercised to discriminate agglomerates from single
particles. The resulting histogram is shown in the inset of Fig. 2b,
revealing a good monodispersity. The average particle diameter is
dp=(17.3 +£1.0) nm, which is reasonably coincident with d. deter-
mined from the Debye-Scherrer equation, thus it can be concluded
that the cobalt ferrite particles obtained are single crystals.
Furthermore, this size is within the range of monodomain
magnetic particles: according to several authors [8,45], for cobalt
ferrite, the minimum ferromagnetic size is about 7-9 nm; on the
other hand, the critical particle size can be estimated, following
O’Handley [46], as:
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Fig. 1. XRD diagram of CoFe,04 nanoparticles synthesized at 80°C, revealing an
inverse spinel structure.
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Fig. 2. (a) Scanning electron microscopy image of CoFe,O4 nanoparticles as
obtained; (b) transmission electron microscopy image of these particles; inset:
particle size histogram.
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where A is the exchange stiffness constant, K the anisotropy
constant, @o the vacuum permittivity and Ms the saturation
magnetization. Using bulk CoFe,0, parameters reported by Hu
et al. [47] a value of dc ~ 79 nm is found; experimental results [48]
allow to estimate it as about 60-70 nm.

d. (2)

3.2. CoFe;04-PANI composites characterization

3.2.1. Thermal stability and composition

To study the thermal stability of the resulting composites and to
gain insight into their composition, thermogravimetric (TG)
analysis in air was conducted (Fig. 3); it is observed that PANI is
completely decomposed by oxidation and the ferrite particles
undergo only a small mass loss, whereas the composites give
intermediate results, thus, confirming the composite formation.
The features in Fig. 3 can be explained as follows: first, an initial
mass loss is observed, attributable to removal of water from the
material; this loss ends at about 150 °C, and from this temperature,
the dopant (HCl) is removed [49-51]. At higher temperature, T, a
pronounced decrease is observed, corresponding to PANI decom-
position, starting between 250-300 °C and ending at ~600 °C; this
is in agreement with literature reports, where PANI degradation in
the range ~200-660°C is observed [51,52]. The onset of polymer
degradation has been found to lie at different values, from about
180°C [53] to nearly 300°C [51]; in the present experiments,
analysis of the TG derivatives show a change of behavior at 263 °C,
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Fig. 3. Thermograms of the relative mass loss (w/wg) for pure cobalt ferrite and
PANI and for the composite with a monomer: ferrite molar ratio r=>5.

thus, this value is taken as the start of PANI decomposition. On the
other hand, pure ferrite particles show, after some water
elimination, a small decrease probably due to loss of surface
hydroxyl groups. From the TG results, both the dopant contents
and the composites composition can be estimated, assuming that
the mass loss at T < 150 °C is due to water elimination, that the loss
between 150 and 263 °C corresponds to HCl removal, and the
remaining mass at T=800°C corresponds to the ferrite particles
with no polymer remaining, introducing appropriate corrections
for the mass change of the cobalt ferrite particles. The results for
the CoFe,0, mass fraction in the composite, fcr, the measured
polymer/ferrite molar ratio, r,,, and the HCl/monomoer molar
ratio, y, are presented in Table 1. An apparent increase of polymer
contents comparing with the synthesis bath composition is
observed, which is attributable to the reduction of the particle
size during the composite preparation. The y values indicate a low
level of doping, corresponding to about 1 HCl molecule for about
11-15 aniline monomer units.

3.2.2. Composite morphology

The morphology of the composites was examined in SEM and
TEM images. For comparison, Fig. 4 shows SEM images of PANI
synthesized in the same conditions as the composites. At low
magnification (2Kx ), the polymer appears with a rather compact
surface; however, at higher magnifications, the presence of
nanofibers is revealed, and at the higher magnification shown
(200K x ) the nanofiber tips are observed. From the TEM images of
the composites (Fig. 5), the particle size in the composites dpc was
determined with the same method as the bare particles, ranging
between (11.9 +£1.9)nm and (13.7 +2.6) nm, which is somewhat
smaller than the original size, but is found to be nearly
independent of the ratio r and is still within the ferromagnetic
monodomain size range. The images suggest that some particle
agglomeration is present in the composites, despite the strong
stirring during the synthesis; this is clearly due to their strong
magnetic nature, and the same is observed in literature reports of
similar materials [23,24,35,54]; it should be noted, however, that
darker parts of the composites correspond to thicker polymer

Table 1
Composites composition found by thermogravimetric analysis.

segments, thus, the apparent agglomeration observed in these
regions is partly due to the presence of nanoparticles at different
heights, appearing as aggregates in the vertical TEM observation.

Fig. 5a shows that the composite with r=5 has a globular
morphology, presenting spheres of about 65 nm diameter, some of
which contain ferrite nanoparticles; this morphology is at
difference with pure PANI, which in the same synthesis conditions
presents a fibrous structure (Fig. 4). For r=10, Fig. 5c and d, the
polymer morphology is more compact and homogeneous, with the
particles dispersed more uniformly. Finally, for r= 20, Fig. 5e and f,
the fibrous morphology of pure PANI is recovered, with the ferrite
particles more dispersed, as expected. These changes can be
attributed to the change in the monomer:ferrite ratio, compared
with pure PANI, thus, lower r leads to a more globular morphology.
This can be explained by a nucleation effect of the particles,
because Ani is allowed to adsorb prior to polymerization: low r
results in a relatively large number of nuclei where Ani polymer-
izes and is rapidly consumed, thus, growing is limited and a
globular morphology is obtained; with fewer particles for the same
amount of monomer growing is larger and the globular morphol-
ogy is lost.

3.2.3. Electrical conductivity

The electrical conductivity of PANI and the composites as-
obtained here resulted quite low, ranging from 2.8 x 10°°Scm™!
for PANI-PVP to 1.3 x 10~3Scm™! for the composite with r,=5.9
(30% w/w ferrite), with a monotonous decrease as the ferrite
contents increases. These results are collected in Table 2, compared
with the polymer:ferrite measured molar ratio, r,, and the cobalt
ferrite mass fraction fcr. These low values can be attributed, at least
in part, to the low doping level found in the TG measurements; for
redoped composites, the conductivities were about 1-2 orders of
magnitude higher, ranging from 2.1 x10~>Scm™! for PANI-PVP to
11x10"%Scm™! for r=5, indicating that the composites became
dedoped during the washing and purification procedure, but that
redoping did not restore the expected PANI conductivity, possibly
due to a compact structure resulting after drying. These low
conductivity values, besides low doping level, can be attributed to
the synthesis conditions: the low Ani concentration leads to short
polymer chains and low conductivity, as reported by Raki¢ et al.
[55]. Nevertheless, the conductivity decreases with increasing
ferrite contents, as expected [21].

3.2.4. IR spectroscopy

IR spectroscopy gives confirmation of the presence of the
diverse components and provides information about their
interactions. We will consider here the region between 400-
1800 cm™~!, which is shown in Fig. 6. From bottom up, the spectra of
the separate composite components, namely PANI, PVP and
CoFe,0,4, are shown. The IR response of PANI has been studied
by many authors [56-58]; here we will concentrate on some
important bands which are marked by dashed vertical lines:
the bands at 1589 and 1501 cm ™! (ring deformation vibrations), the
1300 cm~! C—N stretching band; the band at 1147 cm™! (attributed
to ring-N vibrations [59]), another band at 828 cm~! (out of plane
C—H), and finally that at 506 cm~! (ring deformation mode). The
following spectrum, in Fig. 6b, corresponds to PVP; its IR behavior

Synthesis composition, r Measured composition, 1y,

Fe,Co0,4 mass fraction, fcp HCl/monomer molar ratio, y

PANI -

5 5.9
10 20.8
20 24.1

0 0.06
0.30 0.08
0.11 0.08

0.095 0.09
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Fig. 4. SEM images of poly(aniline) obtained in the same conditions as the composites at different magnifications: (a) 2Kx, (b) 50Kx and (c) 200K x.
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Fig. 5. Electron microscopy images of CoFe,04-PANI composites; (a), (c) and (e), SEM images; (b), (d) and (f), TEM images (a), (b) r=5; (c), (d), r=10; (e), (f) r=20.
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Table 2

Conductivities of pure PANI and composites.
Molar composition, 1y, CoFe,0,4 mass fraction, fcg o/Scm™!
5.9 0.30 131x1078
20.8 0.11 2.53x1078
241 0.095 8.71x1077
Pure PANI 2.78 x10°°

has been described [60], we will note here the intense C=0
stretching band at 1658 cm™~, signaled by a vertical dotted line.
Finally, the most intense lattice band of CoFe,0,4 (Fig. 6¢) lies at
588 cm™, being indicated by a dash-dotted line. Fig. 6d shows the
spectrum of PANI synthesized in the presence of PVP. Starting from
the high wavenumber end, the PVP C=0 band is detected, thus,
confirming its presence in the product; next, some PANI bands
show some changes: the band originally at 1589 cm™! in the ring
stretching region show a displacement to lower energies, also
suggesting some splitting; the band at 1300 cm™! is displaced to
lower wavenumbers, and finally that at 1147cm™' shows a
decrease in intensity and a noticeable splitting; these findings
indicate an interaction between the two polymers, possibly
through hydrogen bonding between NH groups of PANI and N
and or O atoms of the PVP. Fig. 6e shows the spectrum of the PANI-
CoFe,0,4 composite obtained without PVP where it is observed the
presence of the 588 cm ™! ferrite band; neither this band nor those
of PANI appear noticeably affected, except for a small decrease of

Absorbance (arbitrary units)

1500 1000 500

viem™

Fig. 6. IR spectra for the 400-1800cm~! region of (a) pure PANI; (b) poly
(vinylpyrrolidone) (PVP); (c) CoFe,04 particles; (d) PANI synthesized in the
presence of PVP (PANI-PVP); (e) composite with r=5 without PVP; (f) composite
with r=10. The vertical dotted line indicates the position of the C=0 stretching
band in pure PVP; the vertical dashed lines indicate band positions of pure PANI, and
the dash-dotted line at right indicates the position of the main cobalt ferrite band.

the 506cm~! PANI band; these observations indicate that the
PANI-ferrite interactions are less intense than for the PANI-PVP
case. At the top of Fig. 6, the full composite spectrum (for r=10) is
presented; the PVP band at 1658cm™! is again observed,
confirming its presence in the composite material. The PANI
bands show changes similar to the PANI-PVP case (Fig. 6d),
indicating interaction between the two polymers, and the CoFe,0,
band at 588cm~! also appears displaced to lower energies,
indicating interactions between ferrite and PVP and/or PANI. Thus,
the IR results support the composite structure formed by cobalt
ferrite particles covered with a PVP layer and embedded in PANI, as
expected from the preparation procedure.

Some features of the PANI spectrum are dependent on the
doping level. As stated by several authors [61-65], the location of
the ring deformation bands (1501 and 1589 cm™!) and the ring-N
band at 1147 cm™! are affected by protonation. As remarked by
Kulszewicz-Bajer et al. [63], the ring-N band is a good indicator of
the doping state, shifting from 1160 to 1130 cm~! in going from the
undoped base to the fully doped salt forms, with most of the
change taking place in the initial steps of the doping process; a
similar range is reported by other authors [61,65]. In Fig. 6a, this
band is located at 1147 cm !, indicating a low level of doping, in
agreement with the TG results; in Ref. [63], this band shifted from
1160 to about 1137 cm™~! when y changed from 0 to 0.03; because
the different dopant employed (poly(hexamethylene phosphate)),
the results cannot be compared directly with the present ones, but
are similarly low, thus, they can be seen as consistent. The position
of the ring deformation bands also undergo red shifts upon doping,
but in this case, different authors report slightly different ranges, as
shown in Table 3. In general, it is observed that the present results
fall at, or near the base forms; for example, considering the recent
review of Trchova et al. [65], the lower energy band position is
coincident with the reported wavenumber for the base form,
whereas the upper energy band location falls between both forms,
but closer to the undoped one. Thus, the IR results indicate a low
level of doping, which is consistent with the TG and conductivity
results.

3.3. Magnetization behavior

3.3.1. Magnetization results

Fig. 7 shows the mass magnetization, M, as a function of the
magnetic field H for the bare particles and several composites. The
magnetization is referred to the composite mass, thus, the curves
have smaller M values as the contents of magnetic particles
decreases. The curve for the bare particles is similar to others
reported in the literature [8,14,45], showing hysteresis which
reveals ferromagnetic behavior. The curves for the composites
show a similar behavior, indicating that the particles essentially
keep their ferromagnetic nature, as it has been reported for similar
composites; at the extremes of the H range (+10kOe), the curve
corresponding to the bare particles (r=0) reaches a value
Mmax=54.1 emu gfl, somewhat lower than the saturation magne-
tization reported for cobalt ferrite particles of about 70emug™!
[8,14]. It should be noted that at H=10kOe there is a noticeable
slope in the curve, thus, Ms should be somewhat higher; this point
is addressed below.

In order to compare more closely the above curves, they are
presented in Fig. 8 in the form of relative magnetization m=M/
Mpax- The inset shows the curves in the full range, where it is
observed that all the curves merge for high field values, showing
the same slope. The main graph shows an enlarged view of the low
field region, revealing that the remanence M, increases as the
polymer contents increases, and also a relatively small change (in
terms of the H range) in the coercivity H. is found. These results
indicate that there is a change in the magnetic properties when the



298 PS. Antonel et al./Synthetic Metals 199 (2015) 292-302

Table 3
Ring deformation bands®.
Band This work Cao [58] McCall [59] Sariciftci [61] Kulszewicz-Bajer [60] Trchova [62]
B S B S B S B S B S
Low ring def. 1501 1492 1486 1501 1486 1510 1491 1493 1479 1501 1477
Hi(ghlrsi(r)lg)def. 1589 1586 1563 1591 1568 1599 1580 1583 1571 1591 1561
(~1600)

B and S indicate base and salt forms, respectively.

4 Wavenumbers in cm™ .

particles are included in the composite; otherwise, if a simple
“dilution” effect was taking place, all the normalized curves should
be coincident. The nearly constancy of H. can in principle be
interpreted observing that the particles are, as discussed above,
magnetic monodomains, and in this case H, is a function of particle
size [4]. Albeit an increase in coercivity could in principle lead to an
improvement in microwave shielding efficiency, it is found by
several authors that the nature and concentration of magnetic
nanoparticles are the relevant parameters controlling shielding
efficiency [23,34,51].

Comparing the normal composite with the no-PVP case (Fig. 9)
the relative magnetization curves shows a very good coincidence,
revealing that the presence of PVP does not affect the magnetic
behavior of the ferrite particles; the slight difference in size does
not alter significantly the magnetic properties, either.

3.3.2. Analysis of magnetization curves

The most important feature found is the dependence of the
relative remanence and coercivity on the amount of polymer
present, which is not expected from a simple dilution effect of the
magnetic material, which would result in an exact overlay of all the
normalized curves. To further analyze these results, the magneti-
zation curves are interpreted as the superposition of ferromagnetic
and superparamagnetic contributions. This is based on the fact that
the surface layer of magnetic particles is magnetically disordered
due to several factors such as atom vacancies and loss of spin
exchange coupling between iron atoms, resulting in effects such as
spin canting [1,66,67]; also interactions between the ferrite surface
and the polymer matrix could affect the magnetic properties of
the surface layer. Thus, the magnetization is assumed to obey the
following expression [68]:

_ 2Mg H+Hc TM;
M(H) = Tarctan H tan <2Mr
kT

+ Msp {coth <E) - ﬁ} (3)

kT

10 5 0 5 10
H/kOe

Fig. 7. Magnetization curves at 298 K for the CoFe, 0, particles and composites with
the indicated compositions. 1emug~'=1Am?kg~'; 10e=10%(4m) 'Am~".

where Mg and Msp are the saturation values of the ferromagnetic
and superparamagnetic parts, respectively, u is the average
magnetic moment of the superparamagnetic contribution per
particle and k and T have their usual meanings. Additionally, the
overall saturation magnetization is Ms= Mg+ Msp. The first term in
Eq. (3) is the usual function used to represent a ferromagnetic
hysteresis curve, whereas the second term is the well known
Langevin function. The relative magnetization m is thus given by

M(H)
H)y = 2
D M
— 2 3 retan | P Hegg (ZFmems
bi4 H. 2mg
_ WHY kT
+ (ms — mg) [coth( kT) H (4)

where mg=Mg/Mmax, My =M;/Ms is the remanence ratio and ms=
Ms/Mpax; as it was observed in Fig. 8,M,.x cannot be identified
with Ms, and it was found that doing so resulted in a clearly
unsatisfactory fitting. Eq. (4) was fitted to the upper branch of the
experimental data of Fig. 8, imposing the restriction that ms has a
common value for all curves, based on the coincidence of all the
curves at high fields; it resulted ms=1.089 & 0.004. The fitting is
very good, as it can be seen in Fig. 10. Fig. 11 shows the dependence
of the remanence ratio and the coercivity with the material
composition. Table 4 collects the remaining results; the absolute
magnetization values are obtained using the M.« ones of Fig. 7.
From the fitting, a value of 59emug! is found for Ms of the
CoFe,0,4 particles; albeit it is strictly an extrapolated value, it
compares well with literature data [8,14,69], and is somewhat
lower than the reported bulk values of 60-90 emug~! [14,70], as
expected. The ratio mr increases in going from the bare particles to
the composites; it is better to convert it to the ferromagnetic
fraction fg = Mg/Ms=mg/ms, resulting fz=0.69 for the bare particles
and f¢=0.83 for the composites.

The most interesting feature is the dependence of m, and Hc
with composition, r,, shown in Fig. 11. The dependence of the

ol I

02F -

0,0

-1,0 -0,5 0,0 0,5 1,0
H/kOe

Fig. 8. Normalized magnetization curves for cobalt ferrite particles and composites.
The inset shows the full curves whereas the main plot shows an enlarged view of the
region close to the origin.
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Fig. 9. Comparison of the magnetization curves for r=5 with and without PVP
covering the ferrite particles. The curves are almost identical.

remanence ratio on r,, indicates an increase of remanent
magnetization as the polymer contents increases for a fixed
amount of ferrite. The values of H. are low comparing with most
literature data for similar size CoFe,0,4 particles [71,72]; however,
the results of Maaz et al. [69] and Gajbhiye [48] for dp ~13 nm give
H. near 400 Oe, fairly coincident with the present results; these
are presumably related to a relatively low anisotropy energy. The
decrease of H. going from r;,=0 to 5.9 should be due to the
decrease in particle size; as reported previously [14], for nano-
particles in the monodomain regime, the coercivity decreases as
the size decreases, as it has also been reported in the literature [4].
For higher r, values, H. qualitatively follows the increase in m; this
is attributed to changes in the anisotropy energy with polymer
contents. Recalling the reasons given above, surface effects should
be discarded because they would not be dependent on the amount
of PANI present in the composite; instead, they would be due, if
present, to an organic layer (PVP in this case) adsorbed on the
surface, independently of the total amount of polymer in the
material. It is also worth noting that, for r,, = 5.9, the mass fraction
of cobalt ferrite is fcg=0.30 (Table 1), thus, it should be expected
that the composite would have Ms(r=>5)=fcr x Ms(r=0)~ 18 emu
g

However, a higher value (25.0emug~!, Table 4) is observed,
thus, a contribution due to the polymer matrix is found. It is
concluded that interactions between the polymer matrix and the
magnetic nanoparticles causes the enhancements of coercivity and
remanence ratio observed. Dipolar and exchange interactions are
the most important forms [73], both capable of causing

1.0

0.5

1.0 e

H/kOe

Fig. 10. Fitting of the experimental data for composites to Eq. (4).
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Fig. 11. Remanence ratio m, and coercivity H. as a function of monomer:ferrite
measured ratio, from fitting to Eq. (4).

ferromagnetic behavior for nanoparticles which isolated would
display superparamagnetic response; in the results presented
here, the bare particles are not isolated but grouped together
and agglomerated, as it is observed in Fig. 2; thus, the partial
agglomeration found in the composites (Fig. 5) should not lead to
increased hysteresis over the bare particles, but to the same or
lower effect (equal or lower Hc and m,), consequently these types
of interaction should not explain the results of Fig. 11.

Another form of interaction is an RKKY (Ruderman-Kittel-
Kasuya-Yosida) [74] mechanism, where d electrons on different
lattice atoms undergo indirect exchange coupling through con-
ducting electrons, which has been observed in magnetic nano-
composites [73]. It is a well known fact that in the conducting
(doped emeraldine) form of PANI, there are highly mobile
conduction electrons as well as localized paramagnetic spin states,
as it has been observed by EPR [75], magnetic susceptibility [76],
temperature-dependent conductivity [77] and temperature-de-
pendent broadband spectroscopy [78] studies. Here, we propose
that the isolated paramagnetic states in PANI are indirectly
exchange coupled to the ferrite particles through the free
conduction electrons. In the RKKY theory, the exchange Hamilto-
nian between two isolated spins S; and §; at a distance x is [46,74]

H(x) = S; x S;T}F(2kex) (5)

where I} is a coupling parameter, kg is the Fermi wave vector,
ke=(3m2n)"3, n the density of free carriers and F(y) is

F(y) = ycosy —4ysiny (6)
y

F is a damped oscillating function whose first zero lies at
Yo=2kgxo=4.49; for y below this value the exchange is stronger
and ferromagnetic [74]. Here, S; is the nanoparticle spin and S; is a
PANI localized spin at a distance x from the particle surface. For
fully doped PANI, the carrier density can be estimated to be
n=4x10*”m3 [78]; in the composites synthesized here, the
conductivity was found to be about 7-8 orders of magnitude lower
than fully doped PANI, thus, the density of charge carriers should
be considerably lower than the above value; Chen et al. [79]
presented an empirical relationship between carrier density and
conductivity for HCl doped PANI:

1og(#) — 2.954log <Cn2‘73) — 62.662 (7)

According to Eq. (7), for c~10"8Scm™!, n is estimated as
~3.2x10**m3, kp~4.6 x 108 m~}, thus the distance to the first
Zero Xxo is about 10 nm. This result suggests that a layer of polymer
of ~10nm thick is contributing to the magnetic response of the
composite. The particle-particle average distance, dp_p, can be
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Table 4
Magnetization curve parameters from fitting to Eq. (4).
Tm me Msjemug ' M,Jemug™ Mg/emug ! Msplemug ™! w/1077 emu
0 0.75+0.02 59.0+0.3 12.7+0.2 41+1 18+1 24+0.1
5.9 0.88 +0.02 25.0+0.2 6.2+0.1 20.2+0.5 48+0.5 1.8+0.1
20.8 0.90 +0.02 5.7+0.1 1.47 +£0.04 4.7+0.2 1.0+0.1 1.7+0.1
241 0.91 +£0.02 1.6+£0.1 0.45+0.03 14+0.1 0.27 £0.05 1.6+0.1

2 1emug '=1Am?kg L

estimated from the mass composition found in TG experiments,
assuming for simplicity a cubic arrangement (Fig. 12), and setting
the cube volume to the particle volume, V, times the ratio of
composite to oxide volume, resulting in:

_ 3lfce/Pcr + (1 = fcr) Pea
do-p ~ fer/ Pcr v ®)

where pcp=5.29gcm > and ppa=1.33gcm > are the densities of
cobalt ferrite and polyaniline, respectively. For r,=5.9, 20.8 and
24.1, dp_p values of 15, 20 and 23 nm, respectively, are found; these
values are comparable to the estimated xo. The increase of
remanence ratio and coercivity with polymer contents can in
principle be explained as follows: for low r values, x; is less than
the distance between particle surfaces (equal to d - 2rp), thus, as r
increases, the amount of polymer, within a distance shorter than
Xo, per particle increases, and consequently the amount of PANI
localized spins interacting with each particle also increases leading
to higher exchange energy, coercivity and remanence. Thus, it is
proposed that RKKY-like coupling of isolated PANI spins with the
magnetic nanoparticles mediated by the polymer conduction
electrons is responsible for the enhancement of coercivity and
remanence ratio observed.

X

Fig. 12. Schematic representation to estimate the particle-particle average
distance, dp_p. Assuming for simplicity a cubic lattice, the cubic cell volume is
estimated from the particle volume times the ratio of composite to particle
volumes. The bottom plot is the RKKY function, F(x), Eq. (6).

4. Conclusions

Cobalt ferrite-poly(aniline) composites have been synthesized
in acid media. The DC magnetization measurements shows that
the remanence ratio increases as the polymer contents increases,
the coercivity decreases first and then increases, and the saturation
magnetization does not follow the ferrite mass fraction in the
composite. These results are not expected, and cannot be explained
by a dilution effect of the ferromagnetic particles; instead, they
indicate the presence of particle-matrix interactions, suggesting
that the magnetic behavior of the CoFe,04-poly(aniline) compos-
ite can be modulated by varying the conducting polymer content. It
is proposed that RKKY-like coupling of isolated PANI spins with the
magnetic nanoparticles mediated by the polymer conduction
electrons is responsible for the observed magnetic behavior.
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