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a b s t r a c t

At room temperature, a large negative out-of-plane magnetoresistance (MR), [R(H)-R(0)]/R(0), with a
value of �35.76% at magnetic field of 9 T has been obtained in the cobalt ferrite (CoFe2O4)/polyaniline
(PANI) nanocomposites with CoFe2O4 loading of 40.0wt% prepared by surface initiated polymerization
(SIP) method, which is strongly related to the weak localization (WL) model in the weak disordered
system. The negative MR at room temperature in the CoFe2O4/PANI nanocomposites exhibits the obvious
nanoparticle loading and magnetic field dependent properties. Both thermal activated transport model
and Mott variable range hopping (VRH) model are applied to express the electrical transport mechanism
for the temperature regimes of 180e290 K and 50e180 K, accordingly. The electrical transport in the
CoFe2O4/PANI nanocomposites obeys the 3D VRH transport mechanism at low temperature range of 50
e180 K. The estimated activation energy Eg for the CoFe2O4/PANI nanocomposites with different CoFe2O4

nanoparticle loadings of 10.0, 20.0, 40.0, and 60.0wt% is 61, 63, 65, and 87meV, respectively. The coating
of PANI on the surface of CoFe2O4 nanoparticle reveals the significant effect on both the remanence and
coercivity of CoFe2O4 nanoparticle.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Recently, the great interests have been dedicated to the con-
ducting polymer and their nanocomposites [1e3]. Polyaniline
(PANI) is one of the most popular conducting polymers due to its
easy synthesis, cheapness of raw material, good environmental
stability and thermal stability, high electrical conductivity and
reversible doping/dedoping process [4]. As one of the most
important conducting polymers, PANI has the promising applica-
tions such as pesudocapacitors [5], electrochromics [6,7], bioengi-
neering [8], bio/chemical sensors [9,10], solar cells [11],
(H. Gu), linjing@gzhu.edu.cn
electromagnetic interference (EMI) shielding [12], and organic light
emitting diodes (OLEDs) [13,14].

Owing to the particularly optical, magnetic and electrical
properties, iron-based spinel metal oxide (i.e. ferrite) nanoparticles
have been intensively investigated in the applications of biomedi-
cine [15], catalyst [16], magnetic data storage [17], and energy
storage [18]. Among these ferrites, the cobalt ferrite (CoFe2O4) with
an inverse spinel structure, in which all Co2þ ions exist in octahe-
dral sites and Fe3þ ions are equally dispersed between tetrahedral
and octahedral sites, has been widely studied in computers,
recording devices, and magnetic cards due to its high electromag-
netic performance, excellent chemical stability, mechanical hard-
ness, and high coercivity (arising from the spin coupling of cobalt
and iron ions) [19]. Especially, the high magnetic anisotropy
(1.8e3� 105 Jm-3 at 300 K) and moderate saturation magnetiza-
tion make CoFe2O4 a good candidate for magnetic resonance im-
aging (MRI) and high density magnetic recording media [20].
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Recently, the nanocomposites composed of CoFe2O4 and PANI have
been intensively investigated. Yet, most of researches focus on the
CoFe2O4/PANI nanocomposites regarding their microwave absorp-
tion properties [21,22], electrical conductivity [23], humidity
sensing properties [24], magnetic and electrochemical properties
[25].

Giant magnetoresistance (GMR) is the resistance change of a
material under an external magnetic field (H) [26]. Normally, the
positive and negative GMR mean the increase and the decrease in
resistance of a material under the applied magnetic field, respec-
tively, which implies that the resistance of a material can be tuned
by the external magnetic field. In recent years, GMR phenomenon
has been reported in the PANI and its nanocomposites. For example,
Gu et al. have found a large GMR value of 95% in the magnetic
Fe3O4/PANI nanocomposites with a Fe3O4 nanoparticle loading of
30wt% [27] and a large GMR value of 95.5% in the non-magnetic
silica/PANI nanocomposites with a silica nanoparticle loading of
20wt% at room temperature [28]. Zhu et al. have reported a GMR
value up to 30% in the 5wt% loading of graphene/PANI nano-
composites at room temperature [29]. However, these studies
mostly concentrated on the positive GMR values, the work related
to the negative GMR in the PANI nanocomposites at room tem-
perature is rarely reported.

In this work, a large negative GMR in the CoFe2O4/PANI nano-
composites filled with different CoFe2O4 nanoparticle loadings at
room temperature has been reported. The chemical structures of
CoFe2O4/PANI nanocomposites are characterized by Fourier trans-
form infrared (FT-IR) spectroscopy. The thermal stability of
CoFe2O4/PANI nanocomposites is conducted by thermogravimetric
analysis (TGA). The scanning electron microscope (SEM) and
transmission electron microscopy (TEM) are applied to observe the
microstructures of CoFe2O4/PANI nanocomposites. The electrical
transport mechanism is systematically investigated by the tem-
perature dependent resistivity measurements through the thermal
activated transport model and Mott variable range hopping (VRH)
model. The MR properties in CoFe2O4/PANI nanocomposites are
explained by the weak localization in the weak disordered system.
The effect of PANI on the magnetic properties including remanence
and coercivity of CoFe2O4 is also studied.

2. Experimental

2.1. Materials

Ammonium persulfate (APS, (NH4)2S2O8), aniline (C6H7N) and
p-toluene sulfonic acid (PTSA, C7H8O3S) were provided by Sigma
Aldrich. The cobalt ferrite (CoFe2O4) nanoparticles with an average
diameter of 35e55 nm (98%) were obtained fromNanostructured&
Amorphous Materials, Inc. All the chemicals were used as-received
without any further treatment.

2.2. Fabrication of cobalt ferrite/polyaniline nanocomposites

A surface initiated polymerization (SIP) method was used to
synthesize the CoFe2O4/PANI nanocomposites. Firstly, CoFe2O4
nanoparticles (0.37e3.02 g), APS (18mmol) and PTSA (30mmol)
were added into 200mL of deionized water in an ice-water bath for
1-h mechanical stirring (SCILOGEX OS20-Pro LCD Digital Overhead
Stirrer, 300 rpm) combined with sonication (Branson 8510). Then
the aniline solution (36mmol) was dripped into above solution and
continuously stirred for further polymerization in an ice-water
bath. After that, the product was vacuum filtered and washed
with deionized water and ethanol to remove any residual oxidant
and possible oligomers. The final powders were dried at 60 �C in a
regular oven overnight. The CoFe2O4/PANI nanocomposites with a
CoFe2O4 nanoparticle loading of 10.0, 20.0, 40.0 and 60.0 wt% were
prepared. In comparison, pure PANI was also synthesized following
the same procedures without adding any CoFe2O4 nanoparticles.

2.3. Characterizations

A Bruker Inc. Vector 22 (coupled with an ATR accessory) was
used to capture the FT-IR spectra of these products in the range of
500e2500 cm�1 at a resolution of 4 cm�1. The microstructures of
the synthesized nanocomposites were observed on a field emission
scanning electronmicroscope (SEM, JEOL, JSM-6700F system) and a
transmission electron microscopy (TEM, FEI Tecnai G2 F20). A TGA
Q-500 equipment from TA instruments was applied to conduct TGA
with a heating rate of 10 �C min�1 under an air flow rate of
60mLmin�1 from 30 to 800 �C.

The pure PANI and its CoFe2O4 nanocomposites were pressed in
a form of disc pellet with a diameter of 25mm by applying a
pressure of 50MPa in a hydraulic presser and an average thickness
of 1.0mm for measuring the temperature dependent resistivity (r)
by a standard four-probe method from 50 to 290 K. The magnetic
property was carried out in a 9-T Physical Properties Measurement
System (PPMS) by Quantum Design at room temperature. The
magnetoresistance (MR) was investigated by a standard four-probe
technique with the magnetic field applied perpendicular to the
current.

3. Results and discussion

3.1. Characterization of cobalt ferrite/polyaniline nanocomposites

In the FT-IR spectrum of pure PANI, Fig. 1(A)ea, the absorption
peaks around 1479 and 1559 cm�1 are attributed to the C]C
stretching vibration of the benzenoid and quinoid rings, respec-
tively [30]. The band at 1292 cm�1 is assigned to the C-N stretching
vibration of secondary amine, which is a characteristic band for the
conducting emeraldine salt (ES) form of PANI generating from its
bipolaron structure [31]. The peaks at 1235 and 785 cm�1 corre-
spond to the C-N stretching vibration of the polaronic structures
and the out-of-plane bending of C-H in the substituted benzenoid
ring, respectively [32]. These peaks are the characteristic FT-IR
spectrum of PANI [33]. However, they have shifted to the higher
wavenumbers in the CoFe2O4/PANI nanocomposites, Fig. 1(A)-
b&c&d&e, indicating a strong interaction between CoFe2O4 nano-
particles and PANI associated with the charge delocalization on the
polymer backbone of PANI [34]. This indicates the successful syn-
thesis of CoFe2O4/PANI nanocomposites. Meanwhile, in the
CoFe2O4/PANI nanocomposites, the absorption peak at around
~550 cm�1 is the stretching vibration of M�O clusters originated
from CoFe2O4 in the tetrahedral sites [35].

The thermal stability of pure PANI and CoFe2O4/PANI nano-
composites with different CoFe2O4 nanoparticle loadings is inves-
tigated and the obtained TGA curves in the air condition are
displayed in Fig. 1(B). The pure PANI and CoFe2O4/PANI nano-
composites exhibit the similar decomposition profiles with two-
stage degradations [36,37]. The first stage within the temperature
range from room temperature to 200 �C arises from the evaporation
of moisture and the doped acid PTSA in PANI polymer structure.
The second stage, as the major weight loss, from 300 to 600 �C is
due to the complex thermal degradation of PANI polymer chains
[38]. It's observed that the presence of CoFe2O4 could significantly
improve the thermal stability of PANI. The thermal stability of
CoFe2O4/PANI nanocomposites is increased with increasing
CoFe2O4 nanoparticle loadings. The 15% weight loss decomposition
temperature for pure PANI and CoFe2O4/PANI nanocomposites with
a CoFe2O4 nanoparticle loading of 10.0, 20.0, 40.0 and 60.0wt% is



Fig. 1. (A) FT-IR spectra and (B) TGA curves of (a) pure PANI; the CoFe2O4/PANI nanocomposites with a nanoparticle loading of (b) 10.0, (c) 20.0, (d) 40.0 and (e) 60.0 wt%.
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303, 349, 356, 395 and 431 �C, accordingly. The pure PANI is almost
completely decomposed at 800 �C, whereas the weight residues of
the nanocomposites with an initial CoFe2O4 nanoparticle loading of
10.0, 20.0, 40.0 and 60.0wt% at 800 �C are 16.12, 28.82, 51.58 and
69.66%, respectively. The weight residues in the nanocomposites
are different from the initially calculated CoFe2O4 nanoparticle
loading based on the aniline monomers and CoFe2O4 nanoparticles
during the experiment, which may involve in the incomplete
polymerization of the aniline monomers [39].

Fig. 2&S1 shows the SEM microstructures of as-received
CoFe2O4 nanoparticles, CoFe2O4/PANI nanocomposites with
CoFe2O4 nanoparticle loading of 10.0 and 60.0wt% and pure PANI,
respectively. The pure PANI nanoparticles seems like sticky
together, Figure S1. The CoFe2O4 nanoparticles are observed to have
a fairly smooth and particulate surface, Fig. 2(a), whereas 10.0 wt%
loading of CoFe2O4/PANI nanocomposites exhibit a rough and flake-
like surface, Fig. 2(b). Even 60.0wt% loading of CoFe2O4/PANI
nanocomposites still possess a particulate structure, the presence
of PANI on the surface of CoFe2O4 nanoparticle makes it rough,
Fig. 2(c), implying the polymerization of aniline taken place on the
surface of CoFe2O4 nanoparticle [40,41]. This is also found in the
TEM images of as-received CoFe2O4 nanoparticles and CoFe2O4/
PANI nanocomposites, Figure S2. In Figure S2(a), for the as-received
CoFe2O4 nanoparticles, the diameters of nanoparticles are around
35e55 nm, which is consistent with the results provided by
Nanostructured& AmorphousMaterials, Inc. In Figure S2(b), for the
CoFe2O4/PANI nanocomposites with a CoFe2O4 nanoparticle
loading of 60.0wt%, the obvious amorphous polymer layers are
present outside of CoFe2O4 nanoparticles, indicating the polymer-
ization of aniline on the surface of CoFe2O4 nanoparticles [42e44].
All of these results including FT-IR, TGA, SEM, and TEM confirm the
successful fabrication of CoFe2O4/PANI nanocomposites.
3.2. Temperature dependent electrical transport in cobalt ferrite/
polyaniline nanocomposites

In this work, the electrical transport of CoFe2O4/PANI nano-
composites with different CoFe2O4 nanoparticle loadings is inves-
tigated within a wide temperature range from 50 to 290 K. The
temperature dependent resistivity curves are depicted in Fig. 3(A).
The non-linear resistivity change with temperature are noticed for
all the prepared CoFe2O4/PANI nanocomposites, in which the re-
sistivity decreases with increasing temperature and exhibits a
typical semiconducting behavior in the measured temperature
range from 50 to 290 K [45]. Meanwhile, at lower temperature
(below 180 K), the resistivity is grown rapidly with decreasing
temperature, whereas at higher temperature the resistivity slightly
changes after further increasing temperature. It's also seen that the
resistivity rises with increasing CoFe2O4 nanoparticle loadings
since the existence of CoFe2O4 nanoparticles may affect the inter-
action between PANI polymer matrix and doped acid, partially
blocking the charge carriers transport pathway [46,47]. The re-
sistivity for the CoFe2O4/PANI nanocomposites with CoFe2O4
nanoparticle loading of 10.0, 20.0, and 40.0wt% is changed from
102U cm at 290 K to 105U cm at 50 K. However, for the CoFe2O4/
PANI nanocomposites with a CoFe2O4 nanoparticle loading of
60.0wt%, the resistivity is 104U cm at 290 K and increases to
105U cm at 110 K. Since this resistivity value of 105U cm for 60.0wt
% of CoFe2O4/PANI nanocomposites almost reaches the maximum
value of the measured equipment, the resistivity for this sample
can't be obtained as the temperature is lower than 110 K.

Normally, the possible electrical conduction mechanism in the
disordered semiconducting materials can be explained by the
thermally activated transport and Mott VRH mechanism [48].
Therefore, in this work, this non-linear behavior of resistivity with
temperature in the CoFe2O4/PANI nanocomposites is explored in
the two different temperature regimes with these twomechanisms
to investigate their electrical transport behaviors. The first regime is
at higher temperature range from 180 to 290 K and the results are
analyzed based on the thermal activated transport [49,50] equation
as shown in eq (1):

RðTÞ ¼ R0 exp
�

Eg
kBT

�
(1)

where R0 is a constant, Eg stands for the activation energy, and kB is
Boltzmann constant. With the linear fit of ln (R) ~ T�1 (the data from
180 to 290 K are captured from Fig. 3(A)), Eg and R0 can be
respectively obtained from the slope and the intercept of plot. The
corresponding fitting results for the CoFe2O4/PANI nanocomposites
with different CoFe2O4 nanoparticle loadings are shown in Fig. 3(B)
and the estimated Eg and R0 are listed in Table 1. The calculated
activation energy Eg for the CoFe2O4/PANI nanocomposites with
different CoFe2O4 nanoparticle loading of 10.0, 20.0, 40.0, and
60.0wt% is correspondingly 61, 63, 65, and 87meV and increases
with increasing CoFe2O4 nanoparticle loadings as expected. Espe-
cially, the Eg for the 60.0 wt% loading of CoFe2O4/PANI nano-
composites is much higher than CoFe2O4/PANI nanocomposites
with nanoparticle loadings of 10.0, 20.0, and 40.0wt%, which is



Fig. 2. SEM microstructures of (a) as-received CoFe2O4 nanoparticles; CoFe2O4/PANI nanocomposites with CoFe2O4 loading of (b) 10.0 and (c) 60.0 wt%.
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consistent with the obtained resistivity results for CoFe2O4/PANI
nanocomposites in the temperature range of 180e290 K as
mentioned above.

VRH conduction mechanism is proposed byMott to describe the
charge transport in the disordered system at low temperature, in
which the conduction is induced by the phonon-assisted tunneling
between the localized states centered at different positions [51,52].
The general expression for Mott VRH mechanism is denoted as eq
(2):

s ¼ s0 exp

"
�
�
T0
T

�1
=nþ1

#
; ,n ¼ 1;2; ,3 (2)

where s0 is also a constant, T0 represents the Mott characteristic
temperature. The value n¼ 1 is related to the Efros-Shklovskii
variable range hopping (ES-VRH), and n¼ 2 and 3 in corresponds
to 3- and 2-D VRH models, respectively. In this work, the second
regime at lower temperature from 50 to 180 K is examined by Mott
VRH mechanism. The relevant plot of lnðsÞ～T�1=ðnþ1Þ(the data are
acquired from Fig. 3(A)) is drawn in Fig. 3(C). The s0 and T0 can be
gained by the intercept and the slope of this plot. After fitting, it's
found that the temperature dependent resistivity within the tem-
perature range of 50e180 K for CoFe2O4/PANI nanocomposites
obeys a lnðsÞ～T�1=4 linear relationship when n¼ 3, implying a
quasi 3D VRH electrical conduction mechanism. The s0 and T0 are
computed and also summarized in Table 1. Both s0 and T0 in the
CoFe2O4/PANI nanocomposites increase with increasing CoFe2O4
nanoparticle loadings. The higher T0 usually means the stronger
charge carrier scattering and the higher energy needed for charge
carrier's hopping [53].
3.3. Magnetoresistance (MR)

Generally, the measured GMR signal is not related to the
strength of applied magnetic field, but also correlated with the
direction of the magnetic field relative to the current as well as the
measured temperature [54]. Therefore, it's often needed to point
out the strength of magnetic field, the direction of the magnetic
field to the current, and the temperature for measured GMR value.
The out-of-plane MR measurements (i.e. the magnetic field is
perpendicular to the current) were conducted at 290 K and the
calculated MR%¼ [R(H) - R(0)]/R(0) � 100% are displayed in
Fig. 4(A). It's found that the MR for all the CoFe2O4/PANI nano-
composites is negative within the measured magnetic field range
and the absolute value of MR increases with increasing CoFe2O4

nanoparticle loading to 40wt% (The MR% value at 9 T is
respectively �7.01, �19.61, and �35.76% for CoFe2O4/PANI nano-
composites with nanoparticle loading of 10.0, 20.0, and 40.0 wt%.)
and then decreases as CoFe2O4 nanoparticle loading increases to
60.0wt% (the MR value is �26.44%).

It's reported that the forward interference model can be applied
to explain the negative MR value in the materials, in which the



Fig. 3. (A) Resistivity vs. temperature, (B) ln (R) ～ T�1 plotted within temperature range of 180 ～ 290 K, and (C) ln (s) ～ T�1/4 curves of CoFe2O4/PANI nanocomposites with
different CoFe2O4 nanoparticle loadings.

Table 1
R0, Eg, s0, and T0 for the different loadings of CoFe2O4/PANI nanocomposites.

Samples R0 Eg (meV) r2 (1st) s0 (S cm�1) T0� 107 (K) r2 (2nd)

10.0 wt% CoFe2O4 7.87 61 0.997 4488 1.39 0.997
20.0 wt% CoFe2O4 9.67 63 0.999 34984 1.54 0.997
40.0 wt% CoFe2O4 26.08 65 0.988 62670 2.06 0.998
60.0 wt% CoFe2O4 293.02 87 0.999 70558 5.53 0.999
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effect of interference among various hopping paths is believed to be
the main reason for the negative MR effect [55]. The symbolic
representation for the forward interference model is described as
eq (3):

RðH; TÞ=Rð0; TÞz1=f1þ Csat½H=Hsat�=½1þ H=Hsat�g (3)

where R(H, T)/R(0, T) stands for the resistance ratio, the fitting pa-
rameters Csat and Hsat are constants. Hsat is given by eq (4):

Hsatz0:7
�
8
3

�3=2
 

1
a20

!�
h
e

��
T
T0

�3=8

(4)

where h is Planck's constant, e is electron charge and T0 is the Mott
characteristic temperature (K). The corresponding ratio R(H)/R(0)
as a function of H is shown in Fig. 4(B). After fitting R(H)/R(0) ~H by
Polymath software, the obtained Csat value for CoFe2O4/PANI
nanocomposites with nanoparticle loading of 10.0, 20.0, 40.0, and
60.0wt% is 0.042, 0.130, 0.332, and 0.172, respectively. The
estimated a0 for CoFe2O4/PANI nanocomposites with different
nanoparticle loadings at different H regarding eq (4) is listed in
Table S1. It's observed that the a0 for CoFe2O4/PANI nanocomposites
is dependent on the applied magnetic field and decreases as
magnetic field increases. In addition, the calculated a0 is very large
with a value of about 251.3 nm for CoFe2O4/PANI nanocomposites
with 10wt% loading of CoFe2O4 nanoparticles at a magnetic field of
0.10 T, which suggests that the localization in these samples is very
weak. Normally, the wave propagation within random potentials
can be used to understand the electrical transport properties in the
disordered systems, which is called “localization”, a consequence of
coherent back scattering of electron waves scattered by the impu-
rities [56]. For the strong localization (strong disorder system), the
electrical transport arises from the hopping, leading to an increased
localization length and positive magnetoresistance [57]. However,
in the weak localization (weak disordered system), the perpen-
dicular magnetic field breaks the time reversal symmetry and in-
duces a phase shift in wave function, which inhibit the
backscattering. Meanwhile, a constructive interference resulted



Fig. 4. (A) Magnetoresistance and (B) ratio of R(H)/R(0) as a function of H for CoFe2O4/PANI nanocomposites with CoFe2O4 nanoparticle loading of (a) 10.0, (b) 20.0, (c) 40.0, and (d)
60.0wt% at T¼ 290 K.

Fig. 5. Hysteresis loops of (a) as-received CoFe2O4 nanoparticles; CoFe2O4/PANI
nanocomposites with CoFe2O4 loading of (b) 10.0, (c) 20.0, (d) 40.0, and (e) 60.0 wt% at
room temperature.
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from the coherence in single electron scattering paths is also
established and in turn devotes to the resistance [58]. Both of these
two reasons cause the negative magnetoresistance value in the
CoFe2O4/PANI nanocomposites.

3.4. Magnetic property

The magnetic hysteresis loops of as-received CoFe2O4 nano-
particles, and CoFe2O4/PANI nanocomposites with different
CoFe2O4 nanoparticle loadings at room temperature are demon-
strated in Fig. 5. It's noticed that themagnetization of these samples
isn't saturated at the magnetic field of 20000 Oe, thereby, the
saturation magnetization (Ms, at which the magnetic moments are
aligned to the direction of magnetic field and saturate the
magnetization [59,60]) is determined by the extrapolated magne-
tization calculated from the intercept of M ~H�1 at high magnetic
field [61]. TheMs of as-received CoFe2O4 nanoparticles is 61.43 emu
g�1, which is appropriate 82.92% of bulk value for barium ferrite
(74.08 emu g�1) [19]. This relatively reduced Ms value for the
CoFe2O4 nanoparticles compared to the bulk materials may be
originated from the structural distortion on the surface of nano-
particles, which decreases the contribution of magnetic moments
[62]. It's also reported that the magnetic behavior in ferromagnetic
materials possesses the particle size dependence, which is one of
the reasons for this changed Ms in the CoFe2O4 nanoparticles (the
nanosized particles possess quantum size effect) [15]. In addition,
theMs of CoFe2O4/PANI nanocomposites with CoFe2O4 nanoparticle
loadings of 10.0, 20.0, 40.0, and 60.0wt% is simultaneously esti-
mated by the same method and the correspondingMs value is 8.34,
17.45, 32.81, and 44.02 emu g�1, separately. The difference in theMs
for CoFe2O4/PANI nanocomposites from that of the CoFe2O4 nano-
particles is because of the different loadings of CoFe2O4 nano-
particles in the nanocomposites, fromwhich the weight percentage
of CoFe2O4 nanoparticles in the nanocomposites can be estimated
to be around 13.6, 28.41, 53.41, and 71.66%. These results are
consistent with the weight residue obtained from TGA curve as
aforementioned. There is certainly obvious hysteresis loop in the
magnetization curves of as-received CoFe2O4 nanoparticles, and
CoFe2O4/PANI nanocomposites since CoFe2O4 is one of the hard
magnetic materials [63]. Normally, there are two characteristic
parameters in the hysteresis loops for the ferromagnetic materials,
i.e. remanence and coercivity. The remanence (Mr, also called
remnant magnetization, which is the residual magnetization after
the magnetic field is removed) for the CoFe2O4 nanoparticles and
CoFe2O4/PANI nanocomposites with nanoparticle loading of 10.0,
20.0, 40.0, and 60.0wt%, read from the y axis is around 26.13, 3.84,
7.55, 14.05, and 18.17 emu g�1, respectively. The coercivity (Hc) of
the CoFe2O4 nanoparticles and CoFe2O4/PANI nanocomposites with
nanoparticle loading of 10.0, 20.0, 40.0, and 60.0wt%, obtained
from the x axis crossover as shown in the inset of Fig. 5, is 1.97, 2.19,
2.03, 2.07, and 1.87 kOe, accordingly. The highly coercive CoFe2O4
nanoparticles and CoFe2O4/PANI nanocomposites are hard mate-
rials and represent the permanent magnets [64]. Compared with
the CoFe2O4 nanoparticles, the difference of Hc in the CoFe2O4/PANI
nanocomposites may be derived from the defects manufactured in
the polymerization process of aniline, which might act as the
pinning centers during the magnetization reversal [65].
4. Conclusions

The CoFe2O4/PANI nanocomposites with different CoFe2O4
nanoparticle loadings have been prepared by a SIP method. The FT-
IR, TGA, SEM and TEM results confirm the successful synthesis of
PANI coated CoFe2O4 nanocomposites. The presence of CoFe2O4
nanoparticles could enhance the thermal stability of PANI and the
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thermal stability of CoFe2O4/PANI nanocomposites is improved as
CoFe2O4 nanoparticle loading increases. The resistivity of CoFe2O4/
PANI nanocomposites is increased with decreasing temperature
and increasing CoFe2O4 nanoparticle loadings. The electrical
transport in the CoFe2O4/PANI nanocomposites within the tem-
perature regime of 180e290 K follows the thermal activated
transport mechanism and obeys a quasi 3D VRH electrical con-
duction mechanism for the temperature range from 50 to 180 K. A
large negative out-of-plane GMR with a value of �35.76% is ob-
tained in the CoFe2O4/PANI nanocomposites with 40.0wt% loading
of CoFe2O4 nanoparticle. The negative MR is well explained by the
weak localization model in the weak disordered system as
confirmed by forward interference model. The fabrication of PANI
on the surface of CoFe2O4 nanoparticles has obvious effects on both
the remanence and the coercivity arising from the defects created
during the polymerization of aniline.
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