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Magnetic polyaniline (PANI) polymer nanocomposites (PNCs) reinforced with magnetite (Fe3O4) nano-
particles (NPs) have been successfully synthesized using a facile surface initiated polymerization (SIP)
method. The chemical structures of the PANI/Fe3O4 PNCs are characterized by Fourier transform infrared
(FT-IR) spectroscopy. The thermal stability of the PANI/Fe3O4 PNCs is performed by thermogravimetric
analysis (TGA). Both transmission electron microscopy (TEM) and scanning electron microscopy (SEM)
are used to characterize the morphologies of the PANI, Fe3O4 nanoparticles (NPs) and the PNCs. X-ray
diffraction (XRD) shows a significant effect of the Fe3O4 NPs on the crystallization structure of the formed
PANI. The dielectrical properties of these PNCs are strongly related to the Fe3O4 nanoparticle loadings and
unique negative permittivity is observed in all the samples. Temperature dependent resistivity analysis
from 50 to 290 K reveals a quasi 3-dimension variable range hopping (VRH) electron conduction
mechanism for the nanocomposite samples. The PNCs do not show hysteresis loop with zero coercivity,
indicating the superparamagnetic behavior at room temperature. The PNCs with 30 wt% Fe3O4 NP
loading exhibit a larger positive magnetoresistance (MR ¼ 95%) than 53% of the pure PANI.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Since the remarkable discovery of the electrical conduction in
polymers in 1977 with a publication describing the doping of
polyacetylene [1], the conjugated conductive polymers have been
developed into a new stage with various applications [2e4].
A significant progress in this field has been made by integrating
the unique properties of the conductive polymers with those of
various nanoparticles (NPs) in the last two decades [5e8].
Conductive polymer nanocomposites (PNCs) are required for
certain applications such as telecoms, electronics [9], fire retardants
[10], biosensors [11,12], electrodes for electrodeposition, electro-
catalysts for fuel cells [13] and aerospace industry [6] because
of their homogeneity, relatively easy processability, and tunable
. Huang), suying.wei@lamar.
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physicochemical properties [14e18]. Consequently, a great
variety of PNCs has been synthesized by using the advanced tech-
nologies, such as solution blending [19], melt blending [20], layer-
by-layer deposition [21], in-situ polymerization [22], electro-
polymerization [23] and surface initiated polymerization (SIP)
[24,25]. However, they still can not meet the desire for devices
miniaturization and light weight materials requiring the multi-
functional properties [17].

Magnetic NPs [26] including iron, cobalt, nickel and their alloys
among them or with others, have captured the intense attention
owing to their unique catalytic, magnetic and electrical properties
and their wide applications in different areas including catalysis
[27], biomedicine [28], magnetic data storage [29] and environ-
mental remediation [30]. Compared with other magnetic NPs,
magnetite (Fe3O4) is the strongest magnetic NPs of all natural
minerals on Earth [31]. Magnetite is a mixed iron oxide with the
spinel structure, AB2O4, in which the A site is occupied by Fe3þ and
the B sites have the equal mix of Fe3þ and Fe2þ [32,33]. It not only
has the excellent magnetic properties, but also the admirable
conductive properties for the applications in telecommunications
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and sorbents for the adsorption removal of the hazardous heavy
metals [34].

Polyaniline (PANI) is one of the most studied conductive
polymers due to its easy synthesis, environmental stability,
simple doping/dedoping and high conductivity [35,36]. PANI
combined with different NPs to form the nanocomposites has
great potential applications such as radar-absorber [2], indicators
[37], electrochemical capacitors [38], bioelectronic components
[39], catalysts [40], gas separation membrane [41], corrosion
inhibitor [42], antistatic [43] and semiconductors [8]. Deng et al.
[44] have prepared the Fe3O4-polyaniline hybrids with coreshell
structure in the presence of Fe3O4 magnetic fluid in aqueous
solution containing dodecylbenzene sulfonic acid sodium salt
as a surfactant and dopant. Wan et al. [45] have studied a series of
polyaniline composites containing Fe3O4 NPs by a template-free
method in the presence of b-naphthalene sulfonic acid (NSA) as
a dopant, while Long et al. [46] have synthesized the PANI/Fe3O4
composites using the template-free method. Yang et al. [47]
have investigated the microwave absorption property of the
PANI/Fe3O4 PNCs. Wang et al. [48] have reported the conductive
and magnetic oleic acid modified Fe3O4/PANI with multi-core/
singe shell nanocomposites with in-situ miniemulsion polymeri-
zation approach. However, effective coating of PANI on the Fe3O4

NPs is still a challenge, since the surfaces of Fe3O4 NPs are hy-
drophilic but polymers are hydrophobic [49]. Zhu et al. have
reported the simple chemical process, surface initiated polymeri-
zation (SIP) method, to prepare the PANI PNCs and also studied
their formation mechanism [50]. The results confirmed that
the oxidant and doping acid have physicochemically attached
on the particle surface, which is essentially important for initial-
izing the polymerization starting from the surface of NPs
and forming a strong interfacial interaction between PANI
and NPs.

The giant magnetoresistance (GMR) effect is a quantum
mechanics magnetoresistance effect firstly observed in the thin
film structural material, which is composed of alternating ferro-
magnetic and non-magnetic metal layers [51]. GMR was also
found in the nonmultilayer granular magnetic system [52]. This
effect indicates a significant resistivity change (large than 1%) in
response to an applied external magnetic field [53]. Since the first
discovery of GMR effect, GMR sensor has been widely used in
many commercial applications, such as magnetic storage (hard
disc driver) and biological detection [54]. Although the dielectrical
and magnetic properties of the fabricated PANI/Fe3O4 PNCs have
been reported [45,46], the electron conduction and magnetore-
sistance under an applied magnetic field in the PANI/Fe3O4 fabri-
cated using surface initiated polymerization have been rarely
reported.

In this work, we report on the fabrication of conductive
magnetic PANI/Fe3O4 nanocomposites using the surface initiated
polymerization (SIP) method. The chemical structures of the PANI/
Fe3O4 nanocomposites are characterized by Fourier transform
infrared (FT-IR) spectroscopy. The thermal stability of the PANI/
Fe3O4 nanocomposites is performed by thermogravimetric anal-
ysis (TGA). Both transmission electron microscopy (TEM) and
scanning electron microscope (SEM) are used to characterize the
dispersion of Fe3O4 NPs and the morphology of the PANI/Fe3O4
nanocomposites. The effects of the Fe3O4 NPs on the crystallization
structures of the PANI are also studied. The temperature depen-
dent resistivity, frequency dependent permittivity, magnetic
properties and magnetroresistance are systematically investigated.
The electron conduction mechanism is investigated by the
temperature dependent conductivity analysis. The MR behavior is
also analyzed based on the current electron-hole (eeh) recombi-
nation theory.
2. Experimental

2.1. Materials

Aniline (C6H7N), ammonium persulfate (APS, (NH4)2S2O8), and
p-toluene sulfonic acid (PTSA, C7H8O3S) are purchased from Sigma
Aldrich. The Fe3O4 NPs are obtained from Nanjing Emperor Nano
Material Co., Ltd., China. All the chemicals are used as-received
without any further treatment.

2.2. Fabrication of PANI/Fe3O4 nanocomposites

PANI/Fe3O4 nanocomposites were fabricated with a surface
initialized polymerization method. First, the Fe3O4 NPs were
dispersed in 200 mL deionized water by 2-h sonication. Then PTSA
and APS with a fixed ratio of 30 mmol: 18 mmol were added into
the above solution followed by 1-h mechanical stirring in an ice-
water bath. The aniline solution (36 mmol in 50 mL deionized
water, molar ratio of APS:PTSA:Aniline¼ 3:5:6) wasmixedwith the
above Fe3O4 nanoparticle suspension and mechanically stirred
continuously for additional 8 h in an ice-water bath for further
polymerization. The product was vacuum filtered and washed with
deionized water. The precipitant was further washed with meth-
anol to remove any possible oligomers. The final green-black PANI/
Fe3O4 nanocomposite powders were dried at 50 �C in an oven
overnight. The PANI/Fe3O4 PNCs with a particle loading of 4.76,
9.09, 16.67 and 30 wt% were fabricated. The pure PANI was fabri-
cated following the above procedures without adding any NPs for
comparison.

2.3. Characterizations

The Fourier transform infrared (FT-IR) spectra of the products
were obtained on a Bruker Inc. Vector 22 (coupled with an ATR
accessory) in the range of 500e4000 cm�1 at a resolution of 4 cm�1.
X-ray diffraction (XRD) was measured by D/max-rB wide-angle X-
ray diffractometer at a Cu ka wavelength of 0.154 nm. The scanning
rate is 4� min�1 from 10 to 40�. The scanning electron microscope
(SEM) was performed on an FEI Quanta 200F system. The samples
are prepared by adhering the powders onto an Al plate. TGA anal-
ysis was conducted by TA instruments TGA Q-500 with a heating
rate of 10 �Cmin�1 under an air-flow rate of 60mLmin�1 from25 to
700 �C.

Dielectrical properties were investigated by a LCR meter (Agi-
lent, E4980A) equipped with a dielectric test fixture (Agilent,
16451B) at the frequency of 20 Hz to 2 MHz at room temperature.
Pure PANI and its PNC powders were pressed in a form of disc pellet
with a diameter of 25 mm by applying a pressure of 50 MPa in
a hydraulic presser and the average thickness was about 1.0 mm.
The same sample was used to measure the resistivity (r) by
a standard four-probe method from 50 to 290 K. The temperature
dependent resistivity was used to determine the electron transport
mechanism in pure PANI and its PNCs.

The magnetic properties were investigated in a 9-T Physical
Properties Measurement System (PPMS) by Quantum Design.
Magnetoresistance was carried out using a standard four-probe
technique.

3. Results and discussion

3.1. FT-IR analysis

Fig. 1 shows the FT-IR spectra of the as-received Fe3O4 nano-
particles, pure PANI and its nanocomposites reinforced with
different nanoparticle loadings. The strong absorption peaks at



Fig. 1. FT-IR spectra of (a) Fe3O4 NPs, (b) pure PANI, and nanocomposites with
a nanoparticle loading of (c) 4.76, (d) 9.09 (e) 16.67 and (f) 30 wt%, respectively.

Fig. 3. The TGA curves of pure PANI, its Fe3O4 nanocomposites and pure Fe3O4.

Fig. 2. The XRD patterns of (a) pure PANI, and the nanocomposites with a nanoparticle
loading of (b) 4.76, (c) 9.09 (d) 16.67 and (e) 30 wt%, and (f) pure Fe3O4 NPs.
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1565 and 1485 cm�1 for the pure PANI, Fig. 1(b), correspond to the
C]C stretching vibration of the quinoid and benzenoid rings,
respectively [55]. The band at 1625 cm�1, with a shoulder at
～1630 cm�1, corresponds to the C]C stretching vibration in
a phenazine-like segment [56], which indicates the formation of
the quinone form of polymer during the polymerization [57]. The
peak at 1299 cm�1 is related to the C-N stretching vibration of the
benzenoid unit. The peaks at 1242 and 1112 cm�1 are assigned to
the C-H and C-N stretching vibration of the quinoid rings, respec-
tively. The peak at 674 cm�1 is due to the out-of-plane C-H vibration
[50,58,59]. The peak at around 792 cm�1 is attributed to the out-of-
plane bending of C-H in the substituted benzenoid ring. The FT-IR
spectra of the PANI/Fe3O4 PNCs, Fig. 1(cef), are almost the same
as that of pure PANI. The absorption peak at around 550 cm�1 is
attributed to the vibration of Fe-O band in Fe3O4 nanoparticles,
Fig. 1(a), and has a peak shift from 530 cm�1 (in the pure Fe3O4

nanoparticles) [59] to 552 cm�1 (in the PANI/Fe3O4 PNCs). This
result indicates that the PANI/Fe3O4 nanocomposites have been
successful synthesized and the observed shift indicates the inter-
action between PANI and NPs.

3.2. X-ray diffraction analysis

Fig. 2 shows the X-ray diffraction (XRD) patterns of pure PANI
and its PANI/Fe3O4 PNCs reinforced with different nanoparticle
loadings. The diffraction peaks at 2q ¼ 30.2, 35.6, 43.3, 53.5, and
57.2�, Fig. 2(f), correspond to (220), (311), (400), (422) and (511)
crystallographic planes of the spinel phase of Fe3O4, respectively
[60,61]. The average crystallite size can be estimated by XRD
pattern, using the Scherrer Equation (1) [62]:

b ¼ kl
Lcos q

(1)

where l is the X-ray wavelength (l ¼ 0.154 nm), L is the average
crystallite size, k is the shape factor, b is the full-width at half-
maximum, and q is Bragg angle in degree. The shape factor k,
depending on several factors, including the miller index of the
reflection plane and the shape of the crystal, is normally 0.89. The
peak at 2q ¼ 35.6� is chosen to calculate the crystallite size, the
average crystallite size of the Fe3O4 NPs is about 12.8 nm. Similar
results are obtained in the nanocomposites, which is about 13.4 nm.
The two broad peaks at 2q¼ 20.2 and 25.2�, Fig. 2(a), correspond to
the (100) and (110) crystallographic planes of the partially
crystalline PANI [63,64]. Obviously, the diffraction peaks of the
Fe3O4 NPs appear in the PANI/Fe3O4 nanocomposites, Fig. 2(bee)
and the intensity of these peaks becomes stronger with increasing
the nanoparticle loadings, while the two original peaks of PANI
show a reduced intensity at 2q ¼ 20.2 and 25.2�. This indicates
a strong effect of the Fe3O4 NPs on the crystallization structures of
the formed PANI and the interaction between PANI backbone and
Fe3O4 NPs [65]. This result indicates that PANI has been successfully
anchored on the surface of Fe3O4 NPs through the SIP method.

3.3. Thermogravimetric analysis

Fig. 3 shows the TGA curves of pure PANI and its Fe3O4 PNCs in
the air. Two-stageweight losses are observed in all the samples. The
first stage in the temperature range from room temperature to
250 �C is attributed to the elimination of moisture and dopant
anions in the samples. The major weight loss of all the samples
from300 to 600 �C is due to a large scale thermal degradation of the
PANI chains [49,66,67]. The terminal degradation temperature of
the PANI is 629 �C, with no residue remaining under the



Fig. 4. SEM images of (a) Fe3O4 NPs, (b) pure PANI, and (c) PNCs with 4.76 wt% Fe3O4

nanoparticle loading.
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experiment conditions. The TGA curves of the PANI/Fe3O4 PNCs
with different nanoparticle loadings are observed to be very similar
to that of the PANI, Fig. 3. However, the weight residues of the PNCs
with an initial nanoparticle loading of 9.09, 16.67 and 30 wt% are
9.71, 19.96 and 33.05%, respectively. The weight difference is due to
the incomplete polymerization of the monomers. The 15 wt% loss
decomposition temperature for pure PANI and the PNCs with
a particle loading of 9.09,16.67, 30 wt% are 303, 312, 319 and 338 �C,
respectively. This result indicates that the thermal stability of PANI/
Fe3O4 PNCs is improved with the addition of Fe3O4 NPs.

3.4. Microstructures of the nanocomposites

The SEM and TEM images of the Fe3O4 NPs, pure PANI and PANI/
Fe3O4 nanocomposites are shown in Figs. 4 and 5, respectively.
Fig. 4(a) shows that the Fe3O4 nanoparticles are ball-like with
a diameter of 80e100 nm. However, the TEM image illustrates that
these balls are composed of some smaller particles with an average
diameter of 12 nm, Fig. 5(a), which is consistent with the results
obtained from XRD. This indicates that some of the Fe3O4 NPs
agglomerate due to the magneto-dipole interactions between NPs
[44]. Compared with pure PANI, Figs. 4b and 5b, the Fe3O4 NPs have
beenwell-coated with PANI in the nanocomposites, Figs. 4c and 5c.
The surface of the PNCs becomes rougher, which is due to the
polymerization occurred on the surface of NPs and the strong
interfacial interaction between the polymer matrix and NPs [50]. In
the nanocomposites, the Fe3O4 NPs are observed to be fairly well
dispersed in the PANI matrix and some agglomerated NPs are also
observed in the PNCs, Fig. 5(c).

3.5. Dielectrical properties

Dielectrical properties describe the ability that an electrical
medium can be polarized by an applied electric field [68]. When
a dielectric medium is placed in an electric field, electrical charges
shift from their average equilibrium positions causing dielectric
polarization. The frequency dependence reflects a fact that the
polarization of these materials does not respond to an applied
electric field instantaneously. Thus, the permittivity is often
described as a complex permittivity ε* (u) (u ¼ 2pf, f is the
measuring frequency) [69]:

ε
*ðuÞ ¼ D0

E0
ðcos us� jsin usÞ (2)

where, D0 and E0 are the amplitudes of the electric displacement
and electrical fields, respectively; s is the relaxation time (which is
required when the electric field is removed and the materials
return to the original state). At very low frequency (u<<1/s),
dipoles follow the change of the field and the value of ε*z εs, where
εs is the permittivity at low frequency limit, also called the static
permittivity. At the very high frequency (u>>1/s), dipoles can no
longer follow the change of the electric field anymore and the value
of ε* z εN, where εN is the permittivity at high frequency limit. So
the complex form of the permittivity is [70]:

ε
*ðuÞ ¼ ε

0ðuÞ � jε00ðuÞ ¼ εs þ ðεs � εNÞ
1þ jus

(3)

where, ε0 is the real part of the ε*, it represents the energy storage
within the medium; ε00 is the imaginary part of the ε*, it stands for
the dissipation (or loss) of the energy within the medium. And
when the frequency reaches the characteristic frequency (u ¼ 1/s),
the dielectric constant changes dramatically.

The conductive PANI in a metallic state has remarkable
frequency dependent conductivity, which means that the dielectic



Fig. 5. TEM images of (a) Fe3O4 NPs, (b) pure PANI, and (c) PNCs with 4.76 wt% Fe3O4

nanoparticle loading.
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property has a strong effect on the conductivity of polyaniline [71].
The interchain interaction for polyaniline is an important factor
affecting its conductivity (s) [72]. Even though the s can be
improved with an increase in the crystallinity, the conductive PANI
remains considerably disordered. In the conductive polymer
composites, the transport of free charge carriers becomes more
complicated when the systems become more disordered [73].
However, in the crystalline regions, including regions of well-
ordered polymer chains (called metallic island), the interchain
interaction is sufficiently strong to allow the charge carriers to be
delocalized among the crystalline regions, i.e., within the disor-
dered regions [74]. Each metallic island in the polymers represents
crystalline domains with the delocalized electrons embedded in
the amorphous PANI. Fig. 6 depicts the real permittivity (ε0) and
imaginary permittivity (ε00) and dielectric loss tangent (tan d, where
tan d ¼ ε

00/ε0) as a function of the frequency for pure PANI and its
nanocomposites with different nanoparticle loadings at room
temperature. In Fig. 6(a), ε

0 at frequency lower than 105 Hz
increases with increasing the frequency due to the space charge
polarization [75] and after that ε

0 reaches the equilibrium
maximum and then never goes up. A high positive ε

0 means
that the mobile charges are no longer free and localized in
eachmetallic island. The charges could not hop to the vicinity of the
metallic regions, but rather remain confined to the domain of the
metallic island. However, a negative ε

0 represents the charge
delocalization in a macroscopic scale, indicating an intrinsic
metallic state [74]. All the samples prepared using SIPmethod show
a negative permittivity within the whole frequency range at room
temperature, which means that they have a weak localization
behavior and the intrinsic metallic nature of the PANI. The PANI/
Fe3O4 nanocomposites containing 16.67 wt% of the Fe3O4 NPs have
the lowest negative ε

0 due to the fact that its Fe3O4 NPs proportion
reached the percolation threshold, providing the highest level of
charge delocalization for the PANI [76]. Adding more Fe3O4 NPs
interrupts the charge transport and limits the charge delocaliza-
tion. Similar to the value of ε0, tan d curves are shown in Fig. 6(c),
which exhibits the most stable and lowest dielectric loss at
around �0.15 after 106 Hz. The value of ε00 significantly decreases
within the frequency range from 103 to 105 Hz and thereafter is
almost stable, Fig. 6(b). The PANI/Fe3O4 nanocomposites containing
16.67 wt% Fe3O4 NPs obtain the highest ε00 and lowest dielectric loss
compared with other samples.

3.6. Temperature dependent resistivity - electron transport
mechanism

The temperature dependent resistivity of pure PANI and its
nanocomposites with different Fe3O4 loadings is measured at
temperatures ranging from 50 to 290 K to determine the electron
transport mechanism, Fig. 7(a and b). Generally, the resistivity of all
the samples decreases with increasing temperature, exhibiting
a typical semiconductor behavior in the measured temperature
scale [77], Fig. 7(a). The decrease in resistivity with the addition of
Fe3O4 NPs and the slight difference in resistivity (from 1.16 � 102 to
2.64 � 102 U cm) are observed in the PNCs with a nanoparticle
loading of 4.76e16.67 wt%, thereafter the resistivity of the PNCs
with a nanoparticle loading of 30 wt% dramatically increases (about
1.27 � 103 U.cm). On one hand, in the disordered systems, two
aspects of the conductivity, i.e., microscopic conductivity and
macroscopic conductivity, have been studied for the multifunc-
tional materials [78]. Microscopic conductivity does not have much
difference due to the same preparation conditions. However, the
macroscopic conductivity is often varied because of the compact-
ness and molecular orientation, depending on the aniline content
in the nanocomposites. The decreased resistivity can be attributed



Fig. 7. (a) Resistivity vs. temperature, and (b) ln (s) ～ T�1/4 curves of pure PANI and its
nanocomposites with different nanoparticle loadings.

Fig. 6. (a) Real permittivity, (b) Imaginary permittivity and (c) Dielectric loss tangent
as a function of frequency for pure PANI and its PNCs with different nanoparticle
loadings.
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to the increased compactness arising from the presence of the
Fe3O4 NPs during the growth of the PANI chains [77]. When the
compactness achieves the maximum threshold of the Fe3O4
nanoparticle content, the further increasing of the Fe3O4 nano-
particles affects the growth of PANI and decreases the compactness
of the materials, which thereby causes an increased resistivity. On
the other hand, the conductivity of PANI is strongly dependent on
the doping acid (dopant) with electron donor ability [79e81]. The
addition of the Fe3O4 NPs affects the interaction between the PANI
polymer matrix and the doping acid, decreases the doping degree
[62] and partially hinders the electron transport pathway. The
resistivity of the PANI/Fe3O4 PNCs (the content of Fe3O4 is 9.12 wt%)
by Deng et al. [40] using an in-situ polymerization has been re-
ported 6.54� 102 U cm, which is higher than 4.46� 102 U cm of SIP
method, and the resistivity of PANI/Fe3O4 PNCs (the content of
Fe3O4 is 20 wt%) by Zhang et al. [44,45] using a self-assembly
method is about 93.5 U cm, which is slightly lower than
1.16 � 102 U cm of SIP method.

The electron transport mechanism is investigated by Mott
variable range hopping (also called VRH) approach [82,83], which is
a model depicting the low temperature conduction in strongly
disordered systems with localized states. VRH is presented in
Equation (4) [50]:

s ¼ s0exp
�
�
�
T0
T

�1=nþ1
�
; n ¼ 1;2;3 (4)

where, the pre-exponential factor s0 is a constant, which repre-
sents the conductivity at high temperature limit, T0 is the hopping
barrier, which stands for the characteristic Mott temperature, the
energy needed for charge carrier’s hopping conduction and T is the
Kelvin temperature. The n value of 4, 3, and 2 is for three-, two-, and
one- dimensional systems, respectively. s0 and T0 can be calculated



Table 1
T0 and s0 for pure PANI and its nanocomposites.

Samples T0 � 107 (K) s0 (S cm�1)

Pure PANI 0.70 1826
4.76 wt% Fe3O4 NPs 0.64 1437
9.09 wt% Fe3O4 NPs 0.93 7531
16.67 wt% Fe3O4 NPs 1.01 8325
30 wt% Fe3O4 NPs 1.79 10302

H. Gu et al. / Polymer 53 (2012) 801e809 807
by the plot ln (s) ～ T�1/nþ1. The temperature dependent resistivity
follows ln (s) ～ T�1/4 linear relationship, Fig. 8(b), which indicates
a quasi 3-dementional VRH hopping mechanism in pure PANI and
its PANI/Fe3O4 nanocomposites. The s0 and T0 obtained from
Fig. 8(b) are summarized in Table 1. Both s0 and T0 increase with
increasing nanoparticle loadings, except in the PNCs with a 4.76 wt
% Fe3O4 nanoparticle loading. Generally, the parameter T0 is
inversely proportional to the localization length of the charge
carriers [84], which means the larger T0, the stronger charge carrier
scattering, and the more increased resistivity. However, it’s inter-
esting to see that the bigger T0 corresponds to the higher s0, which
is due to the modulated electromagnetic wave in the nano-
structures of these nanocomposites. This is consistent with our
previous research observations in the polyaniline-tungsten oxide
nanocomposites [55].

3.7. Magnetic properties

Magnetization is a phenomenon describing how the magnetic
materials react to an applied external magnetic field. Application of
a magnetic field could align the magnetic moment of the nano-
particles in the field direction, and then the magnetization rises
until it reaches the saturation magnetization (Ms) with increasing
field [78]. When the diameter of the magnetic NPs is around 10 nm,
depending on the materials, the coercive force (Hc, which is an
important physical parameter to distinguish a material whether it
is hard (>100 Oe) or soft (<100 Oe)) will decrease to zero and then
the NPs will be in the superparamagnetic state [85]. This only
occurs in soft magnetic materials in a magnetic field. The magnetic
properties of a superparamagnetic system can be described on the
basis of the Langevin Equation [85]:

M=Ms ¼ coth x� 1=x (5)

where,M is magnetization (emu g�1) in magnetic field H (Oe),Ms is
saturation magnetization and x ¼ aH. The parameter a is related to
the electron spin magnetic moment m (J T�1 or mB, mB is the Bohr
magneton) of the individual molecule:

a ¼ m=kT (6)

where, k is the Boltzman constant, and T is the absolute
temperature.
Fig. 8. Room temperature magnetic hysteresis loops of (a) pure Fe3O4 NPs, (b) pure
PANI and PANI/Fe3O4 PNCs with of a nanoparticle loading of (c) 9.09 and (d) 30 wt%.
Fig. 8 shows the magnetization curves of the as-received Fe3O4
NPs, pure PANI and its nanocomposites reinforced with a nano-
particle loading of 9.09 and 30 wt% at T ¼ 290 K. The pure PANI
polymer is observed to be non-magnetic as expected, whereas
the curves of the others show no hysteresis loops, in which the
coercivity approaches zero Oe, exhibiting a superparamagnetic
behavior [86]. The Ms of the as-received Fe3O4 NPs is not reached
even at high magnetic field and is determined by the extrapo-
lated saturation magnetization obtained from the intercept of
M w H�1 at high field [18,87]. The calculated Ms of the as-
received Fe3O4 NPs is 57.38 emu g�1, which is smaller than the
bulk Fe3O4 (92e100 emu g�1) [88]. The Ms values of the PNCs
with nanoparticle loadings of 9.09 and 30 wt% after dispersion in
the polyaniline matrix are observed to be saturated at a lower
field and are about 5.0 and 22.9 emu g�1, respectively. The
particle loadings for 9.09 and 30 wt% estimated from the Ms are
found to be 8.89 and 39.91 wt%, which is consistent with the
results obtained from TGA. The PANI/Fe3O4 nanocomposites with
a nanoparticle loading of 30 wt% exhibit the largest magnetiza-
tion among the nanocomposites.

The nonlinear fitting of magnetization (M) and magnetic field
(H) using Polymath software is applied to obtain the best fit to
Equation (5). The values of Ms for the pure Fe3O4 NPs and the PNCs
with nanoparticle loadings of 9.09 and 30 wt%, determined
from the fit, are 56.916, 4.983 and 22.081 emu g�1, respectively.
However, the parameter a for the pure Fe3O4 and different nano-
particle loadings is almost the same with a value of 3.35 � 10�3 T�1

and the fitting correlation coefficient R2 is 0.9983. The magnetic
moment m can be calculated from a according to the Equation (6)
and the value is 1.34 � 10�23 J T�1 (about 1.44mB), which is below
the bulk magnetic moment of Fe3O4 (about 4 mB) [89].

3.8. Magnetoresistance

Magnetoresistance (MR), defined as DR/R ¼ [R(H)�R(0)]/R(0),
indicates a property of materials to change electrical resistance in
response to an external magnetic field, relying on the spin-
dependent scattering at the interfaces and spin-polarized carrier
transport in the spacer [90]. The charge carrier transport path
length increases due to the effect of Lorentz force, when an external
field is applied to the materials [91]. In contrast, the amount of the
charge carrier along with the electric field direction becomes lower
and the resistance increases.

Fig. 9 illustrates the MR of pure PANI and 30 wt% PANI/Fe3O4

nanocomposites at 290 K. The MR of the nanocomposites is related
to the loading of Fe3O4 nanoparticles. All the samples exhibit
a positive MR throughout the whole measurement, especially for
the 30 wt% PANI/Fe3O4 nanocomposites (MR ¼ 95%). A large MR
up to w10% is recorded at room temperature for relative small
magnetic fields of Hw 100 Oe, which corresponds to the magnetic
length LH ¼ 2.5 � 103 Å (where LH ¼ ffiffiffiffiffiffiffiffiffiffiffi

Z=eH
p

, Z ¼ h=2p, e is the
electric charge of electron, h is Planck constant) [91]. And the
effect of Lorentz force on the electrons is negligible. For the 30 wt%
PANI/Fe3O4 nanocomposites, a large anomalous MR is observed
(w7.3% at 500 Oe, up to 11% at 1000 Oe, both at room



Fig. 9. Magnetoresistance of pure PANI and 30 wt% PANI/Fe3O4 nanocomposites at
T ¼ 290 K.
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temperature), which means it has a very high sensitivity to the
external applied magnetic field and could be applied as active
elements in the electronic devices such as magnetic field sensors
[92]. Prigodin et al. [91] have reported the mechanism for this
large MR effect to explain the anomalous positive MR in the thin
films of organic semiconductor based on the charge transport
being electron-hole (eeh) recombination in the chemical reaction
with radicals as “chemically induced dynamic spin polarization”.
They suggest that, of the parameters influencing the electrical
current density, J, the eeh recombination rate b is the most
sensitive to changes in an applied magnetic field H. Assuming the
relative modulation of b (H) and the respective modulation of J(b)
with magnetic field are small, the expression for MR can be
described as following [91]:

MR ¼ Jð0Þ
JðHÞ � 1 ¼ c

�
1� bð0Þ

bðHÞ
�

(7-a)

c ¼ �
�

b

JðbÞ
�

dJ
db

¼ �dlnJ
dlnb

����H ¼ 0 (7-b)

where, the factor c is dependent on b. For the space charge limited
transport, Parmenter and Ruppel have found the exact solution
[93]:

J ¼
�
3
2

��peε0εrmpmn
�
mp þ mn

	
b

�1=2�V2

L3

�
(8)

where, mn and mp represent the effective mobilities of the injected
electron and holes, respectively. V is the voltage drop across the
semiconductor film of thickness L, ε0 stands for the dielectric
constant of vacuum and εr the relative dielectric constant of the
semiconductor.

They claimed that the eeh recombination process passes
through an intermediate state which represents a coupled state of
the electron and hole and assumed that b is the corresponding
formation rate constant of the eeh pair forms [91]. And the eeh
pair may either dissociate or recombine. Using ks and kt to describe
the rate of recombination, which depends on its spin state, for
singlet and triplet eeh pairs, respectively, qs and qt represent the
rate of dissociation for singlet and triplet state, respectively, the
eeh recombination rate b in Equation (7) and Equation (8) could be
described as below:
b ¼ b
��

1
4

�
ks

k þ q
þ
�
3
4

�
kt

k þ q

�
(9)
s s t t

The coefficients for each term in square-brackets of Equation (9)
are the relative ratio between singlets and triplets for an uncorre-
lated distribution of spins for injected electrons and holes. All four
spin states are expected to stay equally occupied at any time, so the
recombination rate is [91]:

bð0Þ ¼ bðks þ 3ktÞ
ks þ 3kt þ qs þ 3qt

(10)

For the strong magnetic fields, the eeh recombination is [91]:

bðNÞ ¼ b
��

1
2

�
ks þ kt

ks þ kt þ qs þ qt
þ
�
1
2

�
kt

kt þ qt

�
(11)

Substituting Equations (10) and (11) into Equations (7) and (8) and
rearranging, the saturation magnetroresistance, MRsat:

MRsat ¼ �
�
1
2

� ðks þ qs � kt � qtÞðksqt � ktqsÞ
ðkt þ qtÞðks þ 3kt þ qs þ 3qtÞðks þ kt þ qs þ qtÞ

(12)

when ks ¼ kt ¼ k, Equation (11) is described as following:

MRsat ¼
�
1
2

�
kðqs þ qtÞ2

ðkþ qtÞð4kþ qs þ 3qtÞð2kþ qs þ qtÞ (13)

The positive MR in Equation (13) illustrates that the recombi-
nation rates of the singlet and triplet are equal and the dissociation
rates are different. The splitting of the triplet channels by magnetic
fields results in a slow eeh recombination. As discussed in the
temperature dependent resistivity section, the samples obtained
exhibit a typical semiconductor behavior in the measured
temperature scale, which means that this theory can also be
applied to our PANI/Fe3O4 nanocomposite system.

4. Conclusions

Polyaniline nanocomposites reinforced with different Fe3O4
nanoparticle loadings have been synthesized using a surface
initiated polymerization (SIP) method. The FT-IR and TGA results
demonstrated the formation of polyaniline in the presence of the
Fe3O4 NPs. Both TEM and SEM indicate that the Fe3O4 NPs have
been well-coated with PANI. XRD shows the significant effects of
the Fe3O4 NPs on the crystallization behavior of the PANI. The
dielectric properties of these PNCs are strongly related to the Fe3O4
nanoparticle loading, and the PANI and its nanocomposites show
a negative permittivity. Mott variable range hopping (VRH) model
is introduced to evaluate the electron transport mechanism of
these nanocomposites and the results indicate a quasi 3-dimen-
sion VRH conduction mechanism. Pure PANI shows a non-
magnetic property and the PNCs do not show hysteresis loop,
indicating a superparamagnetic behavior. A large anomalous and
positive MR is observed in the polymer and its nanocomposites
with 30 wt% Fe3O4 nanoparticle loading and interpreted based on
the currently available electron-hole (eeh) recombination
theories.
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