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ABSTRACT: Magnetic composite containing polyaniline
(PANI)-coated LiNi0.5Gd0.08Fe1.92O4 was synthesized by
in situ polymerization of aniline on the surface of LiNi0.5-
Gd0.08Fe1.92O4 ferrite particles. The obtained samples were
characterized by powder X-ray diffraction, Fourier trans-
form infrared spectra, UV–visible absorption spectra, ther-
mogravimetric analysis, transmission electron microscopy
(TEM), and vibrating sample magnetometer. The results of
spectroanalysis indicated that there was interaction between

PANI chains and ferrite particles. TEM study showed that
composite presented the core–shell structure. The composite
under applied magnetic field exhibited the clear hysteretic
behavior at room temperature. The bonding mechanism in
the composite had been discussed. � 2007 Wiley Periodicals,
Inc. J Appl Polym Sci 105: 944–950, 2007
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INTRODUCTION

Conducting polymers have attracted considerable at-
tention for their potential applications in various fields
such as electromagnetic interference (EMI) shielding,
rechargeable battery, electrodes and sensors, corrosion
protection coatings, and microwave absorption.1–5

Among the conducting polymers, polyaniline (PANI)
has been extensively studied in the last two decades
because of its unique electrochemical and physico-
chemical behavior, good environment stability, and
relatively easy preparation.6,7

Conducting polymer–inorganic composites possess
not only the nature of the flexibilities and processabil-
ity of polymers, but also the mechanical strength and
hardness of inorganic components. Recently, many
interesting research has focused on the PANI-inor-
ganic composites to obtain the materials with syner-
getic or complementary behavior between PANI and
inorganic nanoparticles. Several reports on the syn-
thesis of the composites of PANI with the inorganic
nanoparticles such as oxide, sulfide, nitride, metal,
and clay have been described.8–12

The soft magnetic Li��Ni ferrites have widely used
in microwave devices, such as isolators, circulators,

and phase shifters because of their dielectric and
magnetic properties.13,14 It is interesting to note that
the electrical and magnetic properties of ferrites can
be tailored by controlling the different type and
amount of metal ion substitution. Rare earth ions
have unpaired 4f electrons that have a role to cause
magnetic anisotropy due to their orbital shape. Intro-
ducing the Gd3þ ions into spinel lattice will lead to
the appearance of 3d-4f couplings between transition
metal and Gd3þ ions15; thus, the electrical and mag-
netic properties of ferrite can be improved.

It is known that the conducting materials can effec-
tively shield electromagnetic waves generated from
an electric source, whereas electromagnetic waves
from a magnetic source, especially at low frequencies,
can be effectively shielded only by magnetic materi-
als. Thus, fabrication of the conducting PANI-mag-
netic ferrite composite used as EMI shielding materi-
als, good shielding effectiveness, can be achieved for
various electromagnetic sources. Up to date, prepara-
tion of PANI with ferromagnetic properties has been
studied by Wan’s group.16,17 Deng et al. have stu-
died the synthesis of magnetic and conducting Fe3O4-
crosslinked PANI nanoparticles with core–shell struc-
ture by using precipitation–oxidation technique.18

Yang et al. have reported the preparation of conduct-
ing and magnetic PAn/g-Fe2O3 composite by modifi-
cation–redoping method.19 Recently, the fabrication
of MnZn or NiZn ferrite-PANI composite has been
reported.20–22

In this article, magnetic composite containing
PANI-coated LiNi0.5Gd0.08Fe1.92O4 ferrite was synthe-
sized by in situ polymerization of aniline on the sur-
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face of ferrite particles obtained by the rheological
phase reaction method.23 The samples were character-
ized by various experimental techniques, and the
magnetic properties of composite were investigated.

EXPERIMENTAL

Materials

Aniline monomer was distilled under reduced pres-
sure and stored below 08C. Ammonium peroxydisul-
fate ((NH4)2S2O8), ferric oxide (Fe2O3), lithium car-
bonate (Li2CO3), nickel sulfate (NiSO4�6H2O), gado-
linium oxide (Gd2O3), and oxalic acid (H2C2O4�2H2O)
were all analytical reagent grade and used as re-
ceived. All reagents were purchased from Shanghai
chemical agents in China.

Preparation of LiNi0.5Gd0.08Fe1.92O4 ferrite

The Gd-substituted LiNi ferrite (LiNi0.5Gd0.08Fe1.92O4)
was prepared by the rheological phase reaction
method. In a typical procedure, stoichiometric amounts
of Li2CO3, NiSO4�6H2O, Gd2O3, Fe2O3, and H2C2O4 �
2H2O were thoroughly mixed by grinding in an agate
mortar for 30 min. About 35 mL ethanol was then
added to form the mixture in rheological state. The
mixture was sealed in a Teflon-lined, stainless-steel
autoclave and maintained at 1208C for 48 h in an
oven. The obtained precursor was washed several
times with deionized water and ethanol, dried at
608C for 12 h, and sintered at 10008C for 2 h in air, fol-
lowed by cooling in a furnace to room temperature at
58C/min cooling rate.

Synthesis of PANI-LiNi0.5Gd0.08Fe1.92O4 composite

PANI-LiNi0.5Gd0.08Fe1.92O4 composite was prepared
by in situ polymerization in aqueous solution of hy-
drochloric acid. In a typical procedure, 0.1 g (about
10% (w/w) weight ratio of ferrite to aniline) of
LiNi0.5Gd0.08Fe1.92O4 particles was suspended in
35 mL of 0.1M HCl solution and stirred for 30 min.
Then 1 mL of aniline monomer was added to the sus-
pension and stirred for 30 min. (NH4)2S2O8 (2.49 g) in
20 mL of 0.1M HCl solution was then slowly added
dropwise to the suspension mixture, with constant
stirring. The polymerization was allowed to proceed
for 12 h at room temperature. The composite was
obtained by filtering and washing the suspension
with 0.1M HCl and deionized water, and dried under
vacuum at 608C for 24 h.

Methods and instrumentation

X-ray diffraction (XRD) patterns were collected on a
Philps-PW3040/60 diffractometer with Cu Ka radia-
tion (l ¼ 0.15418 nm). The morphology and particle
sizes of samples were determined on a Hitachi H-800

transmission electron microscope (TEM) with an
accelerating voltage of 200 kV. FTIR spectra were
recorded on a Nicolet Nexus 670 spectrometer in the
range of 400–2000 cm�1 using KBr pellets. UV–vis
absorption spectra were recorded on a Shimadzu UV-
2501PC spectrophotometer in the range of 300–800
nm. N,N-Dimethylformamide was used as a solvent
to prepare the sample solution. Thermogravimetric
analysis (TGA) measurements were carried out using
a Shimadzu TGA-50 thermogravimetric analyzer in
an alumina crucible with alumina as reference sam-
ple, at a heating rate of 108C/min and a flow rate of
40 mL/min in air atmosphere. Magnetic measure-
ments were carried out at room temperature using a
vibrating sample magnetometer (Lakeshore 7403) under
applied magnetic field.

RESULTS AND DISCUSSION

XRD analysis

Figure 1 shows XRD patterns of LiNi0.5Gd0.08Fe1.92O4

ferrite, PANI, and PANI-LiNi0.5Gd0.08Fe1.92O4 com-
posite. LiNi0.5Gd0.08Fe1.92O4 [Fig. 1(a)] shows the
characteristic peaks at 2y ¼ 18.448, 30.148, 35.668,
37.138, 43.228, 53.758, 57.168, and 62.818, with the
reflection of Fd3m cubic spinel group, which indicates
the formation of the single spinel phase. The typical
XRD pattern of PANI is given in Figure 1(c), which
shows two broad diffraction peaks at 2y ¼ 20.218 and
25.398, indicating that HCl-doped PANI has some
degree of crystallinity. Both broad peaks may ascribe
to the periodicity parallel to the polymer chain.24,25

The diffraction peaks for the PANI-LiNi0.5Gd0.08-
Fe1.92O4 composite in Figure 1(b) exhibit both the
characteristic peaks of the LiNi0.5Gd0.08Fe1.92O4 ferrite
and the broad diffraction peaks of PANI, and the in-

Figure 1 XRD patterns of LiNi0.5Gd0.08Fe1.92O4 (a), PANI-
LiNi0.5Gd0.08Fe1.92O4 composite (b), and PANI (c).
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tensity of peaks for the composite is weaker than that
of the pure ferrite, which reveals the formation of the
PANI-LiNi0.5Gd0.08Fe1.92O4 composite.

The average crystallite sizes of PANI-LiNi0.5Gd0.08-
Fe1.92O4 composite can be calculated by the Debye–
Scherrer formula26

b ¼ kl
D cos y

(1)

where l is the X-ray wavelength (0.15418 nm), k is the
shape factor taken as 0.89, D is the average size of the
crystals, y is the Bragg’s angle, and b is FWHM of
the strongest diffraction peak. The average crystallite
sizes of the composite particles are 64.2 nm, which is
consistent with the results detected by TEM.

Morphology

The morphology and particle sizes of LiNi0.5Gd0.08-
Fe1.92O4 and PANI-LiNi0.5Gd0.08Fe1.92O4 composite
were observed by TEM. Figure 2(a) shows the TEM
image of the LiNi0.5Gd0.08Fe1.92O4 ferrite particles.

The average size of the LiNi0.5Gd0.08Fe1.92O4 particles
is estimated to be in the range of 50–70 nm, but hav-
ing agglomeration to some extent, because of the high
surface energy of the nanoparticles. It is clearly seen
from Figure 2(b) that the inner dark core of LiNi0.5-
Gd0.08Fe1.92O4 is spherical or elliptical, and the gray
shell of PANI is enwrapped loosely on the LiNi0.5-
Gd0.08Fe1.92O4 particles, forming the core–shell struc-
ture of PANI-LiNi0.5Gd0.08Fe1.92O4 composite.

Fourier transform infrared spectra analysis

Figure 3 shows the Fourier transform infrared spectra
(FTIR) spectra of the LiNi0.5Gd0.08Fe1.92O4, PANI, and
PANI-LiNi0.5Gd0.08Fe1.92O4 composites. In ferrites, the
metal ions are situated in two different sublattices,
designated as tetrahedral and octahedral according to
the geometrical configuration of the oxygen nearest
neighbors. Waldron27 and Hafner28 studied the vibra-
tional spectra of ferrite, and attributed high frequency
band n1 (600–580 cm�1) to the intrinsic vibration of
the tetrahedral sites and low frequency band n2 (440–
410 cm�1) to the intrinsic vibration of the octahedral
site. It is observed from the IR spectrum of the
LiNi0.5Gd0.08Fe1.92O4 that the peaks at 589 and 418
cm�1 are intrinsic vibration of the tetrahedral and
octahedral sites, respectively.

The characteristic peaks of PANI occur at 1577,
1494, 1301, 1240, 1139, and 805 cm�1. The peaks at
1577 and 1494 cm�1 are attributed to the characteristic
C¼¼C stretching of the quinoid and benzenoid
rings,29,30 the peaks at 1301 and 1240 cm�1 are
assigned to C��N stretching of the benzenoid ring,31

the broad peak at 1139 cm�1 which is described by
MacDiarmid et al. as the ‘‘electronic-like band’’ is
associated with vibration mode of N¼¼Q¼¼N, indicat-

Figure 2 TEM images of LiNi0.5Gd0.08Fe1.92O4 (a) and
PANI-LiNi0.5Gd0.08Fe1.92O4 composite (b).

Figure 3 FTIR spectra of LiNi0.5Gd0.08Fe1.92O4 (a), PANI-
LiNi0.5Gd0.08Fe1.92O4 composite (b), and PANI (c). [Color
figure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]
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ing that HCl-doped PANI is formed in our samples,32

and the peak at 805 cm�1 is attributed to the out-of-
plane deformation of C��H in the p-disubstituted
benzene ring.33 It is seen from Figure 3(b) that the IR
spectrum of PANI-LiNi0.5Gd0.08Fe1.92O4 composite is
similar to that of PANI, and the characteristic peaks
of LiNi0.5Gd0.08Fe1.92O4 at 589 and 418 cm�1 can be
found in the spectrum of the composite. However,
the peaks at 1301, 1240, and 1139 cm�1 corresponding
to PANI characteristics shift to higher wave numbers
(Table I). These results indicate that there is an inter-
action between LiNi0.5Gd0.08Fe1.92O4 ferrite particles
and PANI.34

UV–vis spectra analysis

Figure 4 gives UV–vis absorption spectra of PANI
and PANI-LiNi0.5Gd0.08Fe1.92O4 composite. It is ob-
served from Figure 4(a) that the PANI has two char-
acteristic absorption bands at around 329 and 617 nm.
The absorption band around 329 nm is attributed to
p-p* transition of the benzenoid ring,35,36 while the
peak around 617 nm corresponds to the benzenoid-

to-quinoid excitonic transition.37,38 It is found from
Figure 4(b) that the absorption peaks of PANI-LiNi0.5-
Gd0.08Fe1.92O4 ferrite composite have a red shift of 3
and 5 nm, respectively, when compared with that of
PANI. This result may indicate that the interaction
appears between ferrite particles and PANI backbone,
which may make the energy of antibonding orbital to
decrease, leading to the energy of the p-p* transition
of the benzenoid and quinoid ring to decrease, and
consequently the absorption peaks of composite ex-
hibit a red shift.

TGA analysis

Thermal behavior of PANI and PANI-LiNi0.5Gd0.08-
Fe1.92O4 composite is investigated through TGA. Fig-
ure 5 shows the typical TGA curves of PANI and
PANI-LiNi0.5Gd0.08Fe1.92O4 composite. The TG curve
of PANI presents the two major steps of weight loss
(DTG peaks at 91.28C and 418.78C), and indicates that
the decomposition is complete at around 6808C. The
first-step corresponds to a weight loss of about 4%
and can be attributed to the release of water mole-
cules. The second-step indicates a weight loss of

TABLE I
Assignment of FTIR Absorption Peaks for PANI and

PANI-LiNi0.5Gd0.08Fe1.92O4 Composite

Wavenumber (cm�1)

Peak assignmentPANI
PANI-LiNi0.5Gd0.08

Fe1.92O4 composite

1577 1576 Quinoid ring stretching band
1494 1493 Benzenoid ring stretching band

1301, 1240 1304, 1247 Aromatic C��N stretching band
1139 1145 C��H in-plane bending vibration
804 812 p-disubstituted aromatic ring

– 589 Vibration of the tetrahedral site (n1)
– 418 Vibration of the octahedral site (n2)

Figure 4 UV–vis spectra of PANI (a) and PANI-LiNi0.5-
Gd0.08Fe1.92O4 composite (b).

Figure 5 TGA curves and DTG curves (inset) of PANI
and PANI-LiNi0.5Gd0.08Fe1.92O4 composite.
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about 94%, which is ascribed to the degradation of
the polymer chains. The trend of degradation for
PANI-LiNi0.5Gd0.08Fe1.92O4 composite is similar to
that of PANI. The TGA curve of PANI-LiNi0.5Gd0.08-
Fe1.92O4 composite also presents two-step weight loss
process, and shows that the decomposition of PANI-
LiNi0.5Gd0.08Fe1.92O4 composite is complete at around
5608C. DTG curves are shown in the inset of Figure 5
to compare the thermal behavior of PANI with that
of PANI-LiNi0.5Gd0.08Fe1.92O4 composite. The peak
temperature on the DTG curves indicates that the
reaction rate is highest at this point. It is seen clearly
that the temperature of PANI at the minimum of the
DTG curve is at 418.78C, while the minimum temper-
ature in the case of PANI-LiNi0.5Gd0.08Fe1.92O4 com-
posite is significantly shifted to a higher temperature
(469.28C), which is in agreement with the results of
Wang et al.39

Magnetic properties

Figure 6 shows the magnetic hysteresis loops of LiNi
ferrite (LiNi0.5Fe2O4), Gd-subsitituted LiNi ferrite (LiNi0.5
Gd0.08Fe1.92O4), and PANI-LiNi0.5Gd0.08Fe1.92O4 com-
posite at room temperature. The magnetization under
applied magnetic field for the as-prepared samples
exhibits a clear hysteretic behavior. In a ferrimagnet,
the magnetic moments of tetrahedral A-sites and
octahedral B-sites are aligned antiparallel and are not
equal, because of antiferromagnetic coupling, result-
ing in a finite difference to yield a net magnetization
(m ¼ mB � mA). In general, Liþ, Ni2þ, and Gd3þ ions
preferably enter octahedral B-sites.40,41 The magnetic
moments of rare-earth ions generally originate from
localized 4f electrons and they are characterized by
lower magnetic ordering temperatures, i.e., lower
than 40 K,42 and their magnetic dipolar orientation
exhibits disordered form at room temperature. Hence,
it may be reasonable that Gd3þ ions are considered as
nonmagnetic ions. The observed decrease in magnet-
ization with substituting Gd3þ ions is due to the dilu-
tion of magnetization of B-sublattice by Gd3þ ions,
whereas the increase in coercivity of Gd-subsitituted
LiNi ferrite can be considered in that the larger Gd3þ

replacing for Fe3þ at B-sites may induce some distor-
tion in the spinel lattice leading to larger internal
stress.

The magnetic parameters such as saturation mag-
netization (MS) and coercivity (HC) of LiNi0.5Fe2O4,
LiNi0.5Gd0.8Fe1.92O4, and PANI-LiNi0.5Gd0.08Fe1.92O4

determined by hysteresis loops are given in Table II.
There is a decrease in MS while an increase in HC for
PANI-LiNi0.5Gd0.08Fe1.92O4 composite was compared
with that of LiNi0.5Gd0.08Fe1.92O4 ferrite. According to
the equation MS ¼ jmS, MS is related to the volume
fraction of the particles (j) and the saturation
moment of a single particle (mS).

43 It is considered
that the saturation magnetization of PANI-
LiNi0.5Gd0.08Fe1.92O4 composite depends mainly on
the volume fraction of the magnetic ferrite particles,
because of the nonmagnetic PANI coating layer con-
tribution to the total magnetization, resulting in a
decrease in the saturation magnetization. The coerciv-
ity of PANI-LiNi0.5Gd0.08Fe1.92O4 composite in this
study presents a higher value than that of LiNi0.5-
Gd0.08Fe1.92O4 ferrite. It is known that the coercivity is
related to the microstructure, magnetic anisotropy

Figure 6 Magnetic hysteresis loops of LiNi0.5Fe2O4 (a),
LiNi0.5Gd0.08Fe1.92O4 (b), and PANI-LiNi0.5Gd0.08Fe1.92O4

composite (c) with (A) a magnetic field of 4000 Oe and (B)
a low field range. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]

TABLE II
Magnetic Parameters of LiNi0.5Fe2O4,

LiNi0.5Gd0.08Fe1.92O4, and PANI-LiNi0.5Gd0.08Fe1.92O4

Composite

Sample MS (emu/g) HC (Oe)

LiNi0.5Fe2O4 34.44 63.11
LiNi0.5Gd0.08Fe1.92O4 26.55 70.45
PANI-LiNi0.5Gd0.08Fe1.92O4 composite 4.37 83.69
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(crystal, stress, and shape), and magnetorestriction of
magnetic ferrite particles. The anisotropy and magne-
torestriction are dependent on factors like composi-
tion, imperfections, porosity, crystalline shape, etc.
Polycrystalline ferrites have an irregular structure,
geometric and crystallographic nature, such as pores,

cracks, surface roughness, and impurities. In the poly-
merization process, PANI is deposited on the ferrite
surface and crystallite boundary, which may lead to
an increase in magnetic surface anisotropy of ferrite
particles. On the other hand, there is a possible charge
transfer between the ferrite surface and PANI chains.

Figure 7 Bonding mechanism in the composite: charge compensation mechanism (a) and hydrogen bonding mechanism
(b). [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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This interaction may change the electron density at
the ferrite surfaces and, thus, affect the processes of
electron spins in the system, resulting in the increase
of spin–orbit couplings at the surface of ferrite par-
ticles.

Bonding interactions

Bonding interactions between ferrite and PANI back-
bone in the composite are illustrated in Figure 7. We
propose the probable bonding mechanism in the com-
posite according to the results of spectroanalysis. Fig-
ure 7(a) shows the charge compensation mechanism
in the composite. The surface of the ferrite is posi-
tively charged due to the polymerization in the acidic
environment. Therefore, adsorption of an amount of
the Cl� may compensate the positive charges on fer-
rite surface. Beside this charge compensation process,
specific adsorption of the Cl� on the ferrite surface
would work as the charge compensator for proto-
nated PANI chain in the formation of PANI-ferrite
composite. There is charge compensation effect be-
tween ferrites and PANI chains in the composite.

Another bonding mechanism may be hydrogen
bonding in the composite, as shown in Figure 7(b). In
the aqueous solution of hydrochloric acid, some oxy-
gen atoms located at tetrahedral and octahedral sub-
lattices may expose on the surface of the ferrite, and
have the tendency to accept proton, resulting in
occurrence of the hydrogen bonding between the oxy-
gen atoms and PANI chains in the composite. In addi-
tion, hydrogen bonding between PANI chains may
also exist in the composite.

CONCLUSIONS

PANI-LiNi0.5Gd0.08Fe1.92O4 composite with the core–
shell structure presenting ferromagnetic behavior was
successfully synthesized by in situ polymerization of
aniline in the presence of ferrite particles. FTIR and
UV–vis spectra indicated that there was an interaction
between PANI and LiNi0.5Gd0.08Fe1.92O4 ferrite in the
composite. XRD diffraction patterns demonstrated
the formation of PANI-LiNi0.5Gd0.08Fe1.92O4 compos-
ite. The composite exhibited the intrinsic magnetic
hysteresis of the ferrite particles. Bonding interaction
between PANI and LiNi0.5Gd0.08Fe1.92O4 ferrite in
composite was discussed.
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