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La-doped barium ferrite/poly(3-methylthiophene)(LB/P3MTH) composites have been
successfully synthesized by in suit chemical polymerization with ferrite chloride
(FeCl3) as an initiator. The composites structure is investigated by X-ray diffraction
analysis (XRD) and Fourier transform infrared spectroscopy, and the morphology of
samples is observed by transmission electron microscopy (TEM). Magnetic properties
of the composites are tested by vibrating sample magnetometer. XRD analysis shows
that La3+ has got into the lattice of Ba-ferrite and replaces the Ba2+ and that the best
La3+ amount of La-doped Ba-ferrite is not more than 0.08. La-doped Ba-ferrite
particles are coated with poly (3-methylthiophene). TEM image reveals that La-doped
Ba-ferrite particles have spherical morphology and are agglomerated due to the coated
polymer. P3MTH covers the ferrite surface and has crystallite boundaries, which
influences the composites’ physical and chemical properties.

Keywords: barium ferrite; rare earth; 3-Methylthiophene; composites; magnetic
properties

1. Introduction

Recently, ferrite nanoparticles have attracted great attention because they can absorb
radiation energy from microwave generated from an electric source. Much attention has
been paid to ferrite materials due to their useful electromagnetic properties in a large
number of applications.[1] It is well known that the resistivity of the ferrites is very
high. The magnetic loss of these materials results from their ferrimagnetisms. The
resonance reflects loss of moving magnetic domains and spins relaxation in the high
frequency alternating electromagnetic fields.[2,3] The M-type hexagonal ferrites are
special kinds of absorbing materials due to their dielectric and magnetic losses in the
microwave frequency band. The materials have been studied extensively as high
frequency devices because of their high resistivity, low eddy current losses, high-Curie
temperature, mechanical hardness, and chemical stability.[4–7]

Conducting polymers have attracted significant attention in recent decades because
of their potential applications in various fields such as electromagnetic interference
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shielding, rechargeable battery, chemical sensor, corrosion devices, and microwave
absorption.[8–12] Among these conducting polymers-based composites, the PANI/
ferrite composites have a complementary synergy behavior between PANI and ferrite
nanoparticles.[13–16] Polythiophenes (PTh) polymers have been widely used in
environmentally and thermally stable conjugated polymer materials such as electrical
recording materials, nonlinear optical devices, polymer light-emitting diodes and
displays, electrochromic or smart windows, antistatic coatings, sensors, batteries,
electromagnetic shielding and imaging materials, artificial noses and muscles, solar cells
and transistors, nanoswitches, polymer electronic interconnects, and DNA protection
[17–26] because of their excellent environmental and thermal stability. Several
interesting research papers have focused on PTh–metal oxide composites to obtain
materials with advanced mechanical and chemical properties, which can be used in
many application fields.[27–30]

In the present work, an investigation was made to obtain La-doped barium ferrite/poly
(3-methylthiophene)(LB/P3MTH) via the sol–gel method and in situ chemical polymeri-
zation revealed the influence of the La-doping amount on the obtained samples and the
effect of the P3MTH polymerization on the physical and chemical properties of LB.

2. Experimental

2.1. Materials

3-methylthiophene was purchased from Sigma. Lanthanum nitrate (La(NO3)3·6H2O),
barium nitrate (Ba(NO3)2), ferric nitrate (Fe(NO3)3·9H2O), ferric chloride (FeCl3), citric
acid, and polyethylene glycol were all analytical reagent and used as received. Other
reagent was also analytical grade.

2.2. Preparation of LB

The starting materials were analytically grade pure of Ba(NO3)2, La(NO3)3·6H2O, Fe
(NO3)3·9H2O, and citric acid. BaLaxFe12−xO19(x = 0.00, 0.04, 0.08, 0.12) particles were
prepared through the sol–gel route. Stoichiometric amount of these materials was mixed
in deionized water and then dissolved in citric acid thoroughly. When the pH value of
the solution was adjusted to weak acidic with ammonia water, the color was changed
from brown-yellow. The system stopped being stirred at 80 °C until the wet gel was
formed. And then, the gel was dried at 90 °C under vacuum. The xerogels were
calcined at 950 °C for 2 h after grinding (Table 1).

2.3. Preparation of LB/P3MTH

Composites were prepared by in situ chemical polymerization in aqueous solution. A
proper amount of ferrite particles and trichloromethane was dissolved in aqueous

Table 1. The stoichiometric amount of every material used to prepare BaLaxFe12−xO19 particles.

Ba(NO3)2/g La(NO3)3·6H2O/g Fe(NO3)3·9H2O/g C8H8O7·H2O/g

x = 0.00 1.96146 0 36.36170 20.48710
x = 0.04 1.96063 0.13029 36.23719 20.49000
x = 0.08 1.96026 0.25993 36.11923 20.49010
x = 0.12 1.96012 0.38864 25.99710 20.48866
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solution. The system stopped being stirred 2–3 min until dark green solution. Then, the
solution was added to P3MTH and LB and stirred in a water bath at 90 °C for 8 h after
dried. The LB/P3MTH was formed.

2.4. Characterization

The composites structure was investigated by X-ray diffraction analysis (XRD, Rigaku
model D/max-2500 system at 40 kV and 100 mA of cuka). The morphology of samples
was observed by transmission electron microscopy (TEM, a JEM-3010 operating at
300 kV). The Fourier transform infrared spectroscopy (FTIR) spectra of the composites
samples in KBr pallets were obtained using Model NlcolETiS10 Fourier transform
spectrometer (Thermo Scientific Co., USA) with a 2 cm−1 resolution in range of
400–4000 cm−1. The magnetic properties were investigated by vibrating sample
magnetometer model 9600.

3. Results and discussion

3.1. XRD patterns of BaLaxFe12−xO19

Figure 1 shows the XRD of the BaFe11.92La(0.08−x)NdxO19 (x = 0.00, 0.04, 0.08, 0.12)
of the temperatures at 950 °C. Figure 1 shows the characteristic peaks of ferrite and the
hexaferrite structure including the peaks at 2θ = 30.3°, 32.2°, 34.1°, 37.1°, 40.3°, 55.0°,
56.3°, and 63.1°, which is the characteristic peak is similar to the standard ICDD PDF.
According to Figure 3, it is observed that La3+ replaces Fe3+.

In addition, when the La-doped amount is not more than 0.08, the samples phase
was pure Ba-ferrite. However, when the La-doped amount was more than 0.08, there
emerged the peaks of LaFeO3 and Fe2O3, which shows that the La3+ has got into the
lattice of Ba-ferrite and replaces the Ba2+. La3+ has the different valence with Ba2+,
which causes lattice internal vacancy. The result shows that the optimum La amount of
La-doped Ba-ferrite is not more than 0.08.
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Figure 1. XRD patterns of BaLaXFe12−xO19 at 950 °C for 2 h (a) x = 0.00, (b) x = 0.04,
(c) x = 0.08, and (d) x = 0.12.
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3.2. XRD patterns of BaLaxFe12−xO19/P3MTH

Figure 2 shows that a, b, c, and d are X-ray diffraction patterns of BaLaXFe12−xO19 at
950 °C, and e is the hexaferrite of patterns of BaLa0.08Fe11.92O19. Figure 2(a)–(d) shows
broad diffraction peak centered in the range of 2θ = 21–27°. This proves that the

Figure 3. FTIR spectra of BaLaXFe12−xO19 at 950 °C for 2 h (a) x = 0.00, (b) x = 0.04,
(c) x = 0.08, and (d) x = 0.12.

Figure 2. XRD patterns of BaLaxFe12−xO19/P3MTH (a) x = 0.00, (b) x = 0.04, (c) x = 0.08,
(d) x = 0.12, and (e) BaLa0.08Fe11.92O19.
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BaLaxFe12−xO19/P3MTH is amorphous structure. As shown in Figure 2, the diffraction
peak position and diffraction intensity of BaLa0.08Fe11.92O19 composites are reduced to
the as-prepared BaLaxFe12−xO19/P3MTH, which reveals that Ba-ferrite particles are best
coated with P3MTH.

3.3. FTIR spectra analysis

Figure 3 shows the FTIR spectrograms of the BaLaXFe12−xO19 of composites. In
Figure 3, there are obvious characteristic stretching vibration absorption peak located in
the lower frequency of BaLaXFe12−xO19 at the range of 600–580 cm−1 is assigned to
tetrahedral of hexaferrite structure. However, obvious characteristic stretching vibration
absorption peak located in the lower frequency of BaLaXFe12−xO19 at the range of
440–400 cm−1 is assigned to octahedral of hexaferrite structure.

Figure 4 shows the FTIR spectrograms of BaLaxFe12−xO19/P3MTH composites. In
this picture, the peaks at approximately 2986 cm−1 are attributed to the characteristic
stretching vibrations of saturated C–H of methyl. The peaks at approximately 1383
cm−1 are attributed to symmetry deformation vibration of CH3-of 3-methylthiophene
monomer. The peaks at approximately 910 cm−1 are attributed to antisymmetric and
symmetric stretching vibration of C–S. The peaks at approximately 818 cm−1 are
attributed to out-of-plane vibrations of C–H, which C–H substituted for 2,3,5-3-methyl-
thiophene. It proves that 3-methylthiophene has happened by the polymerization
reaction. The peaks at approximately 3434 cm−1 are attributed to the characteristic
stretching vibrations of aqueous. The four characteristic peaks above have appeared
shift. The reason may be that BaFe12O19 are coated by 3-methylthiophene molecular
chains, and the chemical bonding reaction between them decreases the electron density
on the polymer molecular chains, which affects the atomic vibration frequency and
reduces the force constant between atoms.

Figure 4. FTIR spectra of BaLaxFe12−xO19/P3MTH (a) x = 0.00, (b) x = 0.04, (c) x = 0.08, and
(d) x = 0.12.
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3.4. Transmission electron microscopy

The morphology of LB/P3MTH composites and LB is shown in Figure 5(a) and
(b).TEM images reveal that the ferrites particles are embedded in PMTH-3 matrix
forming the core–shell structure. The size distribution diagram is presented in this
picture. As shown in Figure 5(a), the structures of PMTH-3 coated LB-ferrite are

Figure 5. (a) TEM images of BaLaxFe12−xO19, (b) TEM images of BaLaxFe12−xO19/P3MTH.

Figure 6. Hysteresis loops for BaFe12O19 at 950 °C.
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crowded. TEM image reveals that BL-ferrite particles are observed to have spherical
morphology and are agglomerated due to the coated polymer.

3.5. Magnetic properties analysis

Figures 6–8 show the magnetization curves of (a) BaFe11.92La(0.08−x)NdxO19, (b)
BaLa0.08Fe11.92O19, and (c) BaLa0.08Fe11.92O19/P3MTH composites. The magnetization
(M) curves are as a function of applied magnetic field (H). The magnetic properties,
the saturation magnetization (Ms), the remanent magnetization (Mr), and the coercivity
(Hc) were determined.

Figure 7. Hysteresis loops for BaLa0.08Fe11.92O19 at 950 °C.

Figure 8. Hysteresis loops for BaLa0.08Fe11.92O19/PMTH-3 at 950 °C.
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As shown in Table 2, the Ms of BaFe12O19 composites is 7.9 emu·g−1 and the
value informs the ferromagnetic nature. The Ms of BaLa0.08Fe11.92O19 composites is
80.0 emu·g−1. The Ms of BaLa0.08Fe11.92O19/P3MTH composites is 9.2 emu·g−1. It can
be observed that the Ms of BaLa0.08Fe11.92O19 increases due to the doped rare earth of
La. However, the Ms of BaLa0.08Fe11.92O19/P3MTH decreases due to embedded in
non-magnetic polymer matrix.[31–34] It is well known that Ms is related to the volume
fraction of magnetic ferrite particles (φ) and the saturation moment of single particles
(ms).[35]

In the present study, the composites have lower Ms, Mr, and Hc (Table 1) values.
The reason for lower Ms value is that there exists non-magnetic PMTH-3 in the
composites. It is well known that polycrystalline ferrites have an irregular structure,
geometric and crystallographic nature, such as pores cracks, surface defects. In the
polymerization process, P3MTH covers the ferrite surface and crystallite boundaries,
which leads to a decrease in coercivity. In addition, there may be the surface spinning
of magnetic moments at ferrite nanoparticles/support interface,[36] which result in a
decrease in magnetic surface anisotropy of ferrite particles. So, there is the coercivity
of the BaLa0.08Fe11.92O19/P3MTH decreased compared to that of BaLa0.08Fe11.92O19.

4. Conclusions

In this study, rare earth-doped Ba-ferrites nanoparticles were synthesized via the
sol–gel method. The electronic properties are successfully synthesized in the core–shell
form by in situ chemical polymerization of P3MTH in the presence of
BaLa0.08Fe11.92O19 particles. XRD analysis shows that La3+ has got into the lattice of
Ba-ferrite and replaces the Ba2+, and the best amount of La-doped Ba-ferrite is not
more than 0.08. La-doped Ba-ferrite particles are coated with P3MTH. TEM image
reveals that La-doped Ba-ferrite particles have spherical morphology and are agglomer-
ated due to the polymer coated. It was also demonstrated that the doped La3+ has led
to the lattice distortion and has lowered the magnetic parameters of BaFe12O19. In
addition, the BaLa0.08Fe11.92O19 composites have the best crystallinity and the magnetic
properties. We also come up with P3MTH which covers the ferrite surface and has
crystallite boundaries, which influences the composites’ physical and chemical
properties.
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