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Abstract

The Bi-Al doped M-type hexaferrite (BaFe,; gBij 1Al; 1044) Was prepared by the use of sol gel auto combustion process.
The prepared sample was sintered at 1000 °C for 5 h. Polyaniline was synthesized by oxidative polymerization. Mechanical
blending was used to synthesize BaFe,, Bij 1Al ;0;4-PANI composite. X-ray diffraction (XRD), Fourier Transform Infra-red
spectroscopy (FTIR), Field Emission Scanning Electron Microscope, Energy Dispersive X-ray spectroscopy and UV-vis-NIR
spectroscopy were used for structural and optical analysis. XRD spectra show pure single phase of M-type hexagonal
ferrites. The presence of bands in FTIR spectra in the range of 400-600 cm ™' and 800-1600 cm™' indicate possible forma-
tion of hexaferrite and PANI. The band gaps were found nearly 2.24, 2.36 and 2.21 eV for HP1, HP2 and HP3 respectively.
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1 Introduction

Hexaferrites materials are ferromagnetic materials that
have a hexagonal crystal structure. These materials
retained a great attention of the scientific community
because of their excellent magnetic properties. Due to this
reason, they are very useful in many applications such as
supercapacitors, permanent magnets, microwave absorb-
ing, medicine, magnetic recording and refrigerator mag-
nets [1-3]. M-type barium hexaferrite shows a saturation
magnetization of 72 emu/g and coercive field of 6700 Oe
[4]. However, the magnetic properties of M-type hexa-
ferrite can be modified by substituting a host element.
In our previous work, we synthesized Al-Cr substituted
M-type barium hexaferrite BaFe,,_,,Al,Cr,0,4 (x=0.0, 0.2,
0.4) where samples with x=0.0 and x=0.4 showed a satu-
ration magnetization of 81.25 and 88.03 emu/g respec-
tively whereas that of x=0.2 showed 15.16 emu/g [5]. It
was reported that variation in saturation of magnetization

depends on occupancy of ferric crystallographic sites
(2a, 2b, 4f,, 4f, and 12k) [5]. Out of magnetic properties
of M-type hexaferrite materials, their optical proper-
ties were also studied. The optical band gap values of
Ba,_,Zn,Fe;,0,4 (0.0 <x<0.3) were found to be in the
range 1.69-1.76 eV [6]. These band gap values are very
comparable to those of single junction solar cell [7].
Polymers also called macromolecules are organic com-
pounds composed of repeated subunits called mono-
mers. They are generally known for their physical proper-
ties (softness, low density) and their insulating character.
However, conductive polymers are so particular than
others because of their m-conjugated bond which attrib-
ute them interesting electrical properties. Due to those
electrical properties, conducting polymers are used in
many applications such as electro-chromic smart win-
dows, rechargeable batteries, sensors, antistatic coating,
corrosion inhibitors, electronic, EMI shielding, superca-
pacitors and electrodes [8-13]. Inside the great family of
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conducting polymers, there are polypyrrole, polyaniline,
polythiophene, etc. Among these polymers, polyaniline
(PANI) retained great attention because of more advan-
tages such as low cost and easy synthesis, good environ-
mental and chemical stability, tunable properties and
availability of raw materials [13]. PANI is generally used as
matrix in the synthesis of composites.

Several investigators combined these magnetic materi-
als with others and many characterizations such as mag-
netic, dielectric and microwave absorption properties have
been done [14-17]. Different methods were used to pre-
pare nanoparticles including co-precipitation technique,
glass-crystallization, aerosol pyrolysis, ceramic process, gel
self-combustion method and sol-gel method [18-24]. In
this present work, Bi-Al doped M-type barium hexaferrite
with chemical formula BaFe, gBij ;Al, ;0,5 and PANI were
prepared separately using sol gel method and oxidative
polymerization respectively and the effect of PANI on opti-
cal properties of M-type hexaferrite BaFe,; gBig 1Al5 1014
was investigated.

2 Experimental methods
2.1 Synthesis method of BaFe,, ¢Bi, ;Al, 10,

Sol- gel method was employed to make
BaFe;; Big1Al; 10,4 powder. Initially, raw chemicals with
high purity (98-99.5%) such as Ba(NO;), (Loba chemis-
try), Fe(NO;);-9H,0 (Loba chemistry), AI(NO;);-9H,0 (Loba
chemistry) Bi(NO;);-5H,0 (CDH), ethylene glycol (C,HO,)
(Loba chemistry) and citric acid (C4HgO,.H,0) (Loba chem-
istry) were used as starting materials. Then, after an appro-
priate stoichiometric measurement of each metal nitrate,
the set was poured in 50 mL of ethylene glycol used as sol-
vent. The set of starting materials was dissolved in 50 mL of
ethylene glycol. Citric acid was added as a fuel in the ratio
1:1.5 with cations. Then, the neutral solution was obtained
by adding of ammonia solution. The obtained solution was
homogenized with a magnetic stirrer at around 85 °C. After
3 h, the mixture became gel which was placed on a hot
plate at around 280-350 °C to evaporate the remaining
solvent and the precursor material was formed. A Muffle
furnace was used to heat the precursor material at 1000 °C
for 5 h and BaFe,; Biy;Aly ;0,4 powder was formed.

2.2 Synthesis method of polyaniline (PANI)

The synthesis of PANI was done via oxidative polymeriza-
tion method. In this process, 91.15 mL of hydrochloric acid
(0.1 M) was placed under rotation at 0 °C in an ice bath,
and then 23.282 mL of aniline monomer was added gradu-
ally. After 30 min, 40.47 gm of Ammonia persulphate (APS)
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dissolved in water was gradually added. The set was stirred
for 6 h to permit the reaction to take place. Distilled water
was added to dilute and the resulting solution was filtered
and washed with methanol and distilled water then put in
oven at 60 °C to dry. After 2 days, PANI powder with green
color was obtained.

2.3 Synthesis method of BaFe,, 3Bi, ,Al, ;0,o-PANI
composite

Mechanical blending process was used to blend the previ-
ous prepared samples using a mortar and pestle. The com-
posites were obtained according to the ratios (hexaferrite:
PANI) 1:1, 1:1.5 and 1:2 (Table 1).

3 Characterization techniques

Bruker AXS D8 advance diffractometer using Cu-K « radia-
tion in the range 20°-80° operating at 35 mA and 40 kV with
step size 0.02° was utilized to record X-ray diffraction pat-
terns and study structural and phase analysis of prepared
samples. FTIR spectrometer (Nicolet FTIR interferometer IR
prestige-21 (model-8400S)) in the range 4000-400 cm™ " was
used to carry out different functional groups and charac-
teristic signature of the prepared samples. Analysis of the
morphology and composition of the prepared samples was
examined using FESEM and EDXS (FEI Nova NanoSEM 450
FESEM). Band gap of the prepared samples was carried out
using UV-Vis-NIR Spectrometer (Varian, Cary 5000) in the
wavelength range 200-780 nm.

4 Results and discussions
4.1 X-ray diffraction (XRD) analysis

The crystal structure of BaFe,; gBig ;Aly;0;4-PANI nanocom-
posites was studied using X-ray diffraction. XRD patterns of
prepared samples are given in Fig. 1. The observed peaks in
this figure was indexed using 39-1433 as JCPDS card [25]
which correspond to the standard XRD patterns of M-Type
barium hexaferrite with P63/mmc as space group. It can be
observed that the reflection planes of BaFe,; ¢Bij ;Aly ;014
perfectly match to that of M-type Barium hexaferrite.
The absence of second phase confirms the single crystal
phase of BaFe, gBij ;Al, ;0,5 Which indicates that A** and
Bi** ions occupied perfectly crystallographic sites of Fe3*

Table 1 Samples code

g Sample code Ratio
and composition of
BaFe; gBig 1Aly1044-PANI HP1 1:1
HP2 1:1.5
HP3 1:2
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Fig. 1 XRD patterns of PANI and BaFe,, gBi, ;Al,;0,o-PANI composite

ions. Generally in M-type hexaferrite, the second phase («
-Fe,0;) appears at around 2 =33.13 and correspond to
(103) diffraction plane. From Fig. 1, the presence of PANI in
the composite is materialized by the large peak observed
at around 2 0=25.12-25.46; this is supported by Luo and
Yuan [26, 27]. Rietveld refinement of the crystal structure
of BaFe,, gBij ;Al, ;0,4 was performed using FULLPROF suite
package. The diffraction peaks were modeled with Thomp-
son-Cox-Hastings pseudo-Voigt * Axial divergence asymme-
try function and linear interpolation method was used to
model the background. During the refinement, parameters
such as occupancy of all atoms, background, atomic posi-
tions, unit cell, half-width and zero position were varying
throughout the process. This refinement confirmed that the
observed peaks in XRD patterns match with those of M-type
hexaferrite (Fig. 2). The quality of refinement is justified by
reliability factors (Rp, pr, Rexp, Xz and GoF) given in Table 2.
GoF (Good of fit) has been found to be between 1.6 and 1.8.
Crystallite size (D), lattice parameters (a and ¢) and volume
of unit cell (V) have been calculated using the following for-
mulae and tabulated in Table 2 [28]:

1 " v I L] I v l v l v l v
75 80 31.6 31.8 32.0 32.2 324 32.6 32.8
20 (degree)

2 2 2
1 =4§1<h + hk + k >+I_

dizrkl a? c?
3
VCE/I = 2 azc (2)
0.91
D=
pcosé (3)

where d,, refers to d-spacing, hkl are the miller indices,
A =1.54056 A is the wavelength of incident X-ray, g is
full width at half maxima (in radian), 6 is the Bragg angle.
The crystallite size of prepared composite were found
to be between 37 and 41 nm while lattice parameters
a, c and Vcell were found to be in the range 5.86-5.89 A,
23.11-23.17 A and 689.37-694.56 A>. It was observed that
a, ¢ and Vcell increase with amount of PANI. This can be
due to the fact that after adding PANI, the crystal structure
of BaFe,, gBi; ;Al, ;0,4 has undergone some distortions.
This distortion (stretching) of the structure can be justified
by the shift of diffraction angle (20) toward small values
(Fig. 1). Bulk density (d,,,) of sample was estimated and was
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Fig.2 Rietveld refinement of BaFe,; ¢Bij ;Aly;0,4-PANI composite a
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Table 2 Structural parameters and reliability factors

X HP1 HP2 HP3
B 0.224 0.225 0.194
Crystallite size (D) nm 37.108 35.307 40.949
Lattice parameter (a) A 5.868 5.872 5.884
Lattice parameter (c) A 23.114 23.114 23.163
Volume of unite cell (V) A>  689.37 690.122 694.55
Bulk density (d,,) g/cm® 111 1.175 1.094
Riragg 5.57 6.72 5.13
Rp 13.2 14.0 12,6
Rup 21.7 229 20.7
Rexp 12.1 14.2 12.4
Va 3.229 2.608 2.792
GoF 1.8 1.6 1.7

Transmittance (%)

4000 3500 3000 2500 2000 1500

Wavenumber (cm’)

1000 500

Fig.3 FTIR spectra of a BaFe; gBiy;Aly;0;4, b HP1, ¢ HP2, d HP3
and e PANI

found to be between 1.09 and 1.18 g/cm?. These values are
very small compared to the bulk density of M-type barium
hexaferrite (BaFe;,0,,) which is around 3.23 g/cm? [5]. This
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Fig.4 FESEM micrographs of BaFe,; gBij ;Aly;0,4-PANI composite

may be due to the fact that PANI is less dense than M-type
hexaferrite material.

4.2 Fourier transform-infrared (FTIR) analysis

FTIR spectroscopy was used to determine functional
groups and chemical residual in the prepared samples.
For analysis, thin pellets of KBr with the prepared sam-
ples in the ratio 10:1 respectively have been made. Fig-
ure 3 shows FTIR spectra of BaFe,; ¢Bij ;Aly 10,4, PANI and
BaFe;; gBiy1Aly10,4-PANI composites recorded in the
wavenumber range 400-4000 cm™'. FTIR spectrum of
PANI is given in Fig. 3e and its characteristic absorption

peaks were found at around 804 cm™' (out-of plane defor-
mation vibration of benzene ring), 1123 and 1601 cm™
(vibration band of N=Q=N) indicating the formation of
PANI, 1297 cm™' (N-H bending band of benzenoid rings)
and 1486 cm™' (C=N stretching of quinoid ring) [29-34].
Figure 3b-d shows FTIR spectra for HP1, HP2 and HP3
respectively. In these figures, it can be noticed that all char-
acteristic peaks of PANI appearing in 1000-1600 cm™' were
presentin HP1, HP2 and HP3 spectra but were not present
in the spectrum of BaFe,, gBi;Al, ;0,5 Which indicate the
presence of both BaFe,, ¢Bij;Aly ;0,4 particles and PANI
in HP1, HP2 and HP3 samples. The characteristic peaks of
BaFe,; gBi; 1Al 10,4 are defined by Fe-O bond vibration
at 442 and 587 cm™’ (Fig. 3a) [25]. The intensity of these
two peaks is higher in the spectrum of BaFe,; gBij ;Al; ;049
compared to those of composites indicating that the com-
posites show less absorbance than BaFe,; ¢Biy;Aly;0;0.
The peak observed at 2356 cm™ refers to the presence of
CO, in the sample which was absorbed from the atmos-
phere and the wide band at 3429 cm™" refers to the vibra-

tion of —OH group [35].

4.3 Morphological analysis

FESEM micrograph of BaFe, ¢Bij ;Al; 10,9-PANI composite
(HP1) is given in Fig. 4. In this image, the presence of PANI
and BaFe; gBig;Aly ;0,4 (BaM) particles were observed and
the particles size of BaM was found to be in the range of
25-50 nm. EDX analysis (Fig. 5) shows that all chemical ele-
ments of the composites of BaFe,, ¢Bij 1Al ;0,9 and PANI
are presents which support the homogenous distribution

and results revealed by XRD analysis.

Fig.5 EDX spectra of cps/eV
. 144
BaFe”B_BIOJAIOJOw PANI . El AN Series unn. C norm. C Atom. C Error (1 Sigma)
composite [wt.%] [wt.3] [at.%] [wt.%)
124 C 6 K-series 61.75 6175 68.45 7.92
b O 8 K-series 23.73 2313 19.74 4.17
N 7 K-series 11.82 11.82 11.24 3.15
1 Fe 26 K-series 1497 1.97 0.47 0.11
10 N Ba 56 L-series 0.42 0.42 0.04 0.06
18 Bi 83 L-series 023 0:23 0.01 0.09
:C Al 13 K-series 0.08 0.08 0.04 0.04
8—_ Total: 100.00 100.00 100.00
6—
4
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Al ‘ Ba Fe
.
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Fig.6 Absorbance of BaFe,; gBij;Aly;0,o-PANI composite
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Fig.7 Optical band gap of BaFe;; gBij ;Aly 10,4-PANI composite

4.4 Optical analysis

UV-vis spectroscopy was employed to examine optical
properties of the BaFe,; gBij;Al;;0,5-PANI composite.
Figure 6 exhibits the absorbance spectra of prepared
sample in the range 200-780 nm. According to the
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literature, PANI presents two characteristic absorption
bands in UV-vis spectrum especially at around 336 nm
and 600 nm which are assigned to = — z* transition
phenyl ring and n — z* transition benzenoid to quinoid
respectively [32, 36]. In the present case, the UV-vis
spectra are also showing two large absorption peaks
indicating the presence of PANI.

The two absorption bands were found at around
323 nm and 580 nm for HP1, at 323 nm and 584 nm for
HP2 and at 323 nm and 585 nm for HP3. Compared to the
absorption bands of PANI, it was noticed that peaks of HP1,
HP2 and HP3 show blue shift (hypsochromic shift) which
can be due to the interaction between oxygen in hexafer-
rite particles and -NH in PANI [33]. These absorption bands
indicate the passage from valence band to the conduc-
tion band. The transition requires an energy defined by
the band gap energy (,) calculated from the following
equation [37, 38]:

(ahv)’ = B(hv — E,) 4

where A is a constant, E_ is the band gap energy and h
is the Planck’s constant. Figure 7 shows Eg plots of pre-
pared sample. After an extrapolation of linear part of the
curve of (ahv)? against E,, band gap energies of prepared
samples have been estimated and were found to be 2.24,
2.36 and 2.21 eV for HP1, HP2 and HP3 respectively. For all
the samples the values of £, were found to be lesser than
3.18 eV [39]. It can be noticed that the band gap values
and crystallite size vary inversely that means higher the
crystallite size smaller the band gap. This can be explained
by quantum confinement effects [6].

5 Conclusion

BaFe,, gBig1Aly ;0,-PANI nanocomposites have been
prepared using mechanical blending after preparing
BaFe, ¢Bij 1Al, ;0,4 and PANI by sol gel auto combustion
technique and oxidative polymerization respectively. XRD
analysis and Rietveld refinement revealed the formation
of single phase of BaFe, 4Bij ;Aly ;0,4 incorporated in PANI
matrix. The presence of PANI was observed at around 25°.
FTIR analysis showed the characteristic functional groups
of both PANI and M-type hexaferrite describing the com-
posite nature of HP1, HP2 and HP3. Band gap was esti-
mated by UV-vis analysis and values were found to be
between 2.21 and 2.36 eV.
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