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Silica@Fe;0, Nanocomposites
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? Department of Chemistry, College of Science, Wasit University, Wasit, Kut, Iraq
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Abstract

In this study, pure polyaniline (PANI) and polyaniline-based nanocomposites incorporating 5—15 % wt.% of sili-
ca@Fe;0, were synthesized using ultrasonic-assisted polymerization. Formation of PANI and the well-dispersed
nanocomposites was confirmed by FT-IR, UV-Vis, XRD, SEM, and TEM techniques. The XRD results showed that the
particle size of pure aniline (PANI) was 55.5 nm. This size was reduced to 45.2 nm when PANI was doped with 15 % wt.
of green-prepared silica@Fe;O,, indicating a high homogeneity and improvement in the structure of the formed
nanocomposite. The optical band gap was narrowed from 3.2 to 2.5 eV with increasing of the dopant content, suggesting
an enhanced charge-transfer interaction. Furthermore, a significant improvement in the electrical conductivity of the
ultrasonically doped PANI was observed over the pure PANI. Additionally, it was found that that the electrical con-
ductivity increased with increasing of doping weight ratio and increasing of temperature. These findings demonstrate
that the green-synthesized silica@Fe;0, effectively improves the structural and electrical properties of PANI, high-
lighting a new approach for producing distinct conductive nanocomposites with promising electronic applications.

Keywords: Conductivity, Green chemistry, Magnetite, Nanoparticle, Polyaniline, Silica

1. Introduction
C omposites are a category of materials that
significantly participate in improving human
life. Composite materials are formed by joining at
least two substances with distinguished character-
istics [1]. Nanocomposites are class of composites
distinguished by their nanometer sizes [2,3]. This
class of materials has been emerged as a sufficient
choice instead of micro or macro-composites that
have limitation in their applications [4]. Conjugated
polymers usually exhibit a slight electric conduc-
tivity. In the contrary, a high electrical conductivity
is shown by the oxidized or doped polymers [5]. As
a common conjugated polymer, polyaniline (PANI),
however, has a distinctive electrical conductivity.

This polymer also shows a significant chemical
stability and can be synthesized easily. Due to the
fascinating electronic and optical applications of
PANI, it was attracted a lot of attention [6].
Compared to their competitors of inorganic mate-
rials, Nano-composites that originated from joining
polymeric-inorganic materials exhibit an amazing
performance [7]. The applications of these new
classes of nano-composites present in different
fields such as photodegradable properties, optical
applications and developed biological electronic
[8—10]. Many approaches for producing nano-
materials have been employed. These methods
varied from long-route to simple green chemistry
approaches [11]. A lot of attention has been paid to
green chemistry techniques, principally due to the
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environment-friendly besides their low coast. In
this context, plant-mediated synthesis involved in
green chemistry is an attractive method as they can
be carried out without any reagent. Therefore,
numerous metal-nanoparticles have been pro-
duced, including Au, Zn and Ag [12—14]. Nano-
particles surface can be modified via utilizing of
plant extracts as they comprises different phyto-
chemicals [15]. To synthesize electrically conductive
nano-composites, the polymers with conductivity
properties have been loaded by many metal and
metal oxide particles. As they inherent p-type
semiconductors with reasonably slight band gaps,
the iron oxides display various noteworthy prop-
erties, rendering them to be used in a variety of
applications [16]. Polymers have various applica-
tions in electrical and electronics manufacturing.
They have been utilized as electrical or heating in-
sulators, or as elementary substances in the elec-
trical capacitors industry. The scope of polymers
electronic applications can be expanded to involve
the electrical conductivity, particular, in the syn-
thesis of diodes and solar cells. This can be ach-
ieved through the distortion or the addition of
metallic substances including Cu and Ag [17]. As a
conducting polymer, the synthetic procedure of
poly aniline (PANI) significantly effect on its elec-
trical conductivity. It was stated that the electrical
conductivity of polyaniline can be varied from (10-
10-102) s/cm [18,19]. It is well known that aniline
polymerization resulted in formation of polyaniline
(PANI), which shows a high electrical conductivity.
Aniline is water-soluble material due to its basicity.
The weak basic feature of this substance is attrib-
uted to the lone pair electrons located on N atom in
the -NH, moiety [20].

The aim of this research was doping of polyani-
line with silica@Fe;O,4 and studying the effect of the
dopant ratio on its electrical conductivity. Doping
process was conducted with nano-oxides (prepared
through green chemistry methods) using an ultra-
sonic approach to obtain nanocomposites. Unlike
conventional PANI-based nanocomposites, this
study combines ultrasonic-assisted polymerization
with eco-assisted synthesis of silica@Fe;O4 nano-
particles to enhance dispersion, interfacial interac-
tion, and temperature-dependent electrical
conductivity.

2. Materials and methods

2.1. Materials and instruments

All chemicals used in this work were of analytical
grade and acquired from Sigma-Aldrich Company.

Powder X-ray diffraction (X' Pert Pro mono ach-
romatized) was employed to acquire the XRD pat-
terns at the range of 5°-90°. A transmission
electron microscope (TEM) [(JEM-2100 (JEOL)] was
utilized to investigate the surface morphology of
the synthesized polymers. An energy dispersive
spectrometer (EDX) was exploited to ascertain the
surface elemental constitution of polymers.

2.2. Synthesis of polyaniline

Polyaniline was synthesized by the oxidation
polymerization of aniline in an acidic conditions
using an ammonium persulfate as an oxidant
[21]. The process begun by mixing 2.3 ml of an-
iline with 50 ml of HCI (0.5 M), then stirring the
heterogeneous mixture until it became homoge-
neous solution. This was achieved by a magnetic
stirring technique using a Digital Hot Plate/Stir-
rer device. The produced solution was left in an
ice bath for about 60 min. In another container,
50 ml of distilled water was mixed with 5.7 g of
ammonium persulfate. This oxidizing agent was
then added to the aniline solution gradually drop
by drop, where the color of the mixture was
changed until it turned into dark green, indi-
cating the completion of the polymerization
process. The obtained solution was left to rest for
24 h at ambient temperature. After that, the
formed precipitate was filtered and then washed
with pure acetone for several times to afford a
clean and a dark green solid product. This ma-
terial was dried in a vacuum oven at 80 °C for 6 h
before it was crushed using a mortar to obtain
polyaniline powder.

2.3. Green synthesis of silica@Fe;0 nanoparticles

Rice husks are available as agricultural waste, so
they were utilized to produce the amorphous silica.
The silica was extracted from RH via the sol-gel
method at pH = 6 [22], and then it was reacted with
iron salts as follows: Fe3;O, nanoparticles were
produced from silica extracted from husk. Briefly,
5 g of silica was added to 20 ml of deionized water
with stirring. The synthesis of Fe;O, nanoparticles
was performed by mixing of 20 mL of 2 mol of FeCl;
and 2 mol of FeCl, in a beaker. The produced iron
chloride solution was then added to the silica so-
lution drop by drop. To this mixture, 1 M of sodium
hydroxide was added with stirring for 1.5 h until a
black-colored precipitate was formed. The precipi-
tate was obtained by filtration, washed with water
for three times, and dried at ambient temperature.
The resultant material was calcined at 400 °C for
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2 h. The solid black-colored product was collected
and kept for a further processing.

2.4. Preparation of nano-PANI/silica@Fe;04 composite

Nanocomposite (PANI/silica@Fe;O,) was gener-
ated through the addition of (5, 10, and 15)% of the
silica-iron oxide NPs to (2.5) mL of aniline. Upon
the formed mixture was placed under ultrasonic
waves for 15 min, hydrochloric acid (5 M, 10 mL)
was added. The produced solution was slowly stir-
red until its color was turned into green-blackish.
The solution was left to settle for one night where a
precipitate was formed. The formed polymeric solid
material was separated by filtration. To eliminate
the short chains of the polymer, acetone was added.
The obtained polymeric long-chains was dried, and
gridded utilizing a Passel mortar. The produced
fine powder of polyaniline (PANI) (the conducting
polymer), was retained in tightly closed flask.

2.5. D.C electrical measurements

To examine the doped and pure polyaniline
samples throughout the polymerization, The D.C
electrical measurements were employed at several
voltages. The very fine powder of the PANI was
firstly subjected to a pressure of three tones to
compress it in a pellet form with a 10 mm diameter
and 1.68—1.98 mm thickness. The pellet surface was
covered with aluminum using vapor deposition
technique to expand the electrical connection. The
D.C measurements were run using a series circuit
technique at a temperature ranged from 303 to
423 K. Aiming to lessen stray capacitance, a special
sample holder was designed and utilized for this
purpose. Measurement of each pellet was repeated
three times and the average value was stated. The
following equation was employed to obtain the total
conductivity [23]:

o=L/(RA) (1)

Where: L. = thickness, A = «cross section,
R = resistance, which is calculated by Eq. (2).

R=V/I )

V = voltage, and I = current.

To calculate the activation energy (Ea.), the
following formula of Arrhenius equation was uti-
lized [23]:

c=Aexp(—Ea./KBT) 3)

KB = Boltzmann's constant (1.3806 x 10—23 J/K),
T = Kelvin.

3. Results and discussion

Synthesis of pure polyaniline chains were con-
ducted using ultrasonic technique in presence of
HCI (as the acidic medium) at room temperature.
Following the same procedure, different doped
polyanilines were synthesized, but in this case
different percentages of silica@Fe;O4 nanoparticles
were added, yielding darkish green powder (Fig. 1).
All reactions were carried out under oxidation
environment employing ammonium persulfate (as
an oxidizing agent). Scheme 1 shows the chemical
oxidative polymerization.

3.1. Characterization of pure polyaniline (PANI) and
doped polyaniline (S1—S3) nanocomposites

The synthesized samples were characterized
using FTIR technique to identify the functional
groups, XRD to analyze crystallinity, SEM and TEM
to analyze the morphology, UV-Vis spectroscopy to
test the optical properties, and DC electrical con-
ductivity measurement to study of charge transport
behavior.

3.1.1. FI-IR spectroscopic measurements

Fig. 2 shows FT-IR spectra of pure polyaniline
(PANI) and the doped polyaniline (51—S3) nano-
composites. The spectrum of PANI is shown in
Fig. 2. The band of N—H (aromatic amine) in the
benzenoid ring appears at 3419 cm ! [24]. Also, the
peaks observed at 3419, 1581, 1489, 1385, 1127, and
823 cm ™! are identical with those of the standard
PANIL The bands noticed at 2924 and 2863 cm " are
corresponding to alkyl groups that belong to

(b) After)

(a) Before

Fig. 1. The color of aniline before (a) and after (b) polymerization.
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Scheme 1. Oxidative polymerization of aniline.

dodecyl hydrogen sulfate. The stretching band
detected at 1631 cm ' is identical with C=N of the
quinoid moiety. The bands appeared at 1300-1200
cm-1 assigned to C—N in the benzenoid moieties
[25]. Furthermore, some bands of the nano-
composites spectra (5—15 %) were underwent slight
shifts compared to those of pure PANI (Fig. 2).
These shifts due to the interaction between the
Fe;04@Silica nanoparticles and PANI, which
probably generated between N—H groups of PANI
and O—Fe and O-Si over the silica@Fe;O,4 nano-
particles [26].

3.1.2. X-ray diffraction

Fig. 3 displays the X-ray diffraction pattern of
pure polyaniline (PANI) showing its polycrystalline
structure, where the peaks were detected at 20 =
(20.3, 25.1, 43.9, 64.3, 77.4) 20. This pattern was
identical with the (JCPDS Card No. 07—0508). The
PANI crystalline structure most is likely attributed
to the replication of ben zenoid and quinoid moi-
eties along the chain of PANIL The main peak
observed at 20 = 25.1 belongs to the crystal plane
(110) [27—29] of polyaniline hydrochloride. The X-
ray diffraction data of the PANI/SiO2@Fe304
(51-S3 nanocomposites) showed a polycrystalline

1354
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1.25 - ' 2368.01 -y
202426 t —he

120 4. "13852.0112785 5%
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Fig. 2. FTIR spectra of PANI and silica@Fe3;0, nanocomposites
(515 %).

700 4

—— pure

—5%
600 0%
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500 \

4004

| (a.u)

300

2004

100 4

2 theta (deg)

Fig. 3. X-ray diffraction of PANI-silica@Fe;04 nanocomposites.

structure, but the degree of crystallization is not
clear.

Hence, the intensity of the peaks decreases with
increasing of doping percentage as displayed in
Fig. 3. This implies that polyaniline is affected by
the addition of the silica-iron oxide nanoparticles.
Fig. 3 shows the polyaniline (PANI) peaks at 26 =
(43.9, 64.3, and 77.4), indicating the gradual
decrease in peaks of pure polyaniline (PANI) with
increasing the doping weights from 5 to 15 %wt.
Nevertheless, as the silica@Fe;O, nanoparticles
being permeated into PANI layers, peaks of this
material became very weak or mostly invisible
[30].Fig. 3 also shows the results of XRD of pure
and doped polyaniline powder and compared with
the card (JCPDS Card No.07-0508). This figure
shows that the values of the inter-crystalline plane
distances that calculated by Eq. (4) are highly
consistent with their values in the card as shown in
(Table .1). The crystallite size (D) was also calcu-
lated by Scherer's Formula [31]:

n A=2d sin(0) 4)
k(1/B) cos(6) ()

Where: D = The distance between two successive
atomic levels, B = The width of the curve at the
midpoint of the peak in units (deg), 6 = The Braak's

Table 1. Values of the inter plane distances obtained from XRD of
PANI and doping PANL

Code 26 (Deg) FWHM d\bkl EXp. C.S
(Deg.) (A) (nm)
PANI pure 25.2148 0.1467 3.5291 55.5
5 % silica@Fe30, 25.2485 0.1514 3.5245 53.8
10 % silica@Fe;0,  25.8032 0.1599 3.4500 51.0
15 % silica@Fe;0,  26.9354 0.1806 3.3075 452
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angle, K= Scherer's constant (0.9) and
A = wavelength.

Scherer equation provides an estimation of
average crystallite size rather than true particle size.
The crystal size of the prepared compounds ranged
between (55.5 and 45.2) nm, where the largest
crystal size was obtained for the pure polyaniline.
While the small crystal size was obtained at doping
weight (15 %), which indicates a high homogeneity
at this weight. The broad diffraction peak of PANI

indicates its semi-crystalline property.

3.1.3. Scanning electron microscopy (SEM)

SEM images were acquired using JEOL, JSM-6330
LA at 20.0 kV and 1.0000 nA. Fig. 4(a—c) displays the
surface morphology of the produced polymers.
Fig. 4 (a PANI-aS3) displays the fibrous
morphology of the polymer chain, which signifies
the fibrous nature of the PANI layers. Fig. 4(b)
shows the map images that represent the uniform
distribution of silica@Fe;O4 nanoparticles over the
PANI layers. Fig. 4(c) shows the dimensions of the
particles embedded into the polymeric films with

D1 = 43.82 nm

SEM MAG: 100 kx Det: InBeam
WD: 4.91 mm B8I: 7.00
View fieid: 2.08 pm  Date(midly): 02102125

500 nm

B3 - 2385m 45 76 am
B4 =5548nm

D1 = 31.00 nm

SEM MAG: 100 kx Det: InBeam
WD: 4.94 mm BI: 7.00
View fleid: 2.08 ym | Date(midiy): 02/02/25

500 nm

B2=-32250m

61 =3268nm

Ba = 34.77 fhp = 37617 im

SEM MAG: 100 kx Det: InBeam MIRA3 TESCAN
WD: 4.96 mm Bi: 7.00

View fieid: 2.08 ym | Date(midly): 02/02/25

500 nm

SEM MAG: 100.0 kx Dot: InBeam
WD: 4.90 mm BI: 7.00
View fleld: 2.0 ym  Date(midiy): 02102125

|

500 nm

2000-|

Counts/s

10 15

5 Energy (KeV)

Fig. 4. FR-SEM images of polyaniline (aPANI), polyaniline (aS1) 5 %Wt, polyaniline (aS2) 10 %uwt, polyaniline (aS3) 15 Y%wt; maps EDX of

polyaniline 15 %wt (b) and EDX of the doped PANI 15 %wt (c).
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range of 32—143 nm, and the homogeneous scat-
tering of silicone, iron, sulfur, and oxygen. This
clarify that these atoms were uniformly scattered
around the PANI layers. Thus, the FESEM/EDX
data substantiate the immobilization of iron oxide
over the surface of amorphous silica, which is
consistent with the XRD findings. Furthermore, the
EDX data exhibited that the percentage of silicon,
oxygen, and iron elements in silica@Fe;O, were
38.5, 11.01 and 20.01 (wt. %), respectively. The EDX
spectrum of PANI (silica@Fe;O4 15 % wt.), also
showed also the presence of Si and N elements.

The particle size detected by SEM represents
agglomerated particles, whereas XRD reflects the
crystallite size of coherent domains. SEM displays
the size of aggregated particles, XRD measures
crystallite size (coherent diffraction domains).
Agglomeration during drying increases the
apparent SEM size, and each particle may contain
multiple crystallites.

3.1.4. UV-vis absorbance analysis

UV-vis absorption spectra of PANI and the pro-
duced the doped polyaniline (S51-S3 nano-
composites) are presented in Fig. 5. The absorption
spectrum of pure PANI displays the characteristic
bands that observed at 364 and 457 nm. The
absorbance seen at 364 nm is attributed to © —
m*electronic transitions occurring within the
benzenoid substituents. Nevertheless, the absorp-
tion band appears at 457 nm likely belonging to
polar on- m*transition, which take place due to the
PANI protonation. The UV-Vis spectra of PANI
nanocomposite (5—15 %) are presented in Fig. 5,
which exhibits the shifting in the locations and the
intensities of the distinguishing bands of PANI.
These shifts are attributed to the incorporation of

0.8 4

(chvy’

0.6+

0.4 4

024

0.0 T T T T 1
20 25 3.0 35 4.0 45

hv(ev)

Fig. 5. Absorbance spectrum (UV-Visible) of pure and doped polyani-
line (5—15 %Wt).

silica@Fe;O,NPs.in the polymeric net, indicating
the effect doping on the PANI conductivity. The
optical energy gap is the lowest energy required for
transferring an electron from the valence band to
the conduction band. This constant is necessary as
it provides a lucid concept about optical absorption.
Energy gaps are critically affected by the doping
process and the environment temperature. The
energy gap value of the allowed direct transition
was obtained by graphically drawing the (avh - vh)
relationship. This was achieved by choosing the
best tangent to the straight part of the curve to cross
the energy axis of the incident photons at the point
0 = 2avh, where the value energy gap of the
allowed optical transitions signifies the point of
crossing with the energy axis of the falling photon
as illustrated in Fig. 6. The energy gap values for
pure polyaniline and its nanocomposites ranged
between (3.2—2.5) eV, and the lowest value of the
energy gap was found at the (15 %) weight. The
reason behind this is the presence of new local
levels above the valence bands and below the
conduction bands within the forbidden gap, which
is compatible with previously published works
[32,33]. The optical energy gap of PANI and its
nanocomposites are exhibited in Table 2.

An indirect allowed transition was assumed due
to the semi-crystalline polymeric nature of PANI
As baseline correction was applied to all UV-Vis
spectra.

3.2. DC-electrical conductivity
One of the aims of the present study was to

investigate the effect of doping ratios on the elec-
trical properties of polyaniline. Fig. 7 shows the role

— pure

—10%
15%

Absorption

0.0

T T T T T T
300 400 500 600 700 800
Wavelength (nm)

Fig. 6. Optical energy gap of polyaniline and nanocomposites.



240 A.S. Shaway et al. / Karbala International Journal of Modern Science 12 (2026) 234—242

Table 2. The optical energy gap of pure polyaniline and its
nanocomposites.

Sample PANI 5% 10 % 15 %
Eg(ev) 3.2 2.9 2.7 25
44 3 L

////
b d
‘© i
: ‘//
'E 3 '
o /
@ /
~— S
< 7
© 7
,///
2 n u
T T T T T T T T T
2 0 2 4 6 8 10 12 14 16
Fe,0,-silica %

Fig. 7. Effect of doping ratio on polyaniline conductivity at 20 °C.

of doping ratios of silica@Fe;O, nanoparticles on
the electrical conductivity values of the nano-com-
posite at a temperature of 20C°. It was observed
from the figure that increased with the increasing of
doping weight percentage. Compared to other
percentages doping weight, the highest value of
electrical conductivity was found at the doping
weight of (15 %) then 10 % shown in Table 3.
These results were compatible with the results of
XRD measurements, where the slightest crystal size
was found at doping weight of (15 %), indicating a
high homogeneity at this weight. Also, the electro
conductivity of the doped polyaniline (S3), which is
consistent with the lowest value of the energy gap
was observed at the doping weight of (15 %). It can
be noticed that after nano-silica (SiO,) and nano-
particles of iron oxide (Fe;O, or Fe,Os) are being
incorporated into polyaniline (PANI) chains, its
energy band gap was reduced. This can be assigned
to a number of reasons. First, the attendance of

Table 3. Electrical conductivity of pure and doped polyaniline at
temperature (20 °C).

Code 4(20 °C) 4c(170 °C)
(s/lcm) o (s/lcm) o
PANI(Pure)without ultrasounic 4 x 107 7 x 107*
PANI(Pure) with ultrasounic 2 x 1072 4x1072
Fe;0,@silica 5 %wt (S1) 2 x 102 6 x 1072
Fe;0,@silica 10 %wt (S2) 3 x1072 1 x 1072
Fe;0,@silica 15 %wt (S3) 4 %102 3 x 102

formed nanoparticles can enhance the polymer
chains assembly, which enable the extending of -7
conjugation. This allows the electrons delocaliza-
tion along the polymer chain, enabling an efficient
decrease in the HOMO — LUMO energy gab. The
second reason is the interaction of the functional
groups on the surface of nanoparticles with the
nitrogen-including groups in the PANI backbone,
which lead to new states of decentralized energy in
the band structure. Consequently, the effective
band gap will be minimized. Also, the nanoparticles
features such as the semi-conductive or conductive
contribute in improving charge transfer and de-
creases the energy levels for electronic transitions.
These characteristics synergistically lead to
enhancement of electrical conductivity and an
apparent reduction in the optical band gap of the
prepared nanocomposite [34].

Fig. 8 shows effect of doping ratio on polyaniline
conductivity at 170 °C.

4. Conclusion

In this work, polyaniline/silica@Fe;O, nano-
composites and doped polyaniline were success-
fully synthesized. Structural and morphological
analysis confirmed the effective incorporation of
silica@Fe;O4NPs into the PANI matrix and the
improvement in particle dispersion due to ultra-
sonic irradiation. XRD results indicated the semi-
crystalline nature of PANI and revealed changes in
crystallite size and peak intensity upon nano-
particle loading, reflecting enhanced interfacial in-
teractions within the nanocomposites. Optical
studies demonstrated a slight modification in opti-
cal band gap with increasing silica@Fe;O4NPs,
which is attributed to changes in electronic struc-
ture and localized states induced by the fillers.
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Fig. 8. Effect of doping ratio on polyaniline conductivity at 170 °C.
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While electrical conductivity increases with
increasing temperature, confirming the semi-
conducting behavior is mainly governed by ther-
mally activated charge transport and hopping
conduction mechanisms. The incorporation of sili-
ca@Fe;O4NDPs led to a noticeable enhancement in
electrical conductivity compared to pure PANI,
owing to improved charge carrier mobility and
better interfacial connectivity. Overall, the ultra-
sonic-assisted, eco-assisted synthesis route proved
to be an effective method for preparing PANI/sili-
ca@Fe;0, nanocomposites with improved struc-
tural uniformity and electrical performance. These
polymers show potential for applications in tem-
perature-dependent electronic devices, sensors,
and conductive polymer-based systems.
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