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M.D. Bedre®, V. Malashetty”, R. Deshpande®, S. Basavaraja’, S. Ganiger® and A. Lagashetty™*
“Gurukul College of Science, Kalaburagi, 585102, Karnataka, India
*Department of Studies in Zoology, Vijayanagara Sri Krishnadevaraya University, Ballari,
583105, Karnataka, India
‘H.K.E.S’s College of Pharmacy, Kalaburagi, 585103, Karnataka, India
Veeco-India Nanotechnology Laboratory, Jawaharlal Nehru Centre for Advanced Scientific
Research, Bangalore, 5600016, Karnataka, India
“Department of Physics, Government Engineering College, Raichur, 584135, Kamataka, India

IDepartment of Studies in Chemistry, Vijayanagara Sri Krishnadevaraya University, Ballari,
583105, Karnataka, India
(Received 14 March 2021, Accepted 5 November 2021)

(PANI)-(Ag-Au) alloy nanocomposites (ANC) were synthesized by an interfacial polymerization method using ammonium persulfate

as oxidant at the water/chloroform interface. Ag” and Au' ions from the AgNO; and HAuCl, solutions were utilized in the formation of
PANI{Ag-Au) ANC. The structural variations of silver and gold incorporated PANI were confirmed by X-ray diffraction (XRD). Particle

size and its distribution were determined from the transmission electron micrograph (TEM). The surface morphology and the bonding

nature of the above-prepared sample were studied by scanning electron micrograph (SEM) and Fourier transform-infrared (FT-IR)

respectively. The presence of Ag and Au metals in the sample was confirmed by EDX analysis. The thermal behavior of the alloy sample

was studied by thermogravimetric analysis. The adsorption behavior of the sample for heavy metal ions, such as Pb*" and Hg?", was

determined by atomic absorption spectrometry (AAS). The results showed the considerable adsorption of heavy metal ions onto the ANC.
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INTRODUCTION

Among conducting polymers, polyaniline (PANI) has
become a particular focus of interest because of its
environmental stability, controllable electrical conductivity
[1], and interesting redox properties associated with the
presence of nitrogen atoms. The electrical properties of
the aniline polymers can be improved substantially by
secondary doping [2]. PANI compounds can be designed to
achieve the particular conductivity required for a given
application. Incorporating nanosized metal particles into

*Corresponding author. E-mail: arun.lagashetty@gmail.com

polymer matrices, such as polypyrrole (PPY) or PANI, is of
current interest due to its promising applications [3-4]. On
the one hand, the polymer can be used as a matrix to
stabilize the growth of nanoparticles and prevent the
agglomeration process. These stabilized nanoparticles are
studied for their catalysis and optical, magnetic, mechanical,
and electrical properties [5-6]. In addition, the nanoparticles
can be incorporated into polymer matrices to enhance some
of the polymer properties, such as conducting, structural,
electronic, mechanical, and electrical properties [7-8].
Moreover, nanoparticles can serve as fillers to modify the
polymer surface morphology or even print nanoelectronic
circuits using some other templates or masks. Ag/Au
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nanoparticles are known for their novel optical properties,
surface-enhanced Raman scattering (SERS), and ability to
attach biomolecules to be used as biosensors [9-11].

Recently, interfacial polymerization for the synthesis of
PANI alloy nanocomposites has received attention from
researchers due to its simplicity, eco-friendly nature, large-
scale production ability, and potential to be used for the
production of high-quality products with nanostructures
[12-14]. Enhanced properties, such as electrical and
electrochemical properties, have been observed in PANI
composites compared to its plain PANI [15]. Dispersed
metal/metal oxides in PANI are responsible for its
conducting nature and act as pillars between the PANI
chains. The electrochemical activity of PANI in its pure
form is less due to the release of counter ions and its
stability. A proper solution is to disperse metal/metal oxides
in the PANI matrix [16].

Among various metal nanoparticles, Au-Ag bimetallic
nanoparticles have several important applications in the
field of biolabelling, sensors, antimicrobial agents [17-18],
detection and destruction of cancer cells [19-20]. Several
approaches have been proposed to embed the noble metal
nanoparticles in various matrices, such as silica, alumina,
borate glass, and MgO by sputtering, ion implantation,
thermal vapor deposition, and a radio frequency magnetron
co-sputtering method [21-22]. All these methods involve
tedious procedures and adaptation. The aim of the present
investigation was to report on the use of an interfacial
polymerization method for the preparation of PANI-(Ag-
Au) ANC by in situ chemical oxidation. The prepared alloy
nanocomposite ~ was  characterized using  various
characterization techniques. The thermal and -electrical
properties of the ANC were studied in detail.

EXPERIMENTAL

Materials and Methods

Chemicals such as AgNO;, HAuCl,, ammonium
persulphate (APS), HCI, and HNO; used in the present
study were analytical grade reagents procured from
Qualigens Chemicals Ltd. Double-distilled water and
double-distilled aniline were also used in the experiment.
The interfacial polymerization method was used for
the preparation of PANI-(Ag-Au) ANC materials using
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chemical oxidation.

Synthesis of PANI-(Ag-Au) ANC

In a typical synthesis, 5 g of aniline is dissolved in
50 ml of chloroform (CHCly) in a separate beaker. 0.1 N
AgNO; in 1 N HNO; and 0.1 N HAuCl, in 1 N HCI were
prepared in two separate beakers. 0.1 N ammonium
persulfate solution was prepared in distilled water in a
separate beaker and used as an oxidizing agent in the
polymerization reaction. These three mixtures were slowly
added to the organic phase, containing aniline and
chloroform, by maintaining the temperature between
0-5 °C. After 5 min, a blackish green-colored material was
formed slowly at the interface (Fig. 1). Then, the reaction
content was kept for 24 h. After complete oxidation of
PANI with Ag-Au sample, the entire aqueous phase was
filled homogeneously with blackish green PANI-(Ag-Au)
ANC. The aqueous phase was then collected and washed
with ethanol, followed by water, to remove the unreacted
aniline. The residue obtained PANI-(Ag-Au) ANC was
purified and was dried in a vacuum oven at 40 °C for 36 h
[23-24]. The powder form of the sample is shown in
Fig. 2a.

Preparation of Pellets

The powder of PANI-(Ag-Au) ANC obtained using the
interfacial synthesis method was crushed and ground finely
in the presence of acetone medium in an agate mortar. The
powder was pressed to form pellets of 10 mm diameter and

Fig. 1. The interface formation of PANI-(Ag-Au) ANC.
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Fig. 2. (a) Prepared PANI-(Ag-Au) ANC, (b) Magnified
PANI-(Ag-Au) ANC pallet.

its thickness varied from 1 to 2 mm under an applied
pressure of 90 MPa in a hydraulic press [25]. The optical
image of the magnified PANI-(Ag-Au) ANC pallet is
shown in Fig. 2b.

Adsorption Study

First, 200 ppm of lead acetate solution was prepared in
double-distilled water, and 20 ml of the solution was taken
in a conical flask containing 1 g of the prepared PANI-(Ag-
Au) ANC sample. The solution was well shaken on a
mechanical shaker of 300 rpm for about 5 h for the
adsorption process. Then, the solution was kept constant for
one h for complete adsorption. The eluent solution was
taken out and subjected to atomic absorption spectroscopy
(AAS). The adsorbed powder ANC sample was dried at
room temperature and subjected to various characterizations
to study the adsorption of lead ions on the adsorbent sample.
A similar procedure was carried out for mercury metal ions
on the PANI-(Ag-Au) ANC sample

Characterization Techniques

The crystallinity of conducting polymers is a matter of
interest due to their highly ordered systems exhibiting high
conductivity. Thus, to examine the crystallinity of the
sample, the ANC was exposed to X-ray diffraction (XRD)
analysis. The powder XRD patterns of the sample were
recorded on a JEOL JDX-8P diffractometer using CuK.
radiation (1.5406 A) at 30 kV.

The chemical state of the ANC was
systematically investigated using Fourier transform-infrared

bonding

(FT-IR) spectra. The surface functional groups were
the all
nanocomposite materials as well as the transmittance of

verified, and structural information on

polyaniline in the ANC were identified by FT-IR spectral
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analysis. FT-IR spectra of the prepared ANC samples were
recorded on a Perkin-Elmer FT-IR spectrometer (Model No.
1000) in the range of 4000-400 cm™ at a resolution of
4 cm™. The IR spectra of the samples were recorded at room
temperature in the mid-IR region of 4000-400 cm™.

Thermogravimetric analysis (TGA) of the sample was
performed using a NETZSCH STA 409 PC instrument.
TGA data were obtained at a heating rate of 10 °C min™
under argon atmosphere.

Transmission electron microscopy image was obtained
using a JEOL 100CX operated at 190 KeV. The sample was
drop-coated on carbon-coated copper grids, which had been
placed on blotting paper, and then allowed to dry in air for
5 min.

The performance of ANC in aqueous medium was
assessed based on the collection of several PANI chains and
an electronic combination of pi-system. The transition of
charge transporters was examined by UV-Vis spectrum. The
absorption behavior of the sample was examined by
UV-Vis the
Elico spectrophotometer. The required amount of diluted

spectrophotometric measurements using
supernatant sample was placed in a quartz cuvette with a 1
nm path length and inserted in a UV-Vis spectrophotometer
in the short wavelength range of 300-700 nm to obtain the
UV-Vis spectra of the prepared sample. The sample was
the UV-Vis
performed to confirm uniform distribution.

ultrasonicated just before studies were

To study the particle morphology, the metal sample was
analyzed using a JEOL JSM-6380 LA Scanning electron
microscope with energy dispersive analysis of X-Ray
(EDAX).

The concentrations of lead and mercury solution before
and after the adsorption of the ANC were determined by
atomic absorption spectrometry. This analysis was recorded

on a Smith-Hieftje 1000 automated AA/AE spectrometer.
RESULTS AND DISCUSSION

X-ray Diffraction (XRD)

Figure 3 shows the XRD pattern of PANI-(Ag-Au)
ANC synthesized by interfacial polymerization. The pattern
shows the presence of Bragg reflections due to the
crystalline nature of the sample. Most of the peaks
observed and indexed in the pattern are related to Ag-Au
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Fig. 3. The obtained XRD pattern for PANI-(Ag-Au) ANC.
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nanoparticles. The obtained d-spacing values of the sample
matched well with the JCPDS file of Ag and Au (04-0783
and 01-1174), respectively. The peaks obtained for alloy
nanoparticles were also observed at the same 26 values in
the Ag and Au patterns [26-28]. The mean particle diameter
was calculated from the XRD pattern based on the high-
intensity diffraction peaks and using the Debye-Scherrer
equation:

D KA
f,,»cos0

where lambda is the X-ray wavelength (1.5418), By, is the
width of the XRD peak at half height, and K is the shape
factor. In addition, this equation uses the reference peak
width at an angle 6. The mean particle diameter of PANI-
(Ag-Au) ANC was calculated using the Debye-Scherrer
equation, and it was found to be 80 nm, which is in partial
agreement with the TEM results.

Scanning Electron Microscopy (SEM)

In our earlier work, we presented the morphology of
plain PANI by SEM image. In the present study, that image
was considered as the control image of PANI-(Ag-Au)
ANC. The SEM image revealed the semi-crystalline nature
of the sample with heterogeneity [29]. Figures 4a and 4b
show the typical SEM image of the as-synthesized PANI-
(Ag-Au) ANC at low and high magnifications, respectively.
It can be observed from the SEM images that the
distribution of metal particles is agglomerated due to
the formation of matrix mixing or close complexation. The
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Figs. 4a-b. The SEM image of PANI-(Ag-Au) ANC at low
and high magnifications.

more aggregation of the particles in the image can be
attributed to the metal matrix in PANI. The varied particles
with irregular shapes observed in the image can be due to
the complexed metals matrix mixing and the enhanced
crystallinity of the PANI. In short, the image illustrates the
difference between the morphology of PANI-(Ag-Au) ANC
and that of plain PANI. This change in morphology can be
attributed to the interaction between PANI and metal alloy
nanoparticles.

Transmission Electron Microscopy (TEM)

Figure 5 shows the typical bright-field TEM image of
the as-synthesized PANI-(Ag-Au) ANC. It can be seen from
the image that the distribution of alloy nanoparticles is
polydispersed in the polymer matrix and that the particles
are of different sizes. The image reflects spherical
structures, and the spherical aggregates composed of dark
spots symbolize the metal nanoparticles encapsulated with
the PANI matrix. In addition, most of the particles were
found to be spherical and hexagonal in shape, which is in
agreement with the result obtained from the Scherrer
equation of XRD. Furthermore, the TEM image of the
PANI-(Ag-Au) ANC sample shows that the Ag-Au
nanoparticles were finely dispersed into the polymer matrix.
This can be attributed to the intense turbulence and micro-
mixing caused by polymerization. Also, the size of particles
suggests that the composites obtained were nanostructured.
The metal nanoparticles seemed to be embedded in the
PANI matrix and started to coalesce and form agglomerates
due to the absorption property of PANI. The change in
morphology can be explained by the absorption and
intercalation of PANI on metal alloys.
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Fig. 5. The TEM image of the as-synthesized PANI-(Ag-
Au) ANC.

Fourier Transform-Infrared (FT-IR) Spectroscopy

Figure 6 shows the FT-IR spectra of plain PANI and
PANI-(Ag-Au) ANC polymer nanocomposite samples,
respectively. The bands at 1563 and 1481 cm™ are attributed
to the C=N and C=C stretching mode of vibration for the
quinonoid and benzenoid units of PANI. The peaks at 1300
and 1236 cm™ are assigned to the C—N stretching mode
of the benzenoid ring. The peak at 1239 cm™ is the
characteristic of the conducting protonated form of PANI.
The bands in the region of 1000-1110 cm™ are assigned to
in-plane bending vibration of C—H mode. The band at
820 cm™ originates out-of-plane C—H bending vibration.

Moreover, Fig. 6 shows two additional peaks at 665 and
703 cm’, which are due to the presence of metal
complexation in PANI. On both spectra, some bands shifted
slightly compared with the reported PANI, indicating that
some interactions such as weak Vander Waals forces of
attraction may have existed between PANI and the metals
[30].

Thermal Study

Figure 7 shows the TGA curve of as prepared PANI-
(Ag-Au) ANC. The curve shows that multistep continuous
weight loss occurred from room temperature to 450 °C.
These weight losses appeared as exothermic peaks at 75,
300, and 450 °C, respectively. The exothermic peak at
75 °C is attributed to the loss of adsorbed water molecules,
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Fig. 6. The FT-IR spectra of the PANI-(Ag-Au) ANC
sample.
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Fig. 7. The TGA trace of the PANI-(Ag-Au) ANC sample.

and other exothermic peaks correspond to the
decomposition of the sample. The endothermic process
happened at nearly 450 °C, which corresponds to the
formation and transition of the crystalline phases. The
thermal decomposition of the sample had more stability
compared to plain PANI; this may be due to the loss of
Ag-Au nanoparticles from the PANI matrix. It may be
concluded that the incorporation of Ag-Au nanoparticles
into PANI enhanced the thermal stability of the polymer,
indicating an interaction between Ag-Au nanoparticles and
the PANI matrix. This is in line with a broad peak observed
in the DTA trace at around 410 °C. The exothermic and
endothermic regions in the DTA pattern are consistent with

the change regions in the TG pattern. The TG curve shows
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no further weight loss above 500 °C, confirming the
formation of a stable alloy composite material.

Energy-Dispersive X-ray (EDX) Microanalysis

The results of EDX show the elements present in the
ANC sample. The EDX analysis of the PANI-(Ag-Au)
ANC was performed to confirm the incorporation of the Ag
and Au nanoparticles into the PANI matrix. Figure 8 shows
the EDX pattern of as-synthesized PANI-(Ag-Au) ANC
nanocomposite sample. A profile of the dispersed metal
showed a strong atomic signal, indicating the crystalline
nature of the sample. The optical absorption peak occurred
at 2 keV while the typical absorption of Au and Ag
nanoparticles was observed at 3 keV in the pattern. The
presence of a strong signal of Au and Ag atoms in the PANI
matrix confirmed the formation of PANI-(Ag-Au) ANC. No
other signals except that of Ag and Au in the pattern
indicated the purity of the sample.

Electrical Conductivity Study

Figure 9 shows the electrical conductivity graph of the
interfacial polymerized PANI-(Ag-Au) ANC sample. It is
clear from the figure that the increase in conductivity led
to an increase in temperature. More specifically, the
conductivity increased slightly in the sample when the
temperature increased up to 180 °C; however, a sudden
increase was observed in conductivity when the temperature
exceeded 180 °C. This kind of increase in conductivity in
the order of 107 s cm™ can be due to the doped Ag and Au
in the PANI matrix.

UV-Vis Study

Figure 10 shows the UV-Vis spectrum of PANI-(Ag-
Au) ANC formed in the aqueous phase. The absorption
band at 430 nm is attributed to the excitation from the
highest occupied molecular orbital of the benzenoid m-n
interactions to the lowest unoccupied molecular orbital of
the localized quinoid ring and the two surrounding imine
nitrogens in the PANI. Furthermore, Ag-Au nanoparticles
were dispersed in the PANI matrix, leading to a significant
change in the absorption spectrum. The formation of an
absorption band at 430 nm for the PANI-(Ag-Au) ANC
sample continued to extend to the near-IR region, indicating
the formation of oligomers in the doped state [31-32].
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Table 1. The AAS Results of Lead and Mercury Adsorption on PANI-(Ag-Au) ANC Sample

S1. No Concentration Concentration of Pb** solution ~ Concentration of Hg*" solution
1 Initial concentration 300 300
5 Concentration after passing through the 140 130
PANI-(Ag-Au) ANC sample
Adsorption Study the necessary instruments and infrastructure facilities. We

Table 1 shows the AAS results of pure lead and mercury
solutions with eluent lead and mercury solutions after
adsorption. The reduction in the concentration of eluent lead
and mercury solutions compared with that of plane lead and
mercury solutions, as clearly shown in Table 1, reflects the
loss of lead and mercury ions by adsorption on the PANI-
(Ag-Au) ANC sample [33]. The PANI-(Ag-Au) ANC
sample showed considerable adsorption due to the
remarkable adsorption active sites present on the sample.
The adsorption study revealed that the prepared composite

sample could act as a good adsorbent for heavy metal ions.
CONCLUSIONS

The preparation of PANI-(Ag-Au) ANC was achieved
by interfacial polymerization of aniline. SEM showed the
formation of clusters, and TEM showed the incorporation of
spherical-shaped Ag-Au particles into the PANI. The
evidence from the EDX and XRD indicated that there was
an interaction between the PANI and alloy (weak Vander
Waals forces of attraction). The results also showed a
reduction in Ag and Au during polymerization. The TG
analysis revealed that the thermal stability of PANI-(Ag-
Au) ANC composites was higher than that of pure PANI.
This can be attributed to the interaction between PANI and
Ag-Au alloy. These findings have several important
applications the field of biolabelling,
antimicrobial agents, and the detection and destruction of

in Sensors,

cancer cells.
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