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Abstract This work presents a method on the preparation and performance of four silver (Ag)

concentrations in polyaniline (PANI) and polyvinyl alcohol (PVA) nanocomposite blend (PNPAg).

The synthesis of Ag nanoparticles is first performed by photo reduction and then aniline is polymer-

ized in Ag-PVA matrix. Morphological analysis by SEM and TEM reveals formation of nanopar-

ticles with diameter 30–70 nm. Nanocomposites with lower Ag concentrations have highly aligned

PNPAg nanofibers of diameter 50–80 nm and agglomeration for the one with higher concentra-

tions. In addition, FTIR spectra show a systematic change in its characteristic peaks with increase

in Ag contents. The crystallinity study depicts the tetragonal crystal structure of metallic nanocom-

posites having same particle sizes as obtained in SEM and TEM. In order to explore the possible

applications of these nanocomposites in electronic industry, their electrical properties are investi-

gated. The in-plane I-V characteristics indicate a transition of polymer nanocomposites from

non-ohmic to ohmic material with increase of Ag content. The room temperature electrical conduc-

tivities are found to be in the range of 4.74 � 10�4 to 3.96 � 10�2 S/m with no major difference in

activation energy for all nanocomposites.
� 2016 Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Cutting edge applications need a synergic combination of new hybrid

material properties; therefore, it has attracted considerable attention

over the years. A large number of research works have been carried

out in this regard to obtain various potential nanomaterials with speci-
fic functionalities. Conducting polymer/metal nanocomposite is one

such class of hybrid material. Enhanced optical, electrical and dielec-

tric properties could well be obtained when polymer matrices are rein-

forced in different ratios with nanoscale fillers (Tamboli et al., 2012;

Varga et al., 2012; Abbasi et al., 2015). Moreover, polymers play the

key role in various potential applications in electronics industry

(http://www.azom.com/article.aspx?ArticleID=5969); electrically con-

ducting polymers are also known as ‘fourth-generation polymeric

materials’ (Heeger, 2001). Among the conducting polymers, polyani-

line (PANI) has received significant research interest due to its distinct

physical and chemical properties viz., redox properties, variable range

of conductivity upon doping, ease of synthesis, and environmentally

stable (http://www.azom.com/article.aspx?ArticleID=1267). Due to

these salient properties, PANI has obtained a wide variety of techno-
urnal of
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logical applications, for example, static charge dissipation, LED dis-

plays, electromagnetic shielding, gas sensors, pressure sensors, biosen-

sors, transistors, and lightweight batteries to name a few (Li et al.,

2009). Sometimes, commercial application of PANI gets limited due

to its poor solubility, infusibility, processability and mechanical

strength (Cardoso et al., 2007; Bhadra and Sarkar, 2009). To overcome

these disadvantages, blending of PANI with other higher molecular

weight polymers, for instance polyvinyl alcohol (PVA), is the most

extensively studied method in recent years (Cardoso et al., 2007;

Bhadra and Sarkar, 2009; Bhadra et al., 2014; http://www.4spepro.

org/view.php?article=006131-2015-11-10). The good mechanical

properties and intriguing electronic properties of these materials indi-

cate that they can be used in various device applications.

At the same time, silver (Ag) and gold (Au) metal nanoparticles

have gained considerable attention recently because of their promising

technological applications and important properties (Sun and Xia,

2002; Zhang et al., 2013a). These properties have made Ag suitable

for numerous applications such as catalysis, conductive inks, thick film

pastes and adhesives for various electronic components, in photonics

and in photography (Singh et al., 2011; Choudhury, 2009; Khanna

et al., 2005; Fujii et al., 2011; Zhang et al., 2013b). Several approaches

have already been employed to prepare conducting polymer–metal

nanocomposite. Among them, blending of both components

(Tamboli et al., 2012; Abbasi et al., 2015; http://www.azom.com/arti-

cle.aspx?ArticleID=5969), polymerization of aniline monomer in the

presence of metal nanoparticles (Wankhede et al., 2013), deposition

of metal on conducting polymer using various oxidants (Stejskal

et al., 2009; Blinova et al., 2009a), reduction of noble-metal com-

pounds with PANI (Stejskal et al., 2009) and oxidation of aniline with

noble-metal compounds (Blinova et al., 2009a, 2009b) are some of the

simple ways. The photo-reduction process of metal is a novel and

hassle-free method (because it does not need any harsh chemical result-

ing contamination free and environmental friendly method) for prepa-

ration of silver nanoparticles having desired shape and size with

uniform distribution within the matrix (Choudhury, 2009; Pacioni

et al., 2015).

Recently, one-dimensional (1D) PANI nanostructures (e.g., nano-

fibers and nanotubes) have attracted substantial attention because of

their promising optoelectronic and chemo electronic properties. This

is due to higher effective surface-to-volume ratio and shorter penetra-

tion depth for target molecules in comparison with their bulk coun-

terparts. This leads them as a highly efficient material to be utilized

in light-emitting diodes, electrical Nano devices, solar cells, and

chemo sensors (Wanekaya et al., 2007; Chen et al., 2014; Huang

et al., 2003). Most of the methods adopted for preparation of 1D

polymer nanostructures are using hard or soft templates (Fujii

et al., 2011; Zhang et al., 2013b). However, this technique produces

unaligned 1D nanostructures and at the same time complete removal

of the templates might be another challenge. As a result we have to

compromise the purity of the samples. Despite having numerous

attempts on successful fabrication of PANI nanofibers, there are lim-

ited numbers of reports for chemical synthesis of PANI aligned

nanofibers.

In this paper, we propose a novel and hassle-free approach of syn-

thesis for the aligned 1D PANI nanofibers by using photo-reduced Ag-

PVA matrix as a reaction medium. We have presented a photoreduc-

tion method free from harsh chemicals to prepare Ag nanoparticles

in PVA matrix followed by polymerization of aniline by in-situ poly-

merization in the same medium. Four different molar concentrations

of AgNO3 had been used to investigate their effect on the morpholog-

ical and electrical properties of polymer nanocomposites in order to

make it useful for electronic microchip application.

2. Materials & methods

This section describes the materials used and the methods
adapted for characterizations of polymer blends.
Please cite this article in press as: Bhadra, J. et al., Photo-reduced route of polyanil
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2.1. Materials

All the chemicals and reagents used in this experiment are
obtained from Merck (Germany) and Sigma chemical com-
pany and are of very high purity (99.9%). Aniline is purified

by repeated distillation under vacuum and stored at low tem-
perature prior to use. Polyvinyl alcohol used has a molecular
weight (MW) of 30,000–50,000. The oxidizing agents such as
ammonium persulfide and protonic acid are used without

purification. All the solutions are prepared using double
distilled water during synthesis.

2.2. Synthesis of Ag nanoparticles

Under constant stirring and heating (60 �C), 2 wt.% of PVA is
dissolved in 200 ml of deionized (DI) water. We have studied

the influence of two wavelengths, and they are as follows:
UV-A (305 nm) and UV-B (390 nm). We have found that both
the wavelengths have distinct effects on the size and shape of

Ag nanoparticle. However, we have only completed the sys-
tematic analysis of UV-B and reported in this manuscript. In
order to do the optimization of irradiation time, we have per-
formed the experiment for 26 h of irradiation; the SEM images

of silver nanoparticles have been taken at every hour. The
images show that a specific particle size depends on the time
until 24 h of irradiation; further increase in irradiation time

does not have any significant effect on its particle size. There-
fore, we have optimized our reduction time to 24 h. AgNO3 is
separately added to the PVA-DI gel as shown in Fig. 1. The

operandi for the synthesis process of PVA-Ag nanocomposite
using UV-visible light is given in Fig. 2; the reaction mecha-
nism is similar to the procedure reported by Pandey et al.
(2011). Four different concentrations, 0.5 M, 1.0 M, 1.5 M

and 2.0 M, of AgNO3-PVA-DI are prepared in PVA-DI solu-
tion. After exposing the above solutions with UV light for
24 h, finally, yellowish-red colloid of Ag nanoparticles uni-

formly dispersed in PVA is obtained. The scanning electron
microscopy (SEM) and XRD both have confirmed that the
average values of diameters for obtained Ag nanoparticles

are �30 nm and �70 nm, respectively. At the same time, with
the increase of Ag concentration the size of the nanoparticles is
seen to have increased from 30 nm to 70 nm.

2.3. Synthesis of PNPAg nanocomposite and pure PANI

The PNPAg nanocomposite blend is synthesized by in-situ
chemical polymerization of aniline monomer in the presence

of Ag nanoparticles colloid dispersed in PVA matrix. In a typ-
ical synthesis process, aniline-DBSA (2.59 g, 20 mmol) is
added to the already prepared Ag nanoparticles colloid

(200 ml), followed by dropwise addition of the aqueous
solution of Ammonium persulphate (5.71 g, 25 mmol). The
aniline-DBSA composition is empirically obtained after a care-

ful consideration from different combinations reported earlier
by the authors (Bhadra et al., 2015a). The resulting blend mix-
ture is left to react for 24 h under constant stirring at 5–10 �C.
The resultant product is made into thin film on glass slide and
interdigitated gold electrode was washed with DI water and
acetone. Thereafter, they are subject to drying in vacuum for
24 h. The preparation process of pure PANI is achieved by

implementing same chemical polymerization technique as
ine nanofiber synthesis with embedded silver nanoparticles. Arabian Journal of
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Figure 1 Schematic representation of in situ reduction by UV radiation of AgNO3 in aqueous PVA.

AgNO3                                                Ag+ + NO3¯------------- (1) 

2Ag+ + 2OH¯                              Ag2O + H2O------------ (2) 

Ag2O + 

These two steps of reaction 
take place in B of Figure 1. 

UV radia�on This step of reaction takes 
place in D of Figure 1. + H2O

Figure 2 Reaction mechanism of the synthesis of the PVA-Ag nanocomposites.
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explained above but in the absence of Ag colloid. The method-
ology of nanofiber preparation is shown in Fig. 3.

2.4. Characterization techniques

2.4.1. UV–Vis absorption spectroscopy

For UV–Vis spectroscopic analysis of ANI/Ag nanocomposite
(colloidal solution) samples are dispersed and diluted respecta-
bly in ethanol. The absorption spectra are recorded on a Per-

kin Elmer Lambda 15 spectrophotometer.

2.4.2. Morphological analysis

The morphologies of synthesized Ag-PVA and PANI/Ag

nanocomposites are observed with a scanning electron micro-
scopy (SEM) as well as transmission electron microscopy
(TEM). Using a nano-SEM Nova 450 does SEM. The elemen-
tal compositions of PAPAg nanocomposites are estimated by

energy dispersion X-ray (EDX).

2.4.3. Fourier transform infrared (FTIR) spectroscopy

FTIR spectra of the nanocomposites are recorded on 8101 M,
Shimadzu within the wavenumber range of 2000–400 cm�1.
The sample is prepared in the pellet form by mixing the mate-
rial with KBr (Aldrich, 99%, FT-IR grade).

2.4.4. UV-visible spectroscopy

UV-visible spectra are obtained by a Perkin Elmer Lambda 15

spectrophotometer for the wavelength range of 300–800 nm.
Please cite this article in press as: Bhadra, J. et al., Photo-reduced route of polyanil
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The colloidal samples, before measuring, are diluted by using
DI water.

2.4.5. X-ray diffractometry (XRD)

X-ray diffraction patterns of PNPAg samples are recorded in a
Philips (X’PERT PRO) Diffractometer using Cu Ka radiation
(k= 1.5418 Å) at 40 kV and 30 mA with step size of 0.02 �C
and with a speed of 1 s/deg. The diffractometer is calibrated
with a standard silicon sample and the correction of broaden-
ing due slit width is also carried out.

2.4.6. DC conductivity and temperature dependent conductivity

To measure the current-voltage (I-V) and electrical conductiv-
ity measurements, pure PANI (dispersing in m-cresol) and

PNPAg nanocomposites are deposited on interdigitated finger
electrode thick film Gold (15 mm � 15 mm) on alumina
substrate-250 micron online/spaces alumina substrate. For

temperature dependent measurements, pure PANI (dispersing
in m-cresol) and PNPAg nanocomposites are coated on glass
substrates. A homemade setup shown in Fig. 4 is used for this

purpose.

3. Results and discussions

3.1. SEM results

The SEM results (given in Fig. 5(i)) reflect that there are
changes in morphology of the PNPAg nano composites with
ine nanofiber synthesis with embedded silver nanoparticles. Arabian Journal of
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Figure 3 Schematic on the synthesis of PAPAg nanofiber by chemical method.

Figure 4 Schematic diagram for temperature dependent conductivity measurement.
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the change in Ag concentration. Inset in Fig. 5((ii), (iii)) shows
the SEM of Ag nanoparticles dispersed in PVA matrix along

with its EDX. The concentration of the Ag nanoparticles is
observed to have increased with Ag concentration. For the
PNPAg nanocomposites, first two lower concentrations of

Ag, and the polymers with both low and high magnification
show nanocomposite, structurally, to resemble nanowires with
average diameter of about 50–80 nm with Ag particles embed-

ded on it. A schematic diagram as shown in Fig. 4 demon-
strates the mechanism behind the formation of nanofibers.
Please cite this article in press as: Bhadra, J. et al., Photo-reduced route of polyanil
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The long tail surfactant (DBSA) assists in the formation of cir-
cular micelles, which further elongates to form aligned fibers.

Table 1 provides the sizes of Ag nanoparticles and diameters
of PNPAg nanofibers. However, for next higher concentra-
tions of Ag, the fibers started to agglomerate and finally for

the highest concentration, it forms some non-uniform parti-
cles. This could be due to inadequate quantity of surfactant
(DBSA) to disperse all Ag nanoparticles and keep them sepa-

rate (in case of 1.5 and 2.0 M of Ag); DBSA concentrations are
kept constant while increasing Ag concentrations. EDX spec-
ine nanofiber synthesis with embedded silver nanoparticles. Arabian Journal of
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Figure 5 (i) SEM picture for PNPAg nanocomposites (A) 0.5 M Ag, (B) 1.0 M Ag, (C) 1.5 M Ag, (D) 2.0 M Ag. (ii) Inset of the figures

contain SEM of Ag nanoparticles dispersed in PVA matrix. (iii) Inset EDX of the Ag nanoparticles dispersed in PVA matrix. (iv) TEM

images of nanocomposites: (a) 0.5 M Ag, (b) 1.0 M Ag, (c) 1.5 M Ag, (d) 2.0 M Ag.
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Table 1 Table containing crystal lattice parameters, particle size from both XRD, SEM and PNPAg nanofiber diameters.

Sample. Code No. Calculated lattice par (Å) Corrected lattice par (Å) Av. particle size

by XRD nm

Particle size

by SEM

Nanofiber

diameter nm

Ag-0.5 a = b= 7.54(3) a = b= 7.53(3) 42 35 50

c = 9.93(1) c = 9.94(2)

Ag-1.0 a = b= 9.70(1) a = b= 9.69(1) 47 50 65

c = 7.54(4) c = 7.52(5)

Ag-1.5 a = b= 4.94(3) a = b= 4.93(2) 64 60 –

c = 7.54(1) c = 7.53(1)

Ag-2.0 a = b= 9.87(2) a = b= 9.89(3) 68 70 –

c = 12.34(2) c = 12.34(4)

Table 2 Table containing composition of Ag dispersed in

PVA matrix.

Samples ID O % Ag%

Ag-0.5 M 98.99 1.01

Ag-1.0 M 95.28 4.72

Ag-1.5 M 94.05 5.95

Ag-2.0 M 93.51 6.49

Figure 6 FTIR of PNPAg nanocomposites and pure PANI and

PVA.
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tra are shown in inset of SEM; elemental composition (shown

in Table 2) shows the presence of silver in the nanocomposite.
The presence of O signals is believed to be due to PVA matrix.

Results of TEM analysis (Fig. 5(iv)) further agree with our

conclusion that nanoparticles form in the range of 30–70 nm.
For the first two lower contents of Ag, nanoparticles are seen
to be well dispersed and embedded inside the nanofibers,
whereas for remaining two, we see agglomeration of the metal

particles as provided by SEM results.

3.2. FTIR characterization

The FTIR analysis of pure and blend composite films is shown
in Fig. 6. Two characteristic peaks at 1750 cm�1 and
2375 cm�1 are related to stretching vibration of carboxylic

group (C‚O) and (OAH) group, respectively; on the other
hand, peaks at 2875 cm�1 and 2940 cm�1 are associated with
the CAH group. These peaks are noticed in all the pure and

blend spectra but with different intensities. The CAN stretch
is a strong vibration when attached to the aromatic ring and
in the nanocomposites, this mode has appeared as a small peak
around 1250 cm�1 (Jing and Xing, 2007; Neelgund et al.,

2008). With the increase in the Ag concentration, there is a lit-
tle shift as well as decrease in intensity of the peaks at
1250 cm�1; this may be possible due to composite formation

between PANI and silver (Jing and Xing, 2007). Relatively
small peak at 1375 cm�1 indicates the formation of S‚O
group. The peaks at 1562.5 cm�1 and 1437 cm�1 are assigned

to C‚N stretching of quinoid and C‚C stretching of the ben-
zoid rings, respectively (Cao et al., 2014). The characteristic
bands at 1335 cm�1 represent the CAN stretching of ben-

zenoid structure. The bands at 1078 and 817 cm�1 are identi-
fied as CAH in plane bending, 1,4-disubstituted benzene, and
the out-of-plane bending of CAH bond in the aromatic ring.
The band at 670 cm�1 is detected due to Unsymmetric stretch-

ing vibration of S‚O (DBSA).
Please cite this article in press as: Bhadra, J. et al., Photo-reduced route of polyaniline nanofiber synthesis with embedded silver nanoparticles. Arabian Journal of
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3.3. UV–Vis

UV–Vis absorption spectra of PNPAg nanocomposites and
inset show the spectra of Ag nanoparticles dispersed in PVA
matrix are provided in Fig. 7. The characteristic absorption

peak of Ag-PVA is noticed at 380–450 nm. This peak is attrib-
uted to surface plasmon resonance absorption of electrons in
conducting silver (Zhang et al., 2002; Birla et al., 2013). Pure
PVA only exhibits one absorption peak at 294 nm. For the

composite samples there are two absorption peaks at 220–
226 nm and at 396–420 nm, corresponding to the p? p* of
benzenoid rings and localized polarons (quinoid, Q), respec-

tively. With the increase of Ag concentration it is found that
the band at 396–420 nm gets broadened due to the increase
in interaction between PANI and Ag. Another broad absorp-

tion peak is observed at 800 nm that is ascribed to an exciton
located in the quinoid ring. Another phenomenon is observed
when a conducting polymer–metal nanocomposite is excited

by light photons that are coupled at the interface of polymer
and metal. This results an induced charge density oscillation
that gives rise to a strong absorption peak at a particular wave-
length. With increase in Ag concentration in the blend this

absorption peak shifts toward longer wavelengths, which could
be due to the spill-out of the s-electrons or because of increase
of the effective mass of the conduction electrons (de Heer,

1993).

3.4. XRD characterization

The X-ray diffraction patterns of PANI-Ag nanocomposite
blends are shown in Fig. 8. The diffraction patterns show that
the compound is polycrystalline in nature. It is seen that at
concentration of 0.5 M (Ag-0.5) and 1.0 M (Ag-1.0), the

degree of crystallinity of the PANI-Ag nanocomposites is
Figure 7 UV–Vis of PNPAg nano

Please cite this article in press as: Bhadra, J. et al., Photo-reduced route of polyanil
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almost same. But as the concentration is increased to 1.5 M
(Ag-1.5) and 2.0 M (Ag-2.0), the degree of crystallinity is
increased to a relatively very high value. The average particle

sizes are found to be of the order of 42 nm (for Ag-0.5),
47 nm (for Ag-1.0), 64 nm (for Ag-1.5) and 68 nm (for Ag-
2.0) with the increase in molarity. The particle sizes calculated

by SEM are found to be of the order of 30–80 nm. The particle
sizes measured by XRD and SEM are not exactly matched
which is because of the fact that the XRD measures the aver-

age particle size in a direction perpendicular to some lattice
planes and the SEM measures the particle size of an individual
particle. The synthesized nanocomposites in all molarities are
crystallized in Tetragonal system. The lattice parameters of

the compounds are calculated using the standard Rietveld
analysis method and are corrected by Nelson-Riley plot
(McCusker et al., 1999; Culity, 1979). The lattice parameters

and particle sizes of PANI-Ag of different molarities are
shown in Table 1.

The corrected values of lattice parameters are estimated by

Nelson-Relay plot which is a graph of calculated lattice
parameters vs. error function. The equation of error function
is as follows:

fðhÞ ¼ 1

2

cos2h
sin h

þ cos2h
h

� �
ð1Þ

where h is the half of the Bragg angle.
Nelson-Riley plot for lattice constants of PANI-Ag with

different molarities is shown in Fig. 9(A-H).

3.5. DSC characterization

Fig. 10 and Table 3 show the DSC thermogram of PANI

nanocomposites indicating two exothermic peaks. The first
broad peak starts at room temperature and ends at around
composites and for pure PANI.

ine nanofiber synthesis with embedded silver nanoparticles. Arabian Journal of
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Figure 8 X-ray diffraction pattern of PANI-Ag nanocomposites, Ag-0.5 (0.5 M), Ag-1.0 (1.0 M), Ag-1.5 (1.5 M) and Ag-2.0 (2.0 M).
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170 �C. This peak is detected in all the nanocomposite blends,
which corresponds to evaporation of water and all other sol-

vents used during the synthesis process (Bhadra et al.,
2015b). The second sharp peak starts at around 180 �C and
terminates at around 240 �C. This peak is seen to shift to lower

temperature with increase of Ag concentration in the
nanocomposite blend films. This peak corresponds to chemical
interaction between polymers and nanoparticles and the results
show that the bonding strength decreases with increase in Ag

concentrations. Similar effect of metal concentrations on
DSC peaks for polymer nanocomposites is also established
in the literature (Rajakani and Vedhi, 2015).

3.6. TGA study

The TGA thermogram of PNPAg nanocomposites is shown in

Fig. 11 and Table 4. Five degradation peaks are detected in the
nanocomposite samples, one in pure PVA, and three in pure
PANI samples (Bhadra et al., 2013, 2014). The presence of

silver content in the composite blends can conveniently be
determined as a residue in TGA. The residue of TGA exactly
corresponds to the different weight percentages of Ag used in
the nanocomposite preparation (Mostafaei and Zolriasatein,

2012). At the same time, these thermograms also provide addi-
Please cite this article in press as: Bhadra, J. et al., Photo-reduced route of polyanil
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tional information about the composition of oxidation prod-
ucts and their degradation temperature. The first step of

weight loss is seen below 100–120 �C, associated with sample
humidity. The peak of weight loss in the first step is spotted
increasing with increase in Ag content. The second step of

weight loss, starting at 150.63 �C, is related with the sample
deprotonation and loss of polymers and acids. The peak of
degradation is noted at 200 �C for all the composites. The third
step of degradation is observed to have started at 250 �C for all

the composites. This degradation peak is found to decrease
with the increase in Ag concentration. The fourth and fifth
degradation peaks are observed between 430 and 500 �C. In
both the cases, the degradation peaks are functions of Ag con-
centration. These two peaks are observed only in composite
thermograms and are associated with the degradation of some

chemical interaction between the polymers (PANI and PVA)
(Bhadra et al., 2013; Palaniappan and Narayana, 1994).

3.7. I-V characterization

The I-V characteristics for all the polyaniline-polyvinyl
alcohol-silver nanocomposite films are measured from �5 to
5 volt and from 5 to �5 volt as shown in Fig. 12. It is observed

that with increase in Ag concentration, the value of current
ine nanofiber synthesis with embedded silver nanoparticles. Arabian Journal of
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Figure 9 Nelson Riley plot of Ag-0.5 for lattice constant ‘a’ (A), for lattice constant ‘c’ (B); of Ag-1.0 for lattice constant ‘a’ (C), for

lattice constant ‘c’ (D); of Ag-1.5 for lattice constant ‘a’ (E), for lattice constant ‘c’ (F); of Ag-2.0 for lattice constant ‘a’ (G) and for lattice

constant ‘c’ (H).
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Figure 10 DSC thermogram of PNPAg nanocomposites and for

pure PANI and PVA.

Table 3 DSC peak positions and DH values.

Sample ID Peak temperature (�C) DH (J/g)

Ag-0.5 M 220 64.84

Ag-1.0 M 218 58.39

Ag-1.5 M 215 50.37

Ag-2.0 M 214 46.38

PANI 259 174.03

PVA 220 59.94

Figure 11 TGA thermogram of PNPAg nanocomposites and for

pure PANI and PVA.
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corresponding to given voltage increases in the order of 10.
The I-V characteristics for Ag 0.5 M and Ag 1.0 M are nonlin-

ear as it corresponds to non-ohmic behavior. The results indi-
cate that for lower concentration of Ag, the polymer
Please cite this article in press as: Bhadra, J. et al., Photo-reduced route of polyanil
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nanocomposite has a semiconducting behavior. The I–V char-
acteristic curve for Ag 0.5 M and Ag 1.0 M shows formation of
hysteresis that indicates an electrical bistability representing a

switching behavior. This phenomenon may be termed as the
switching behavior having ‘‘on” and ‘‘off” states. However,
with the increase of Ag concentration the non-ohmic nature

gradually vanishes. It is found that for Ag 2.0 M, the obtained
I-V characteristics is a straight line going through the origin
indicating metallic behavior. Transition from non-ohmic to
ohmic upon addition of metallic fillers is also observed in the

literature (Oliveira et al., 2006; Somani et al., 1999). The mech-
anism behind this transition is explained in Section 3.8.

3.8. DC conductivity

The room temperature dc conductivities of PANPAg
nanocomposite synthesized with lowest and highest volume

fraction of silver nanoparticles are 0.042 S/cm and 0.51 S/cm,
respectively. Table 5 summarizes the values of composite and
pure polymers. From the table, it is apparent that the dc elec-

trical conductivities of the composites samples are higher than
those of pure PANI and it increases with increase in Ag
nanoparticle content in the composites. The increase in con-
ductivity is justified due to electronic tunneling effect in the
ine nanofiber synthesis with embedded silver nanoparticles. Arabian Journal of
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Table 4 Degradation peak positions for PNPAg nanocomposites and pure PANI and PVA and the weight percentage of residue left

in PNPAg nanocomposites.

Sample ID TGA weight loss temperatures

1st 2nd 3rd 4th 5th Residue left

Ag-0.5 100 197 277 430 492 5%

Ag-1.0 110 196 272 432 488 10%

Ag-1.5 115 190 271 434 486 15%

Ag-2.0 120 190 270 434 485 20%

PANI 100 203 291 – –

PVA – – 278 – –

Figure 12 I-V characteristics of PNPAg nanocomposites.

Table 5 Room temperature conductivity and activation

energy of the PNPAg nanocomposites and pure PANI and

PVA.

Sample ID Conductivity (S/m) Activation energy (eV)

Ag-0.5 M 4.73603 � 10�4 0.0372375 0.146403

Ag-1.0 M 6.0804 � 10�3 0.1244381 0.33844

Ag-1.5 M 7.32584 � 10�3 0.22079339 0.326821

Ag-2.0 M 3.95594 � 10�2 0.7148491 0.92684

PVA 1 � 10�8 – –

PANI 3.657 � 10�3 – –
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polymer blend through Ag nanoparticles. For lower Ag
nanoparticles loaded composite, the conductivity is marginal;

however, as higher amount of nanoparticle is added, the
increase in conductivity is significantly high that might be
due to increase in the mobility of electron that leads to tunnel-

ing probability (Varga et al., 2012; Yılmaz et al., 2011; Gupta
et al., 2010). Fig. 13 illustrates the formation process of con-
ducting pathway with increase in Ag nanoparticles concentra-

tion. The schematic diagram depicts the procedure about how
the increase in Ag concentration helps in decreasing the length
of conducting path that leads to increase in conductivity (Wei
ine nanofiber synthesis with embedded silver nanoparticles. Arabian Journal of
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Figure 13 Model on formation of conducting path: (A) 0.5 M Ag, (B) 1.0 M Ag, (C) 1.5 M Ag, (D) 2.0 M Ag.

Figure 14 Activation energy of the PNPAg nanocomposites.
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and Eilers, 2009). As the concentration of the insulating matrix
(PVA) is constant for all the composite films, its presence has

no contribution to the conductivity.
Fig. 14 shows the variation of dc electrical conductivity

with temperature in the range of 300–390 K for PANPAg

nanocomposites. The behavior activation energy of composite
films is studied by using Arrhenius equation:

rT ¼ ro expð�Ea=kBTÞ ð2Þ

where ro, Ea, kB, and T represent the pre-exponential factor,

activation energy, Boltzmann constant (8.617 � 10�5 eV K�1)
and absolute temperature (K), respectively. The activation
energy has been calculated by Eq. (2) from the slope of the
straight line plot, ln rT vs. 1/T, shown in Fig. 14. Table 5 pro-

vides the values of activation energy calculated from the plot.
From the values of activation energy it is evident that these
values are nearly close to each other among the explored sam-

ples (Gupta et al., 2010; Tick and Fehlner, 1972). The value of
activation energy generally depends on the radius of the metal
particle present in the composition (Tick and Fehlner, 1972).

The XRD and SEM analysis justifies that the average particle
diameters are approximately 42, 47, 64 and 68 nm. This proves
that the average particle diameters (of investigated samples)

have nearly same order of magnitude. This is the reason why
there is no major change in activation energy for all samples
in this investigation (Wei and Eilers, 2009; Tick and Fehlner,
1972).
Please cite this article in press as: Bhadra, J. et al., Photo-reduced route of polyanil
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4. Conclusion

We have successfully synthesized Ag nanoparticles by UV-light pho-

toreduction followed by chemical polymerization method for PNPAg

nanocomposite preparation. The investigation confirms that PNPAg

nanocomposite is more thermally stable and crystalline than pure

PANI. The presence of Ag nanoparticles in the blend composite is evi-

dent from the data obtained by EDX, TEM, XRD, TGA and FTIR

analysis. UV–Vis also shows the broadening of peak in optical absorp-

tion due to increase of Ag nanoparticle. Current voltage characteristic

is noticed to transit from non-ohmic to ohmic as Ag content increases.

Additionally, the room temperature electrical conductivity of the

nanocomposite is found to have increased with Ag nanoparticles indi-

cating that the conducting polymers can have enhanced structural,

optical and electrical properties while forming nanocomposites. The

lower Ag concentrations give rise to aligned nanofibers with particle

dimension of 35–50 nm and formation of hysteresis can be observed

as well. The I–V characteristic result indicates its possible potential

application to develop electronic devices such as bistable switches

and memory devices.
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