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a b s t r a c t

Poly(vinyl alcohol)–silver (PVA–Ag) nanocomposite films were prepared by the soft chemical route. Effect
of concentration of embedded Ag nanoparticles on conductivity and dielectric relaxation behaviour
of these nanocomposite films has been studied. An increase in dc conductivity from 1.38 × 10−11 to
9.17 × 10−11 S/cm and decrease in frequency dependent dielectric constant (from 1.74 to 1.07 at 75 kHz)
are observed with the increase in concentration of Ag nanoparticles in PVA from 0 to 1.32 wt%. The
values of ac conductivity and polarization relaxation time, deduced from dielectric data, also corrobo-
eywords:
ilver nanoparticles
PR
ielectric constant
c Conductivity
c Conductivity

rate towards the enhanced conducting behaviour of PVA matrix with increase in the concentration of
embedded Ag nanoparticles.

© 2010 Elsevier B.V. All rights reserved.
lectric modulus
elaxation time

. Introduction

Metal nanoparticles based nanocomposites are now one of
he main focus points of research because of their technological
pplications including the conceptual understanding of involved
hysics and chemistry [1–5]. It is well established that polymers,
s dielectric materials, are excellent host matrices for encapsula-
ion of metal nanoparticles like silver, gold, etc., as they act both
s reducing as well as capping agents and also provide environ-
ental and chemical stability [6,7]. The obtained nanocomposites
ight exhibit improved optical, electrical, thermal and mechan-

cal properties [8,9]. Many reports in literature show attempts
or synthesis of metal nanoparticles based polymer nanocompos-
tes, with the possibility of variation in their optical and electrical
roperties for their application in high performance capacitors,
onductive inks and other electronic components [10,11]. For
heir application in opto-electronic, electrical and optical devices,
iomedical science, sensors, etc., main key points are selection of

olymer–metal nanoparticles combination, controlling the parti-
les size, their concentration and distribution within the polymer
atrix [12–14]. Further, detailed investigation of concentration

ependent dielectric loss and polarization effects of polymers
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deserves special importance in dielectric based opto-electronic and
electrical devices [9,15,16].

We have selected poly(vinyl alcohol) (PVA) polymer as the host
matrix in the present work due to the advantage of its high mechan-
ical strength, water-solubility, good environmental stability, easy
processability, moderate and dopant dependent electrical conduc-
tivity along with its consideration among the best polymers as host
matrix for silver nanoparticles [17–19].

In this communication, we focus on dielectric relaxation and
electrical conductivity behaviour of PVA–Ag nanocomposite films
at room temperature with varying concentration of chemically pre-
pared silver nanoparticles.

2. Experimental

Hydrosol of silver nanoparticles has been chemically synthesised by chemical
reduction of silver nitrate through sodium borohydride [20]. For this, aqueous solu-
tion of silver nitrate is added drop wise to cooled sodium borohydride solution under
continuous stirring. After that, few drops of 0.3% PVP were added as stabilizing agent.
PVA–Ag nanocomposites with varying concentration of silver nanoparticles have
been prepared by mixing different quantities of silver hydrosol to PVA solution. To
make films, the prepared composite solutions were casted to plastic Petri-dishes

and after evaporation of the solvent at ambient temperature, films were peeled off.
The thickness of the films was measured using digital micrometer screw gauge, with
least count of 1 �m and found to be ∼50 �m. In order to determine the content of the
Ag nanoparticles by weight, these films were subjected to Atomic Absorption Spec-
troscopy (AAS). The measured concentration of Ag in these films has been tabulated
in Table 1.

dx.doi.org/10.1016/j.jallcom.2010.08.075
http://www.sciencedirect.com/science/journal/09258388
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Table 1
The value of dc conductivity and relaxation time for PVA–Ag nanocomposites with
varying concentration of Ag nanoparticles embedded in it.

Sample dc Conductivity (�dc) Relaxation time (�p)
(×10−11 S/cm) (×10−7 s)

Pure PVA 1.38 –
PVA + 0.13 wt% Ag 2.03 –
PVA + 0.26 wt% Ag 2.99 22.49
PVA + 0.41 wt% Ag 4.23 19.66
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The variation in dc electrical conductivity of these samples with
different Ag nanoparticles concentration (0.13, 0.26, 0.41, 0.50, 0.80
and 1.32 wt%) is shown in Fig. 4 and the corresponding values are
tabulated in Table 1. From this figure and table, it is clear that the
conductivity of PVA is increased by ∼1 order on doping it with
PVA + 0.50 wt% Ag 4.84 14.93
PVA + 0.80 wt% Ag 8.80 7.75
PVA + 1.32 wt% Ag 9.17 5.74

.1. UV–visible spectroscopy

To check the formation of Ag nanoparticles within a hydrosol and estimate their
ize, UV–visible absorption spectrum was recorded using Shimandzu Double Beam
ouble monochromator UV–Visible Spectrophotometer (UV–Visible 2550) in the
avelength range of 190–900 nm with the resolution of 0.5 nm. The absorption

pectrum of Ag hydrosol was recorded by taking distilled water as reference at room
emperature using 1 cm quartz cuvette.

.2. Transmission electron microscopy (TEM)

For determination of the size of as-prepared silver nanoparticles and their distri-
ution, TEM measurements were carried out using Hitachi “H-7500” TEM operated
t 120 kV. To record the TEM images, few drops of hydrosol were dropped onto car-
on coated gold grid while for nanocomposite samples, small part of the respective
lms were cut and redissolved in double distilled water and then dropped on to the
rid.

.3. Electrical measurements

The I–V characteristics were studied with Keithley 5110 Digital Electrome-
er using 8009 Resistivity Text Fixture with computer interface by the two probe

ethod at room temperature. The measurements were carried out by measuring
he current (I) on application of voltage (V) in the range 0–100 V in multiple steps
f 5 V. The dc conductivity was calculated using the relation

dc = d

RA
(S/cm)

here d is the sample thickness, A is the area of electrode and R is the resistance
ffered by the sample, which is estimated from the I–V data.

.4. Dielectric measurements

To study the frequency dependent dielectric properties, Aligent 4285A Precision
CR meter was used. The capacitance (C) and dielectric loss (ε′ ′) were recorded at
oom temperature for the frequency range 75 kHz to 5 MHz. Using the capacitance
alues C, the dielectric constant (ε′) (component of energy stored in each cycle of
he electric field) can be calculated using the relation

′ = Cd

ε0A

here d is the thickness of the sample, A is the area of the electrode and ε0 is the
ermittivity of the free space. The frequency dependent variation in ac conductivity
ac (component of energy loss) and electric modulus (M) can also be studied from

he dielectric data using the following relations [15,17,18]

ac = 2�fε0ε′′

= 1
ε∗(= ε′ + iε′′)

= M′ + iM′′

here M′ = ε′/(ε′2 + ε′′2); real part and M′′ = ε′′/(ε′2 + ε′′2); imaginary part.
The main advantage of calculating M′ is to suppress electrode effect. Further,

rom the imaginary part of electrical modulus (M′ ′), the relaxation time (�p) of the
rientation of dipoles can be obtained using the relation [18]
p = 1
ωp

here ωp is the angular frequency corresponding to the peak of M′ ′ versus log
requency curves.
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3. Results and discussion

3.1. Ag nanoparticles

Fig. 1 presents the UV–visible absorption spectrum of Ag
hydrosol synthesized by chemical reduction method, as discussed
above. The spectrum clearly shows an intense absorption band
peaking at ∼400 nm, showing the characteristic Surface Plasmon
Resonance (SPR) band of silver nanoparticles [3,13]. Further, almost
symmetric shape and narrow FWHM of SPR band indicate that
the synthesized silver nanoparticles are nearly spherical in shape
[8]. From the FWHM (�E1/2) of SPR band, the diameter (d) of sil-
ver nanoparticles has been estimated by assuming free particles
behaviour of conduction electron [21], using the relation [13]

d = 2hvf

�E1/2

where vf (1.39 × 106 m/s) is the Fermi velocity of electrons in bulk
silver and h is the Planck’s constant. The average diameter of Ag
nanoparticles has been found to be of the order of 11 nm. The shape
and size of silver nanoparticles have also been analyzed through
TEM images (Fig. 2). These images clearly indicate the spherical
shape of Ag nanoparticles with their average diameter ∼11 ± 3 nm,
in agreement with the results of SPR prediction.

3.2. PVA–Ag nanocomposite films

3.2.1. TEM study
To check the distribution of Ag nanoparticles with their varying

concentrations within the PVA matrix, the TEM photographs were
taken and shown in Fig. 3. It is clearly observable from this fig-
ure that the Ag nanoparticles are not agglomerated, except slightly
at 1.32 wt% concentration, and are well distributed within the
polymer matrix. The non-agglomeration may be due to the for-
mation of sterric coils of PVP chains around the Ag nanoparticles,
which was added during their synthesis. This provides chemical
stability to nanoparticles [7] even after being embedded in PVA
matrix.

3.2.2. dc Conductivity
Fig. 1. UV–visible spectrum of chemically prepared hydrosol of Ag nanoparticles.
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Fig. 2. TEM images of chemically prepared hyd
.32 wt% of Ag nanoparticles. This can be explained on the basis
f the formation of charge transfer complexes (CTCs) inside the
olymer chain network after embedding of Ag nanoparticles as
opant. It is known that in semi-crystalline polymers, the dopant

Fig. 3. TEM images for PVA–Ag nanocomposites with d
of Ag nanoparticles and their size distribution.
forms CTCs and hence reduces barrier height between the trap-
ping sites, which in turn provides a conducting path through the
amorphous regions of the polymer matrix resulting in enhanced
conductivity [17]. Such phenomena are supposed to decrease the

ifferent concentration (wt%) of Ag nanoparticles.
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makes the polymer chains more flexible and hence enhances both
the dc and ac electrical conductivity [17,18].

Fig. 7(a) and (b) shows the calculated values of real and imag-
inary parts of electrical modulus for the nanocomposite films for
ig. 4. Variation in dc conductivity (�dc) of PVA–Ag nanocomposites with concen-
ration (wt%) of Ag nanoparticles.

ctivation energy of the carrier and increase the mobility towards
he electrode during polarization. Accordingly, in the present case,
t is reasonable to assume that Ag nanoparticles fill the free vol-
me holes (amorphous phase) and occupy the interstitial positions
etween the polymer chains in amorphous phase and link these
hains to some kind of bonds by charge exchange process between
he nanoparticles as dopant and PVA chain network. Further, this
omplex formation increases with doping level. As a result, both
harge carrier density and the PVA conductivity are increased.
hese CTCs cause reduction of the crystalline–amorphous interface
hich further decrease the interfacial barrier and, thus, increase

he transition probability of electron hopping across the barrier and
nsulator chains. Such hopping process can also be explained on the
asis of the percolation theory suggesting that the Ag nanoparticles
ay act as conductive fillers in the polymer matrix, which provide

he continuous conductive pathways for the transfer of charge from
ne CTC to another [22,23].

.2.3. Dielectric studies
Fig. 5(a) and (b) shows the variation in dielectric constant ε′

nd dielectric loss ε′ ′, respectively with frequency at temperature
07 K. As shown in Fig. 5(a), a decrease in the value of ε′ with the

ncrease in frequency has been observed. It can be seen that for pure
VA, the value of ε′ is ∼1.74 at frequency 75 kHz, which gradually
ecreases to ∼1.02 at 5 MHz [16,24,25]. Similar behaviour is also
bserved in a number of other polymers like PVP, PMMA, etc., veri-
ying the fact that for polar materials, the value of ε′ is high for low
requency range and begins to drop as frequency increases [26–28].
his can be appropriately explained on the basis of the electrode
ffect and interfacial effect of the sample, i.e., charge carriers being
locked at the electrodes. This may be attributed to the tendency
f dipoles in polymeric samples to orient themselves in the direc-
ion of applied field in the low frequency range. On the other hand,
ue to polarization effects and smaller tendency of dipoles to ori-
nt themselves according to the field variation at high frequencies,
alue of dielectric constant decreases [29]. As also depicted from
his figure, the value of ε′ decreases as the concentration of the

mbedded Ag nanoparticles increases, which directs towards the
eduction in insulating characteristic behaviour of PVA after dop-
ng, and thus, convincing the dc conductivity results of enhanced
onducting nature after the embedding of Ag nanoparticles in
VA.
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The variation of dielectric loss (ε′ ′) with frequency for PVA–Ag
nanocomposite films at different concentration of Ag nanoparti-
cles is shown in Fig. 5(b). It is clear from this graph that dielectric
loss decreases with an increase in frequency. The larger value of
the loss factor or dielectric loss at low frequency could be due to
the mobile charges within the polymer matrix. At high frequency,
periodic field reversal is so fast that there is no excess ion diffusion
in the direction of electric field [26,27]. Polarization due to charge
accumulation decreases, leading to the decrease in the value of loss
factor. Furthermore, high value of dielectric loss for higher concen-
tration of embedded Ag nanoparticles can be understood in terms of
electrical conductivity, which is associated with the dielectric loss
and shown in Fig. 6. It is clearly observable from this figure that
ac conductivity increases as the dopant concentration increases. In
PVA, as the bond rotates with frequency, the existing flexible polar
groups with polar bonds cause dielectric �-transition. Thus, there
is a change in chemical composition of the polymer repeated unit
due to the formation of CTCs within the PVA chains, which in turn
Fig. 5. (a) Variation in dielectric constant (ε′) with frequency for different concen-
tration (wt%) of Ag nanoparticles in PVA. (b) Variation in dielectric loss factor (ε′ ′)
with frequency for different concentration (wt%) of Ag nanoparticles in PVA.
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Fig. 6. Variation in ac conductivity (�ac) of PVA–Ag nanocomposites with concen-
tration (wt%) of Ag nanoparticles for different frequencies.

Fig. 7. (a) Variation in real part of electric modulus (M′) with frequency for dif-
ferent concentration (wt%) of Ag nanoparticles in PVA. (b) Variation in imaginary
part of electric modulus (M′ ′) with frequency for different concentration (wt%) of Ag
nanoparticles in PVA.
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different dopant concentration of Ag nanoparticles. The low value
of M′ indicates the removal of electrode polarization [15–18]. The
spectrum of M′ ′ shows an asymmetric peak approximately centred
in the dispersion region of M′ which corresponds to the relaxation
frequency. The peak appears to shift towards higher frequency as
the dopant concentration increases. Table 1 shows the relaxation
time (�p) for the different samples. From the whole data, it can be
concluded that with the increasing concentration of Ag nanoparti-
cles as dopant, the relaxation time for dipole orientation reduces,
which confirms the explanation of the dielectric constant and loss
factor characteristics with increase in dopant concentration, which
also contributes towards the enhanced conductivity of PVA–Ag
nanocomposites.

4. Conclusions

The PVA–Ag nanocomposite films with varying concentra-
tion of Ag nanoparticles were synthesized chemically through ex
situ route. It has been observed that the concentration of silver
nanoparticles has greatly influenced the electrical conductivity and
dielectric properties of PVA matrix. Increase up to 1 order of con-
ductivity while gradual decrease in dielectric constant has been
observed with increasing concentration of embedded nanoparti-
cles in PVA with maximum up to 1.32 wt% of Ag. Further, these
nanocomposite films exhibit a combination of electronic polar-
ization of PVA matrix and intrinsic dielectric anisotropy due to
the formation of CTCs through embedding of Ag nanoparticles.
Relaxation time becomes shorter (0.57 �s) with increase in con-
centration of Ag nanoparticles (up to 1.32 wt %), clearly indicating
the relaxation of dipoles through multiple paths due to increased
availability of free charge carriers as CTCs.
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