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ABSTRACT 
 
The electrical properties of silver nano particles embedded polyvinyl alcohol/ acrylic acid (PVA/ AAc) copolymer films prepared by 

in situ irradiation doping technique were investigated. The successful incorporation of silver nanoparticles in PVA/AAc matrix was 
confirmed by X-ray diffraction (XRD) and the observed structural changes were discussed. It is found that the incorporation of Ag nano 
particles effectively improves the electrical properties of the films. An investigation was carried out to examine the conduction mechanism 
in the prepared films. Schottky- Richardson mechanism was observed as the dominating mechanism, since the high field cause injection of 
charge carriers from electrodes. The effect of temperature on the electrical conductivity of the films has also been investigated. 
 
Key words: Nano; PVA; radiation; electrical conductivity; conduction mechanism. 
 

 
INTRODUCTION 
 

Recently, the interest of researchers is focused 
on the preparation, characterization and applications 
of Polymers based conductive nanocomposites 
[30,18]. The incorporation of the nanoparticles into 
polymer matrix leads to significant improvement in 
their physical properties (such as mechanical, 
thermal, optical and electrical properties) [21,25]. 
Methods to achieve desirable shapes and sizes of 
nanoparticles are available for elements like Silver 
and Gold. The selection of host matrix and the type 
and concentration of embedded metal nanoparticles 
along with the control of particle shape and size, and 
homogeneous distribution within the matrix are the 
most important factors that affect the properties of 
the prepared materials [15,6]. The development of 
conductive polymer nanocomposite has received 
much attention and opens a new gateway in many 
potential applications such as electronic devices, 
anti-bacterial materials, wound dressing applications 
and biosensors [5,11,16].  

Irradiation of polymers with ionizing radiations 
is one of the promising methods for development 
and/ or modification of polymers. Radiation induced 
modification of polymers covers radiation cross-
linking, radiation induced polymerization [19] (graft 
polymerization and curing) and the degradation of 
polymers. Radiation induced graft co-polymerization 
is an attractive method to impart a variety of 
functional groups to a polymer. The success of 
radiation technology for the processing of these types 

of polymers can be attributed to two reasons, namely 
the easiness of processing in various shapes and sizes 
and, secondly, most of these polymers undergo cross-
linking reaction upon exposure to radiation [4,14]. 
The modification of polymers by radiation 
processing depends mainly on the control of 
processing factors facilitates [22]. Radiation 
synthesis of metals nanoparticles embedded 
polymers is being studied [24,16]. The solution of 
metal salts is exposed to gamma rays and the reactive 
species generated by the radiation reduce the metal 
ion to the zero-valent state is synthesized by this 
method. But most of the studies have been performed 
with noble metals, like silver and gold embedded 
hydrogel. The nano approach to these materials 
should be developed further. Their self organization 
and functionalism depend on the additives and 
preparation conditions.  

This study is directed towards developing of 
PVA microgel matrices incorporated with silver 
nanoparticles. Chains of polyacrylic acid (PAAc) 
have been incorporated into PVA microgel matrices 
by electron beam induced grafting technique to 
improve the PVA microgel functionality and to 
obtain a higher ionic conductivity for the prepared 
samples. The exposure of PVA/AAc to electron 
beam irradiation leads to create three-dimensional 
crosslinking network structure. The advantage of the 
radiation-induced synthesis of hydrogels is that, the 
process can be optimized to form a sterilized gel 
matrix and it is considered a clean and 
environmentally safe method. The induced structural 
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changes in irradiated PVA/AAc after the formation 
of embedded different contents of Ag nanoparticles 
were revealed through X-ray diffraction (XRD), 
corroborating the observed changes in their electrical 
behavior. 
 
Materials and Method 

 
Polyvinyl alcohol (PVA) (average Mw: 13,000-

23,000 and purity 98%) and anhydrous acrylic acid 
(AAc) (Molecular Weight: 72.06, density 
1.051 g/mL at 25 °C and purity 99%) have been 
procured from Sigma-Aldrich, Germany. Silver 
nitrate (AgNO3) with minimum assay 99% was 
supplied by Oxford laboratory, Mumbai, India.  All 
chemicals were used as received. PVA/ AAc and Ag/ 
PVA- AAc nanocomposite films were prepared at 
room temperature by solution casting method. For 
this purpose, aqueous solution of PVA was prepared 
by dissolving 3 g PVA in 120 ml double-distilled 
water with vigorous stirring at 65oC. Acrylic acid 
monomer dissolved in double-distilled water at room 
temperature were added to the PVA solution to form 
PVA/AAc, 60/40 w/w %, mixture solutions with 
stirring utill homogeneous mixing at 65 oC. Then, 
freshly prepared cooled AgNO3 solution was added 
dropwise in aqueous PVA/ AAc with different 
contents (1.5, 3, 7, 15, 25 and 30 w/w%) followed by 
adding 0.3 ml of isopropyl alcohol as scavenger of 
hydroxyl radical.  The solution was, then, allowed to 
cool at room temperature followed by casting to 
glass dishes and then irradiated by 1.5 MeV electron 
beam accelerator (Model ICT) at a dose of 30 kGy.  

In order to confirm the formation of Ag 
nanoparticles and structural analysis of the 
nanocomposite films, X-ray diffraction (XRD) were 
carried out using XRD-6000 x-ray diffraction 
spectrometer  (Shimadzu) with a copper target (λ = 
1.542 A0) at operating voltage of 40 kV and an 
electric current of 30 mA. The dc current–voltage (I–
V) characteristics at room temperature have been 
studied with Keithley 6514 Digital Electrometer 
having computer interface. Thus, through the 
determination of the resistance (R) of the sample, the 
electrical conductivity could be calculated: 















=

A
L

R
1σ , Ω-1m-1            (1) 

 

where σ is the electrical conductivity, L is the 
thickness of the specimen, A is the cross-sectional 
area the disc, and R is the ohmic resistance of the 
specimen (Ω). 

 
Results and Discussion 
 
structural characterization: 

 
Fig. 1 (a-d) represents the XRD patterns of 

unloaded PVA/ AAc and 3, 15 and 25 wt% AgNO3 
salt complexed PVA/ AAc film, respectively.  Fig 1-
a shows a diffraction peak around 2θ= 19.5 degree of 
unloaded PVA/ AAc depicting its semi-crystalline 
nature. Fig. 1 (b- d) depicts that, after embedding Ag 
nanoparticles, new four broad peaks at 2θ= 37.3, 
44.1, 64.6 and 77.6 degree are generated and 
representing 111, 200, 220 and 311, respectively, 
Bragg’s reflections of fcc structure of silver [29]. The 
2θ values of the peaks are well in agreement with the 
literature values of silver nanoparticles. The peaks 
exhibit a drastic decrease of their intensity with 
broadening at higher concentrations of salt. The 
results affirm both the decrease of degree of 
crystallinity and the lamellae size with increasing 
AgNO3 salt. The lost of long-range order in X-ray 
diffraction results evidence of decrease in 
crystallinity with increasing concentration of ionic 
salt [29]. 

The lattice strain (εs) of the prepared films and 
the average size of the sliver nanocrystals (Davg) can 
be deduced from the relation [2]: 

θε
θ

λβ tan
cos s

avgD
k

−
⋅

=            (2) 

where k is the Sherrer’s constant = 0.9 [13], λ= 
0.154 nm is the wavelength of X-ray for Cu Kα and β 
is the full width at half-maximum (FWHM), in 
radian, of diffraction peaks measured at 2θ. 

The values of Davg and εs have been determined 
from the intercept (= 0.9/ Davg) and the slope of the 
plot of βcosθ/ λ vs. sinθ/ λ for the various reflecting 
planes. Table (1) shows that the sliver particles are 
nanocrystals and Davg increases by increase Ag 
concentrations in the polymer matrix. 
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Fig. 1: XRD patterns of the prepared samples. (a): PVA/AAc; (b): PVA-AAc/ AgNO3 (3 wt%); (c): PVA-AAc/  
           Ag NO3 (15 wt%); (d): PVA-AAc/ Ag NO3 (25 wt %).  

 
Table 1: The structural parameters of the Ag 

AgNo3 (wt%) Davg (nm) εs  
1.5 18.0 0.33 
3 20.3 0.31 
7 27.7 0.33 
15 30.3 0.30 
25 37.5 0.25 
30 37.9 0.26 

 
Electrical conductivity: 

 
The variation of conductivity (σ), as a function 

of temperature is displayed in Fig. 2 at various salt 
concentration of AgNO3 in PVA/ AAc, while the 
conductivity data at different temperature is 
presented in Table 2. The results indicated the 
conductivity of pure PVA/ AAc is about 10 -10 s m-1 
at 322 K which increases sharply to 10-7 s cm-1 with 
1.5 wt% of AgNO3 salt. The rate of increase in 
conductivity becomes smaller upon further addition 

of the AgNO3 salt to the polymer. This is attributed 
to the incomplete dissociation and the formation of 
stable Ag- PVA/AAc complexes at higher silver salt 
content [26].  

Compared with the neat polymer, the 
incorporation of Ag nano particles improve the 
conductivity of Ag- PVA/AAc nano composites. It is 
believed that this type of material produce from this 
work is able to be used in semi conductor 
applications.
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Fig. 2: Conductivity (σ) as a function of temperatures at different salt concentration. 
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As the salt content increases, the number density 

of mobile ions in the electrolyte increases and 
consequently σ increases. The results agree well with 
the Rice and Roth model that express the ionic 
conductivity σ as [26,27] 
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where σ, η, Z, EA and m represents the 

conductivity, density, valency, activation energy, 
mass of the conducting ions, respectively. 
Furthermore, the parameters T, kB, e and τ represent 
the absolute temperature, Boltzmann’s constant, 
electronic charge and time travel of ions between 
sites, respectively. Eq. (3) shows that conductivity 
increases when η increases. 

In Fig. 2, an Arrhenius plot of conductivity vs. 
temperature is shown according to following; 
 

)/exp(0 TkE Ba−=σσ               (4) 
 
where σ0 is the pre-exponential rate 

corresponding to 1/T=0 and Ea the activation energy 
for charge transfer. Two regions (region I and II), 
above and below the glass transition temperature (Tg) 
of the compositions are apparent. σ values increase 
in the low temperature region (from room to 350 K) 
while further increase in the temperature caused a 
marginal increase in σ values.  

The Tg values of all compositions were detected 
by DSC and collected in table (2). In the PVA/AAc-
salt systems, the Tg values tends to shift to a lower 
temperature as the AgNO3content increases. The 
presence of two regions in the conductivity-
temperature plots of PVA-based polymer electrolytes 
has been reported [20,10]. The PVA-based 
electrolytes studied here are conductive well below, 

through and above the Tg region and the temperature 
dependence of their current density values can be 
approximated by Arrhenius equation. The change of 
conductivity with temperature is due to polymer 
segmental motion [9]. The increase in free volume 
also facilitates the motion of ionic charge [23]. The 
segmental motion either permits the ions to hop from 
one site to another or provides necessary voids for 
ions to move. The activation energy in both two 
regions of the samples are determined through Eq. 
(4) and tabulated in Table (2). It is seen that this 
sample has semiconducting property because its 
conductivity increases with increase in temperature 
[3]. In this temperature region, the electrical 
activation energy of this sample is a positive value 
and also has a positive temperature coefficient of 
electrical conductivity. Generally, the activation 
energy for electronic conductivity is lower than that 
for ionic conduction in polymers [20]. Therefore, the 
activation energy values in Table (2) suggest that the 
ion hopping mechanism can be assumed to be 
effective in the low-temperature region while the 
electron hopping mechanism is effective in the high-
temperature region. These two activation energies for 
the two different temperature regions are associated 
with the intramolecular (for the higher values of Ea) 
and intermolecular (for the lower values of Ea) 
conducting processes. The intermolecular conducting 
process, which depends on the molecular weight of 
the polymer, and the orientation of its molecules, is 
less efficient than the intramolecular one, since more 
charge carriers scattering is expected through the 
intermolecular covalent bonds than in the 
intramolecular physical bonds, i.e. Van der Waals 
type [20].  

In order to determine the exact mechanism of the 
charge transport in Ag-PVA/ AAc nanocomposite 
films, a detailed analysis of the current-voltage (I-V) 
characteristics was carried out. 

  
Table 2: Conductivity at different temperatures, activation energies and Tg of PVA/AAc- AgNO3 solid polymer electrolyte system 

AgNo3 (wt%) Tg (K) Conductivity (σ) (s m−1)  Activation energies (eV) 
297 K 322 K 347 K Region I Region II 

0 352 7.2 × 10-11  1.5 × 10-10 2.8 × 10-10  0.24 0.07 
1.5 350 1.9 × 10-9 1.0 × 10-7 1.0 × 10-6  0.80 0.11 
3 349 1.0 × 10-8 6.3 × 10-7 8.1 × 10-6  0.98 0.27 
7 345 4.6 × 10-8 6.3 × 10-7 8.7 × 10-6  0.89 0.20 
15 344 7.0 × 10-7 1.2 × 10-5 9.7 × 10-5  0.89 0.14 
25 341 3.3 × 10-6 2.9 × 10-5 4.4 × 10-4  1.13 0.18 
30 339 3.4 × 10-6 3.2 × 10-5 4.2 × 10-4  1.09 0.20 

 
 
3.3 current-voltage characteristics: 

 
Investigation of the current-voltage 

characteristics seems to provide a more adequate 
method for distinguishing between the different 
mechanisms of charge transport. The mechanisms for 

DC conductivity at low and high electric fields in 
amorphous as well as crystalline materials have been 
discussed in the literature. Various conduction 
mechanisms such as, field-lowering mechanisms 
(Schottky effect and Poole-Frenkel effect) and 
Fowler-Nordheim tunneling (FNT) have been 
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identified for the charge transfer mechanism in 
organic materials. 
3.3.1 Fowler-Nordheim mechanism: 

 
The basic idea of Fowler-Nordheim tunneling, 

which is a quantum mechanical phenomenon, is that 
quantum mechanical tunneling from the adjacent 
conductor into the insulator limits the current through 
the structure. Once the carriers have tunneled into the 
insulator they are free to move within the valence or 
conduction band of the insulator. The Fowler-
Nordheim relation [12] for current density is 





−=

V
AVJ ϕexp2

                   (5) 
so that,  

 





−=





V
A

V
J ϕlnln 2

                (6) 
and the 







2ln
V
J versus 1000/V plots is expected 

to be a linear straight line relation with a negative 
slope. 

In the present case, the 






2ln
V
J vs. 1000/V plots 

for the prepared composites are presented in Figure 
3, which are nearly straight lines with a +ve slope for 
higher as well as lower values of V indicating the 
absence of tunneling current as suggested by Fowler-
Nordheim relation. 
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Fig. 3: Plot of ln (J/V) vs. 1000/ V showing FNT conduction range for various films. 

 
3.3.2 Schottky- Richardson and Poole-Frenkel 
mechanisms: 

 
The Schottky- Richardson-type effect is charge 

carrier injection to the film from the contact via the 
field assisted lowering of the metal insulator 
potential barrier. The expression for Schottky-type 
current density is given by 





 +−= 2/12* exp E

kT
TAJ SR

S βϕ
              (7) 

and hence, 
2/12* )ln()ln( E

kT
TAJ SR

s βϕ
+−=            (8) 

SRβ  being the filed lowering constant given by, 
2/13

4 







=

d
e

o
SR πεε

β                   (9) 

where A* is the effective Richardson constant, 

sϕ is the Schottky barrier hight, k is Boltzmann 
constant, e is the electronic charge, V is the applied 
voltage, d is the sample thickness, T is the 
temperature in Kelvin, ε is the dielectric constant, 
and εo is the permittivity of the free space. 

The Poole-Frenkel (P-F) effect is the release of 
charge carriers from traps, lowering coulombic 
potential barrier of a trap via the electric field. The 
equations for the Poole-Frenkel-type current density 
take the form [7]. A general equation describes the 
bulk-limited P-F effect, 
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where C is a constant, βPF is the Poole-Frenkel 
field-lowering coefficient, E is the electric field, ϕ  
is barrier height (the barrier associated with the 
promotion of an electron from a donor level to the 
conduction state). 

A plot of ln J versus E1/2 should be a straight line 
if either the above mentioned two mechanisms are 
dominant in the studied films. Figure 4 shows the ln 
J versus E1/2 plot for all samples. The theoretical and 
experimental values of the β coefficients were 

calculated and tabulated in Table (3). The β values 
were compared to determine which mechanism is 
dominant. It is clear from Table (3) that experimental 
value of β is in agreement with the SRβ for all 
samples leading to the conclusion that Schottky- 
Richardson mechanism is the dominating 
mechanism, since the applied field is not enough to 
enhance the thermally excited electrons inside the 
polymer films [1].  
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Fig. 4: Current density, ln (J), versus the square root of Electric field, E1/2, for various films at room 

temperature. 
 
However, some reports in the literature point out 

the Poole–Frenkel mechanism [21,8] as the dominant 
conduction mechanism in doped and undoped PVA 
films and some contribute towards the Schottky 
emission mechanism [1]. This may be due to either 

the processing conditions or various method of film 
formation or doping level. The changes in both 
electrical and optical properties of PVA are strongly 
influenced by the impurity nature as well as sample 
preparation method. 

  
Table 3: Theoretical and Experimental values of β for various films. 

AgNo3 (wt%) Experimental β 
(10 -23× J m1/2 V-1/2) 

Theoretical βS 

(10 -23× J m1/2 V-1/2) 
Theoretical βPF 

(10 -23× J m1/2 V-1/2) 
0 2.66 2.30 4.60 
1.5 2.42 2.48 4.97 
3 2.73 2.72 5.44 
7 1.97 2.05 4.10 
15 2.57 2.48 4.97 
25 2.57 2.59 5.19 
30 10.23 10.59 21.19 

 
Conclusions: 

 
Well-dispersed crystalline silver particle with 

18–37 nm size has been prepared by reducing silver 
nitrate in the irradiated PVA/ AAc copolymers. It 
was found that the silver particle size depends mainly 
on the concentration of the salt in the polymer 
matrix. The electrical properties of the various films 
were studied. Compared with the neat polymer, the 
incorporation of Ag nano particles improve the 
conductivity of Ag- PVA/AAc nano composites. It is 
believed that this type of material produce from this 

work is able to be used in semi conductor 
applications. 

For DC conduction mechanism, Schottky- 
Richardson mechanism is dominant mechanism for 
conducting on Ag- PVA/AAc films. 
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