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Abstract: Problem statement: The aim of this study is to develop a model for describing the effect of
ion concentration on the electrical conductivity of polymer electrolytes by considering two mechanisms
simultaneously: Enhancements of ion concentration and amorphous phase. Approach: The problems
based on new observations in polymer electrolyte when ion concentration in the polymer electrolytes was
increased, both the fraction of amorphous phase and the charge carriers increase simultaneously. The
model was based on the assumption when ions were inserted into the polymer host, there was an
optimum distance between ions at which the ions move easily throughout the polymer. The average
distance between ions in the polymer depends on the ion concentration. And we also considered the effect
of ion concentration on the amorphous phase in the polymer. Results: We inspected the validity of the
model by comparing the model predictions with various experimental data. The new analytical
expressions for the electrical conductivity dependent of ion concentration was developed by considering
two mechanisms simultaneously in polymer electrolytes, i.e., enhancement of the carries concentration
and amorphous phase fraction. Interestingly, most of fitting parameters were not arbitrarily selected, but
were derived from the appropriate experimental data. Conclusion: The model can be used to explain the
conductivity behavior of other polymer electrolyte systems by selecting appropriately less number of
parameters. This model result is fully supported by available experimental data.
Key words: Electrical conductivity, polymer electrolyte, ion concentration effect, experimental data,
amorphous phase, increase simultaneously
in the polymer electrolytes is increased, both the
fraction of amorphous phase and the charge carriers
increase simultaneously.

INTRODUCTION
The dependence of electrical conductivity of
polymer electrolytes onion concentration has been well
known. The conductivity initially increases with ion
concentration, reaches the maximum at a certain
concentration after which it turns down at high ion
concentrations (Khiar and Arof, 2011; Gong et al.,
2008; Kang and Fang, 2004; Rajendran et al., 2003;
Kang et al., 2003; Xu et al., 2001).
Many explanations have been exposed to explain
these observations. At low concentrations the
conductivity increases due to increasing in the charge
carriers, while at high concentrations, repulsion
between ions at short distances inhibits the transport of
ions to weaken the conductivity.
New observations on this topic are interesting to be
discussed (Aji et al., 2012; Bhargav et al., 2010; 2007a;
2007b; Mohamad et al., 2003). When ion concentration

Fig. 1: Increasing the ion concentration will increase the
carrier concentration and the fraction of amorphous
phase
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The ion concentration does not affect only the charge
carriers, but also the structure of the polymer host from
crystalline to amorphous. Therefore, a theory for
explaining the electrical conductivity development due
to insertion of ions must consider the occurrence of
these two mechanisms.
The aim of this study is to develop a model for
describing the effect of ion concentration on the electrical
conductivity of polymer electrolytes by considering two
mechanisms simultaneously: Enhancements of ion
concentration and amorphous phase (see illustration in
Fig. 1). The predictions of the model were compared to
experimental data reported by many authors (Aji et al.,
2012; Amir et al., 2011; Noor et al., 2010; Bhargav et
al., 2009; Hirankumar et al., 2006).

probability function to explain the distance distribution.
Since the distances are always positive, the proper
distribution function for explaining this distance is the
log normal distribution. This selection can be
compared to selection of the log normal distribution
for explaining size distribution of particles (Chen et
al., 2009; Hafraoui et al., 2008; Berret et al., 2007;
Feng and Bertelo, 2004; Teraoka, 2002). The particle
sizes are never negative so that the log normal
distribution is the best function to explain it.
Suppose the distribution density of ion distances
separated by ℓ is ƒ(ℓ). The fraction on ions that are
separated by distances between ℓ and ℓ + dℓ are Eq.
3 (Mikrajuddin et al., 2001):

The model was based on the assumption when ions
are inserted into the polymer host, there is an optimum
distance between ions at which the ions move easily
throughout the polymer. This distance corresponds to
the lowest energy for ion hopping. If ion distances are
shorter, repulsion between ions might cause a reduction
in the electrical conductivity. On the other hand, when
the ion distances are too far, a long distance hopping is
required to generate the conductivity, which implies the
reduction in the conductivity too. If the distance
between ions at a specific concentration is ℓ, the
interaction energy experiences by an ion can be
expressed in the Taylor series as Eq. 1:
E ( l ) = E ( l0 ) +

dE
1 d 2E
( l - l0 ) +
dl 10
2 dl2 1

0

( l - l0 )

2

(3)

With ℓav is the average distance between ions and δ
is the geometrical standard deviation. The average
deviation of energy for ion hopping is Eq. 4:
∞

∆E(ℓ av ) = ∫ ∆E(ℓ)f (ℓ)dℓ =
0
∞
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If ∆S is the change in entropy relative to the
entropy when all ions are separated by ℓ0, the
expression for the free energy change is ∆F(ℓav) =
∆E(ℓav)-T∆S. The probability of ion hopping caused by
ion concentration will be proportional to Eq. 5:

(1)
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with ℓ0 is the optimum distance as mentioned above. Since
at ℓ0, dE/dℓ|ℓ0 = 0, we obtain the deviation of energy from
the energy when the ions are separated by ℓ0 as Eq. 2:
∆E ( l ) = E ( l ) - E ( l0 ) =

2
1
− ln ℓ − ln ℓ av ) / 2 δ
e(
dℓ
2πσℓ

f (ℓ)dℓ =
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We also considered the effect of ion concentration
on the amorphous phase in the polymer. We assumed
the amorphous phase is composed of a large number of
“islands” (Fig. 2) with an average size L.
In the amorphous phase, the ions are very mobile.
We assumed the ions diffuse in one-dimensional
“cages” bounded by [−L/2, +L/2] and are absorbed
when reaching the cage wall. The cage corresponds to
the amorphous island and the wall corresponds to the
boundary between amorphous and crystalline phases.
We determined the survival probability of the ions in
the amorphous phase and assumed this probability
controls the ionic conductivity.

(2)

3

3
1d E
+
( l - l0 ) + ...
6 dl3 1
0

Actually, the distances between ions in the polymer
host are not equal. The ion positions distribute
randomly, ranging from the shortest to the longer ones.
Therefore, it is more accurate if we introduce a
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And the time average of the survival probability
can be written as Eq. 11:
S ( t ) ∝ e − Dπ2 τc L2

where, τc is referred to the characteristic time and might
be related to the relaxation time of polymer segmental
motion in the amorphous phase. The motion of ions in
the amorphous phase is assisted by this segmental
motion (Vogel, 1921; Li et al., 2008; Fonseca et al.,
2007; Xu et al., 2001; Noda and Watanabe, 2000).
We assumed the second term in Eq. 4 is much
smaller than the first term. Since we don’t have data of
the distance distribution of ions, at present we assumed
the ions are separated equally so that we can replace the
distribution
function
as
a
Dirac
delta
function, δ(ℓ − ℓ av ) and finally found that Eq. 12:

Fig. 2: The amorphous phase was assumed to be
composed of amorphous islands of average size L
The survival probability of ions in the amorphous
phase satisfies Eq. 6 (Krapivsky and Redner, 1996):
+L 2

S ( t ) = ∫ C ( x, t ) dx

(6)

−L 2

where, C(x, t) is the ionic concentration at position x
and at time t. The ion concentration evolves according
to the diffusion Eq. 7:
∂C ( x, t )
∂t

=D

∂ 2C ( x, t )

Phop ∝ e ∆S/ k e

With D is the diffusion coefficient. Since the ions
are absorbed by the cage wall, the ion concentration
satisfies the boundary condition of C (±L/2, t) = 0.
The survival probability of an ion may be obtained
by integration of ion concentration over the region. For
simplicity, we assumed the initial concentration was
homogeneously distributed or C (x, 0) = γ L, with γ is a
constant. Using both the boundary and the initial
condition we obtained the following solution for the ion
concentration Eq. 8 (Krapivsky and Redner, 1996):
2 2
 nπ 
C ( x, t ) = ∑ A n sin  x  e − Dπ n t
n =1
 L 
∞
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We speculated that the size of amorphous islands
is proportional to the fraction of amorphous phase.
This assumption is valid when the number of
amorphous islands remains constant as the ion
concentration is varied. Taking this assumption as a
very rough approximation, we obtain a relation L2 =
ξ2 ν a 2/3, where ν ais the fraction of amorphous phase
and ξ is a constant. Since νa is in the order of unity,
the value of ξ approaches L. The average survival
probability becomes Eq. 15 and 16:

(8)

(9)

S ( t ) ∝ exp ( −βv a−2 3 )

Indeed, the ratio of the first to the second terms is
proportional to exp(3Dπ2 t / L2 ) . The survival probability
is then Eq. 10:
S( t ) =

( ℓ av − ℓ 0 ) 2 / kT

With:

2 L  γ   nπ 
∫   sin  x  dx Assuming that the first
L 0 L   L 

2
4γ
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πL  L 

ℓ0

2

Phop ∝ e ∆S/ k exp  −α(1 / C1/ 3 − 1 / C1/3
0 ) 

term in Eq. 8 is very dominant, we can approximate Eq. 9:
C ( x, t ) ≈

−1/ 2d2 E / dℓ2

The average distance between ions in the
polymer depends on the ion concentration. If C is the
ion concentration (number per unit of volume) we
may write ℓ av = 1 / C1/ 3 and the probability of ion
hopping becomes Eq. 13 and 14:

(7)

∂x 2

(11)

(15)

With:
β=

(10)
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N = mNa × NA/MRNa, with MRNa is the atomic mass
of Na and NA is the Avogadro number. Furthermore,
V ≈ mPVA/ ρPVA with ρPVA is the mass density of
PVA. Therefore Eq. 21 adn 22:

Since the electrical conductivity depends
simultaneously on ion concentration and amorphous
phase fraction, a general expression for the electrical
conductivity satisfies Eq. 17:

σ = σ0 e

(

)

13 2
13
−βva−2 3 −α 1 C −1 C0

e

 m  ρ
C(wt%) ρPVA
C =  Na  PVA N A ≈
NA
100 MR Na
 m PVA  MR Na

(17)

With σ0is a constant for a specific polymer
electrolyte.
We inspected the validity of the above model by
comparing the model predictions with various
experimental data. At present we compared the model
with the conductivity data of PVA, PEO and PEMA
based polymer electrolytes containing different ions such
as PVA.NaF (Bhargav et al., 2009), PVA.LiOH (Aji et
al., 2012), PVA.AgNO3 (Hirankumar et al., 2006) and
PEO.LiCF3SO3 with plasticizer ENR50 (Noor et al.,
2010) and PEMA.LiClO4 (Amir et al., 2011).
Initially we must estimate the values of α and β
parameters. Based on Eq. 14, the α parameter
originated from the second derivative of the interaction
energy of ion. We assumed the interaction energy
satisfies the Lennard-Jones potential Eq. 18 and 19:
  ℓ 6  ℓ 12 
E(ℓ) = −ε '  2  0  −  0  
  ℓ   ℓ  

And:
1/ 3

 100MR 
1
Na

ℓ = 1/3 ≈ 
ρ

C
N
 PVA A 

ε'
kTℓ 20

(18)

(19)

with ε` is energy when the ions are separated by ℓ0.
This energy is not equal to the lowest energy in the pair
of atoms making a direct bonding. We derived ε’ based
on data of the lowest energy in the atomic bonding.
Since at large distances the dominant part in the
Lennard-Jones potential is the power six of the
distance, we speculated the lowest energy in case of ion
potential in the polymer electrolytes satisfies Eq. 20:
ε' ε  σ 
≈  
k k  ℓ0 

1
C(wt%)1/3

(22)

The peak of conductivity occurs at a weight
fraction of ions at around 20%. The atomic mass of Na
is 23 and the density of PVA is around 1.26 g cm−3.
Therefore, the estimated value for ℓ0 ≈ 5.3 × 10-8 cm.
Assume the corresponding values for others ions are not
so far from this value so that we can use ℓ0 ≈ 5.3 × 10-8
cm to estimate the α parameter for other ions.
Several data on the interaction of atoms via
Lennard-Jones potential have been available. For
example, parameters of potential for interaction of
metal ions with oxygen atoms are ε/k = 1575.3 K and
σ = 0.34276 nm for Na+ ion and ε/k = 2315.6K and σ
= 0.28517 nm for Li+ ion (Zhen and Davies, 1983;
Lee and Rasaiah, 1996). Using these data into Eq.
(20) we obtained ε’/k ≈ 115.5 K for Na ions and ε’/k
≈ 56.2 K for Li ions.
The exponential factor controlling the ion
concentration is:

So that:
α = 36

(21)

α (1 / C1/3 − 1 / C1/3
0 ) = 36
2

= 36

2
ε' 1
1 / C1/3 − 1 / C1/3
0 )
2 (
k Tℓ 0

3
2
ε ' C2/
0
1 / C1/3 − 1 / C1/3
(
0 )
k T

If we use the unit of wt% for concentration, we
obtain an approximated estimation for α parameter as
Eq. 23:

6

(20)
α ≈ 36

with σ is the distance of atoms making direct
bonding and ε is the lowest energy of the
corresponding direct bonding.
If N is the number of ions and V is the volume of
composite we have C = N/V. Let us estimate the α
parameter for PVA containing Na ions. In this case,

ε ' C2/3
0 (wt%)
k
T

(23)

Using ε’/k ≈ 115.5 K for Na and ε’/k ≈ 56.2 K for
Li, T = 300 K and C0≈ 20 wt% we obtain α ≈ 102 for
Na and α ≈ 50 for Li. Throughout the simulations we
selected the parameter α within this range.
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in polymer is around 10−5 s (Hirankumar et al., 2006).
From these data, we obtained the estimated values of β
range from 0.1-10. In the following simulation we used
the values of β parameter of around unity and the value
of α parameter of around 100.

The amorphous phase size can be estimated as
following. From the SEM images, the darker tone color
can be related to amorphous phase as suggested by
Zygadło-Monikowska et al. (2007). SEM images of
grafted natural rubber containing LiF4 as reported by
Ahmad el at. (2011a) showed darker tones in order of
submicrometer sizes (Ahmad et al., 2011b). Roiter and
Minko (2005) reported the appearances of real linear
polymer chains in liquid state on a surface as
recorded using an atomic force microscope have
contour length of about 204 nm (Roiter and Minko,
2005). This size might be related to the size of “bulk
amorphous island” of the polymer. Using a high
resolution solid state 13C NMR, Zhang et al. (1992)
measured the amorphous phase size in polymer can
ranged from 2-30nm (Zhang et al., 1992). From these
reports, it is acceptable to assume ξ values range
from 0.01-0.1 µ m. The diffusions coefficient of ions
in polymer is around 10 −7cm2s−1 (Klimuk and
Kuczajowska-Zadrozna, 2002; Stolwijk and Obeidi,
2004; Obeidi et al., 2004; 2005; Bracht et al., 1991).
Hirankumar et al. (2006) reported that the relaxation time

RESULTS
Figure 3 shows the comparison of experimental
data of conductivities of polymer electrolytes
(Bhargav et al., 2009; Aji et al., 2012; Hirankumar et
al., 2006; Mohamad et al., 2003; Noor et al., 2010;
Amir et al., 2011) and the fitting results. The fitting
parameters for each data are listed in the figure. In
the fitting results, the values of the volume fractions
of amorphous phase were selected so that the model
prediction fit the data properly. The selected volume
fractions are also displayed in the figure. It is clear
from Fig. 3a-d the fitting curves accurately fit the
experimental data for all polymer electrolytes.

(a)

(b)

(c)

(d)
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(e)

Fig. 3: Comparison of the experimental data (symbols) and the model predictions for polymer electrolytes of (a)
PVA.NaF, (b) PVA.LiOH, (c) PVA.AgNO3, (d) PEO.LiCF3SO3 with ENR50 plasticizer and (e) PEMA.LiClO4.
The corresponding curves of dependence of amorphous phase on the ion concentration are also displayed
and consist of heating the polymer to near the melting
or glass transition temperature and slow cooling to
room temperature. This step increases the amorphous
phase content at room temperature, which is the
working temperature of most devices.
From the above results we selected a set of
conductivity parameters capable of predicting many
observed data reported by authors. The proposed
model was successful in describing the electrical
conductivity with two mechanisms in polymer
electrolyte systems.
Assume, the apparent activation energy for ion to
transport satisfies σ = σ0 exp [−Ea/k T], by considering
Eq. 17 we can approximate the activation energy as
Eq. 24:

DISCUSSION
The selected prefactors conductivity σ0 for all
polymer electrolytes were very close to the values
measured by many authors (Khiar and Arof, 2011;
Gong et al., 2008; Kang and Fang, 2004; Rajendran et
al., 2003; Kang et al., 2003; Xu et al., 2001). We also
see that the fraction of amorphous state increases with
the ion concentration and mostly saturates at high ion
concentration. These results are also consistent with the
observation of the XRD patterns of samples containing
different ion concentrations. Figure 4 shows the XRD
patterns of PVA.LiOH
at different
LiOH
concentrations. The XRD patterns confirmed the
dependence of the amorphous content on the ion
concentration (Aji et al., 2012). Reduced XRD intensity
is indicative of reduced crystallinity in the samples.
Similar observation has also been reported by other
authors in other polymer electrolyte systems (Ahmad et
al., 2011a; Fonseca et al., 2007). Ahmad et al. (2011b)
reported that in grafted natural rubber and poly (methyl
methacrylate), containing lithium tetrafluoroborate. The
degrees of crystallinity in systems of PCLbiodegradable gel polymer electrolyte with LiClO4,
LiF3CSO3 and LiBF4 salts decreased nearly linear with
increasing the salt concentration (Ahmad et al., 2011a).
The increase in the amorphous content resulted
from inhibition of recrystallization of the host polymer
after the ions were dispersed. Ions located near the
polymer chains possess weak net electric charges that
could disturb the tendency of the chain to recrystallize
after heat treatment. Heat treatments are commonly
performed after addition of salts to polymer electrolytes

E a ≈ kT βv a−2/ 3 + α(1 / C1/ 3 − 1 / C1/0 3 )2 

(24)

Using data in Fig. 4, we can calculate the effect
of salt or base weight fraction on the activation
energy for ion transport. Figure 5 shows the
activation energy of ions in several polymer
electrolytes as function of salt/base concentration.
The activation energy decreases with ion
concentration. At high ionic concentration, the
activation energies located at around 0.05 eV. This
activation energy corresponds to the activation energy
in amorphous phase. This value is comparable to what we
have reported previously when simulating the activation
energies of amorphous phase in various polymer
electrolytes of around 0.04 eV (Mikrajuddin et al.,
2000).
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dependence of activation energies for ion transport that
were very close to those previously reported.
REFERENCES
Ahmad, A., M.Y.A. Rahman, M.S. Su’ait and H.
Hamzah, 2011a. Study of MG49-PMMA based
solid polymer electrolyte. Open Mater. Sci. J.,
5:170-177.
Ahmad, A., M.Y.A. Rahman, S.P. Low and H.
Hamzah, 2011b. Effect of LiBF4 salt concentration
on the properties of plasticized MG49-TiO2 based
nanocomposite polymer electrolyte. ISRN Mater.
Sci., 2011: 7-7. DOI: 10.5402/2011/401280
Aji, M.P., Rahmawati, Masturi, S. Bijaksana,
Khairurrijal and M. Abdullah, 2012. Electrical and
magnetic properties of polymer electrolyte
(PVA:LiOH) containing in situ dispersed Fe3O4
nanoparticles. ISRN Mater. Sci., 2012: 7-7. DOI:
10.5402/2012/795613
Amir, S.N., R. Otjman, R.H.Y. Subban and N.S.
Mohamed, 2011. Ionic conductivity of PEMALiClO4 Polymer Electrolytes. Sains Malaysiana 40:
701-705.
Berret, J.F., O. Sandre and A. Mauger, 2007. Size
distribution of superparamagnetic particles
determined by magnetic sedimentation. Langmuir,
23: 2993-2999. DOI: 10.1021/la061958w
Bhargav, P.B., B.A. Sarada, A.K. Sharma and V.V.R.N
Rao, 2010. Electrical conduction and dielectric
relaxation phenomena of PVA based polymer
electrolyte films. J. Macromol. Sci., 47: 131-137.
DOI: 10.1080/10601320903458564
Bhargav, P.B., V.M. Mohan, A.K. Sharma and
V.V.R.N Rao, 2007a. Structural and electrical
properties of pure and NaBr doped Poly (Vinyl
Alcohol) (PVA) polymer electrolyte films for solid
state battery applications. Ionics, 13: 441-446.
DOI: 10.1007/s11581-007-0130-y
Bhargav, P.B., V.M. Mohan, A.K. Sharma and
V.V.R.N Rao, 2007b. Structural, electrical and
optical characterization of pure and doped Poly
(Vinyl Alcohol) (PVA) polymer electrolyte films.
Int. J. Polym. Mater., 56: 579-591. DOI:
10.1080/00914030600972790
Bhargav, P.B., V.M. Mohan, A.K. Sharma and
V.V.R.N Rao, 2009. Investigations on electrical
properties of (PVA:NaF) polymer electrolytes for
electrochemical cell applications. Curr. Applied
Phys., 9: 165-171. DOI: 10.1016/j.cap.2008.01.006
Bracht, H., N.A. Stolwijk and H. Mehrer, 1991.
Diffusion and solubility of copper, silver and gold
in germanium. Phys. Rev., 43: 14465-14477. DOI:
10.1103/PhysRevB.43.14465

Fig. 4:XRD patterns for (a) PVA powder, (b) PVA
membrane, (c) PVA.1wt%LiOH, (d) PVA.
3wt%LiOH, (e) PVA 5wt%LiOH, (f)
PVA.7wt%LiOH, (g) PVA.9wt%LiOH, (h)
PVA.10wt%LiOH and (i) LiOH powder

Fig. 5: Effect of salt or base weight fractions on the
activation energies for ion transport in the
polymer electrolytes
Furthermore, Mertens et al. (1999) reported, the
Vogel-Tamman-Fulcher activation energy of most
amorphous poly (ether-ester) s containing 1, 4, 7trioxanonyl main chain units at various LiClO4
concentrations were mostly at around 8 kJ mol−1 or 0.08
eV (Mertens et al., 1999).
CONCLUSION
The new model introduced here succeeded to
explain the dependence of electrical conductivities of
various polymer electrolytes as function of ion
concentration. We only used a minimum number of
freely adjustable parameters to fit the data since some
parameters can be derived from experimental or
previously reported data. The model also predicted the
952

Am. J. Applied Sci., 9 (6): 946-954, 2012
Chen, D.X., A. Sanchez, E. Taboada, A. Roig, N. Sun
and H.C. Gu, 2009. Size determination of
superparamagnetic
nanoparticles
from
magnetization curve. J Applied Phys., 105: 6-6.
DOI: 10.1063/1.3117512
Feng, J.J. and C.A. Bertelo, 2004. Prediction of bubble
growth and size distribution in polymer foaming
based on a new heterogeneous nucleation model. J.
Rheol., 48: 439-462. DOI: 10.1122/1.1645518
Fonseca, C.P., F. Cavalcante Jr. F.A. Amaral, C.A. Zani
Souza and S. Neves, 2007. Thermal and conduction
properties of a PCL-biodegradable gel polymer
electrolyte with LiClO4, LiF3CSO3 and LiBF4 salts.
Int. J. Electrochem. Sci., 2: 52-63.
Gong, Y.F., X.K. Fu, S.P. Zhang and Q.L Jiang, 2008.
Preparation of star network peg-based gel polymer
electrolytes for electrochromic devices. Chin. J.
Polymer. Sci., 26: 91-97.
Hafraoui, S.E., Y. Nishiyama, J.L. Putaux, L. Heux and
F. Dubreuil et al., 2008. The shape and size
distribution of crystalline nanoparticles prepared by
acid
hydrolysis
of
native
cellulose.
Biomacromolecules,
9:
57-65.
DOI:
10.1021/bm700769p
Hirankumar, G., S. Selvasekarapandian, M.S.
Bhuvaneswari, R. Baskaran and M. Vijayakumar,
2006. Ag+ ion transport studies in a polyvinyl
alcohol-based polymer electrolyte system. J. Solid
State Electrochem.,
10: 193-197. DOI:
10.1007/s10008-004-0612-z
Kang, J.J. and S.B. Fang, 2004. Synthesis and ionic
conductivity of network polymer electrolytes with
internal plasticizers. Chin. Chem. Lett., 15: 87-89.
Kang, Y., W. Lee, D.H. Suh and C. Lee, 2003. Solid
polymer electrolytes based on cross-linked
polysiloxane-g-oligo(ethylene
oxide):
ionic
conductivity and electrochemical properties. J.
Power
Sources,
119:
448-453.
DOI:
10.1016/S0378-7753(03)00189-7
Khiar, A.S.A. and A.K. Arof, 2011. Electrical
properties of starch/chitosan-Nh4no3 polymer
electrolyte. World Acad. Sci. Eng. Technol., 59:
23-27.
Klimuk, E. and M. Kuczajowska-Zadrozna, 2002. The
effect of poly(vinyl alcohol) on cadmium
adsorption and desorption from alginate
adsorbents. Polish J. Envir. Stud. 11: 375-384.
Krapivsky, P.L. and S. Redner, 1996. Life and death in
an expanding cage and at the edge of a receding
cliff. Am. J. Phys., 64: 546-552. DOI:
10.1119/1.18152

Lee, S.H. and J.C. Rasaiah, 1996. Molecular Dynamics
Simulation of ion mobility. 2. Alkali metal and
halide ions using the SPC/E model for Water at
25°C. J. Phys. Chem., 100: 1420-1425. DOI:
10.1021/jp953050c
Li, G., Z. Li, P. Zhang, H. Zhang and Y. Wu, 2008.
Research on a gel polymer electrolyte for Li-ion
batteries. Pure Applied Chem., 80: 2553-2563.
DOI: 10.1351/pac200880112553
Mertens, I.J.A., M. Wübbenhorst, W.D. Oosterbaan,
L.W. Jenneskens and J.V. Turnhout, 1999. Novel
polymer electrolytes based on amorphous
poly(ether−ester)s containing 1,4,7-trioxanonyl
main chain units. Ionic conductivity versus
polymer chain mobility. Macromolecules, 32:
3314-3324. DOI: 10.1021/ma981901j
Mikrajuddin, F.G. Shi and K. Okuyama, 2001.
Temperature-dependent electrical conduction in
porous silicon: Non-Arrhenius behavior. Europhys.
Lett., 54: 234-240. DOI: 10.1209/epl/i2001-003009
Mikrajuddin, F.G. Shi, T.G. Nieh and K. Okuyama,
2000. Electrical conduction in solid polymer
electrolytes: Temperature dependence mechanism.
Microelectron.
J.,
31:
261-265.
DOI:
10.1016/S0026-2692(99)00138-X
Mohamad, A.A., N.S. Mohamed, M.Z.A. Yahya, R.
Othman, S. Ramesh and Y. Alias et al., 2003. Ionic
conductivity studies of poly (vinyl alcohol)
alkaline solid polymer electrolyte and its use
nickel-zinc cell. Solid State Ionics, 156: 171-177.
DOI: 10.1016/S0167-2738(02)00617-3
Noda, A. and M. Watanabe, 2000. Highly conductive
polymer electrolytes prepared by in situ
polymerization of vinyl monomers in room
temperature molten salts. Electrochim. Acta, 45:
1265-1270. DOI: 10.1016/S0013-4686(99)00330-8
Noor, S.A.M., A. Ahmad, M.Y.A. Rahman and I.A.
Talib, 2010. Solid polymeric electrolyte of poly
(ethylene)oxide-50% epoxidized natural rubberlithium triflate (PEO-ENR50-LiCF3SO3). Natural
Sci., 2: 190-196. DOI: 10.4236/ns.2010.23029
Obeidi, S., B. Zazoum and N.A. Stolwijk, 2004. Ionic
tracer diffusion and dc conductivity in the polymer
electrolyte PEO30NaI. Solid State Ionics, 173: 7782. DOI: 10.1016/j.ssi.2004.07.055
Obeidi, S., N.A. Stolwijk and S.J. Pas, 2005. Mass and
charge transport in a cross-linked polyether-based
electrolyte. The role of ion pairs. Macromolecules,
38: 10750-10756. DOI: 10.1021/ma0519718
953

Am. J. Applied Sci., 9 (6): 946-954, 2012
Zhang, X., K. Takegoshi and K. Hikichi, 1992.
Composition dependence of the miscibility and
phase structure of amorphous/crystalline polymer
blends as studied by high-resolution solid-state
carbon-13 NMR spectroscopy. Macromolecules,
25: 2336-2340. DOI: 10.1021/ma00035a009
Zhen, S. and G.J. Davies, 1983. Calculation of the
Lennard-Jones n–m potential energy parameters for
metals. Phys. Stat. Sol., 78: 595-605. DOI:
10.1002/pssa.2210780226
Zygadło-Monikowska, E.Z., Z. Florjanczyk, E.
Rogalska-Jonska, A. Werbanowska and A.
Tomaszewska et al., 2007. Lithium ion transport of
solid electrolytes based on PEO/CF3SO3Li and
aluminum carboxylate. J. Power Sources, 173: 734742. DOI: 10.1016/j.jpowsour.2007.05.059

Rajendran, S., M. Sivakumar and R. Subadevi, 2003.
Effect of salt concentration in poly(vinyl alcohol)based solid polymer electrolytes. J. Power Sources,
124:
225-230.
DOI:
10.1016/S03787753(03)00591-3
Roiter, Y. and S. Minko, 2005. AFM single molecule
experiments at the solid−liquid interface: In situ
conformation of adsorbed flexible polyelectrolyte
chains. J. Am. Chem. Soc., 127: 15688-15689.
DOI: 10.1021/ja0558239
Stolwijk, N.A. and S.H. Obeidi, 2004. Radiotracer
diffusion and ionic conduction in a PEO-NaI
polymer electrolyte. Phys. Rev. Lett., 93: 125901125901. PMID: 15447279
Teraoka, I., 2002. Polymer Solutions: An Introduction
to Physical Properties. 1st Edn., John Wiley and
Sons Inc., New York, ISBN: 0471389293, pp: 338.
Vogel, H., 1921. Das Temperaturabhängigkeitsgesetz der
Viskosität von Flüssigkeiten. Phys. Z., 22: 645-646.
Xu, W., J.P. Belieres and C.A. Angell, 2001. Ionic
conductivity and electrochemical stability of
poly[oligo(ethylene glycol)oxalate]−lithium salt
complexes. Chem. Mater., 13: 575-580. DOI:
10.1021/cm000694a

954

