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We have experimentally investigated the ion-conducting and dielectric properties of nanocomposite ion-conductive 
polymer electrolytes based on two-polymer blend of poly(ethylene oxide) (PEO) and polyvinyl pyrrolidone (PVP), with 
added sodium metaperiodate (NaIO4) at concentration of 10 wt%. The polymer-ion complexes PEO/PVP/NaIO4 are 
doped with small amount (up to 3 wt%) TiO2 nanoparticles of average size ~ 10 nm. Chemically-stable free-standing 
thin films (150 µm) of the synthesized PEO/PVP/NaIO4/TiO2 solid-state polymer electrolyte material are formed by 
using conventional solution-cast technique. The electrical and dielectric properties of these nanocomposites are studied 
by complex electrical impedance and dielectric spectroscopy over the frequency range 1 Hz – 1 MHz. The ionic 
conductivity of TiO2-nanofilled PEO/PVP/NaIO4/TiO2 is determined as dependent on the concentration of the included 
TiO2 nanoparticles. The obtained results indicate that both the Na+-ion conductivity and the dielectric function of 
PEO/PVP/NaIO4/TiO2 nanocomposite electrolytes are enhanced upon addition of TiO2 nanoparticles. Thus, the 
produced NaIO4 salt-complexed TiO2-nanofilled ionic polymer electrolytes are attractive for use in sodium ion 
secondary batteries, electrochemical applications, as well as in organic electronics. 
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INTRODUCTION 

In view of the outstanding technological 
achievements in the multidisciplinary scientific & 
industrial fields, the polymer nanocomposite 
electrolytes (NCPEs) have been gaining vital 
significance owing to their unique useful properties 
[1]. Various nano-size inorganic fillers (such as 
zinc oxide, alumina, titania, silica, graphene oxide, 
MgO, MgAl2O4, γ-LiAlO2) have been employed to 
fabricate NCPEs having improved properties [2–
10]. Thus, one can even obtain multifunctional 
nanocomposite materials having versatile 
applications. Generally, the incorporation of proper 
nanoparticles (NPs) into suitable polymer matrix 
may substantially improve the electrical 
performance of the resultant polymer-based 
nanocomposite without sacrificing the mechanical 
strength of the material. In fact, this effect in 
polymer nanocomposites occurs due to specific 
interfacial interactions between the included NPs 
and polymer chains. In polymer nanocomposites 
the role of the interface is related to a fundamental 
length-scale in the order of the radius of gyration of 
the polymer chains. As a result, synergetic 
interactions arise in the ‘nanoscopically confined 
interfacial nanocomposite matrix’ and contribute to 

the enhancement of the segmental mobility, 
electrical and mechanical properties. The same 
effect of interfacial interactions in nanometer 
ranges between polymer chains and inorganic 
nanofillers with high surface area takes place in 
NCPEs. The nanofiller-polymer interactions and 
possible conformational changes in the host 
polymer lead to increased mobility of mobile ions 
in amorphous phase regions in the polymer matrix 
of NCPEs [1,6,10–12]. 

Solid polymer electrolytes based on 
poly(ethylene oxide) (PEO) and complexed with 
various alkali metal salts have been recognized as 
permissible systems to be employed in solid state 
rechargeable batteries and polymer electronics 
[13,14]. Substantial research efforts are currently in 
progress to enhance the properties of the Na-ion-
conducting polymer electrolytes and to search of 
novel Na-ion-conductor materials in order to satisfy 
the requirements for efficient electrolyte function 
and for other advanced applications. Various Na 
salt-complexed PEO-based polymer electrolytes 
intended to be used for Na+ battery and other 
applications have been reported [15–18]. Also, 
there are numerous investigations on Na+-ion-
conducting polymer electrolyte systems based on 
blends of PEO with the high-amorphous polymer 
polyvinyl pyrrolidone (PVP), as complexed with * To whom all correspondence should be sent.  
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various sodium salts [19–23]. The blending of PEO 
with PVP reduces the degree of crystallinity of 
polymer matrix, thus enhancing the ionic 
conductivity. Thus, PEO/PVP complexed with the 
ionic compound sodium metaperiodate (NaIO4) 
showed ion-electrolytic properties attractive for 
electrochemical and other applications [22,23]. 

The next step is the reinforcement of these 
polymer electrolyte systems by doping with nano-
sized material in order to properly modify their 
properties and further enhance their ion 
conductivity. In the present work, our 
investigations are focused on PEO/PVP blend 
based electrolyte system complexed with the ionic 
compound NaIO4 and doped with nano-sized TiO2. 
In particular, TiO2 NPs were incorporated at 
concentration of 1, 2 and 3 wt% in PEO(70 
wt%)/PVP(30 wt%) polymer blend complexed with 
10 wt% NaIO4. The effect of the inclusion of TiO2 
NPs in the PEO/PVP/NaIO4 on the ion (Na+) 
conductivity and dielectric properties of the 
resulting NCPEs was studied by means of 
electrochemical impedance spectroscopy (EIS) and 
dielectric spectroscopy. 

EXPERIMENTAL 

PEO and PVP of molecular weights of 5 × 106 
and 3.6 × 105, respectively, were procured from 
Aldrich and employed without any further 
purification to prepare the polymer blend 
electrolytes. The molecular structures of both 
polymers are shown in Fig. 1. The salt Sodium 
metaperiodate (NaIO4) and Titanium dioxide (TiO2 
nanopowder), both from Sigma Aldrich, were used 
as additives. The mean size of TiO2 NPs was ca. 10 
nm (given from manufacturer). 

 
Fig. 1 Molecular structure of: (a) poly(ethylene oxide) 
(PEO); (b) polyvinyl pyrrolidone (PVP) 

All substances were dissolved in methanol with 
high purity from Aldrich. First, PEO and PVP 
polymers were individually dissolved in methanol, 
then appropriate amounts of PEO and PVP 
solutions (w/w ratio 70% : 30% in present 
experiments) were mixed (Fig. 2a), followed by 
mechanical stirring at room temperature for 15 

hours to obtain uniform mixture. In the meanwhile, 
10 wt% of NaIO4 salt was separately dissolved in 
methanol and this solution was added to the 
prepared viscous PEO/PVP polymer solution in 
order to be produced PEO/PVP/NaIO4 polymer 
complex [22]. Separately, the powder of nano-sized 
TiO2 was homogeneously dispersed in methanol. 
This solution was sonicated for 30 minutes and then 
added to PEO/PVP/NaIO4 solution to prepare 
PEO/PVP/NaIO4/TiO2 - nanocomposite polymer 
blend solution with complexed salt ions and 
incorporated TiO2 nanofillers (Fig. 2b). 
Technologically, this was done by drop-by-drop 
method. The concentration of the salt NaIO4 in the 
PEO/PVP/NaIO4/TiO2 nano-composite blend 
solutions was kept at 10 wt%, whereas the TiO2 
NPs were included in the polymer blend at three 
concentrations: 1, 2 and 3 wt%. 

Chemically-stable free-standing thin films (150 
µm) of the synthesized PEO/PVP/NaIO4/TiO2 salt-
complexed polymer blend material with excellent 
dimensional stability are formed by using solution 
casting of nanocomposite blend solution. The as-
prepared viscous nanocomposite blend solutions 
were poured into polypropylene dishes and the 
solvent (methanol) was allowed to evaporate slowly 
at room temperature to obtain free-standing 
polymer electrolyte films of thickness of 150 µm. 
The final products of polymer blend electrolyte 
films were dried at 45°C under vacuum at 10-3 mbar 
pressure to remove traces of methanol solvent. 
Then the films were kept in desiccators filled 
with silica gel desiccants for several hours 
before being characterized, to avoid any traces 
of moisture. 

 

 
Fig. 2. A scheme showing the preparation of 
PEO/PVP/NaIO4/TiO2 solid-state nanocomposite 
polymer electrolytes. 

Methods 
For ionic conductivity measurements, the 

produced solid polymer electrolyte films were 
sandwiched between two copper electrodes with 
diameter 1 cm. The conductivity studies were 
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carried out at room temperature by EIS. Frequency 
spectra of complex electrical impedance were taken 
in the range 1 Hz – 1 MHz using potentiostat 
/galvanostat/ impedance-meter BioLogic SP-200. 
During these measurements, the voltage amplitude 
applied to the polymer electrolyte films was fixed 
at 0.5 VRMS. 

The ionic conductivity (σ) of the samples was 
calculated according to the relation  

     σ = t/(A*RB) ,      (1) 

where t and A are the thickness of the sample and 
the area of the electrodes (i.e., the electrically-
active area of the electrolyte film), respectively. RB 
is the bulk resistance of the samples. This quantity 
is determined through impedance spectra. 

Dielectric spectra of NCPEs 
PEO/PVP/NaIO4/TiO2 were obtained from the real 
(Z′) and imaginary (Z″) parts of complex electrical 
impedance. In alternating-current electric field, the 
relative permittivity is a complex function and is 
defined by ε* = ε′ – j ε″. Real (ε′) and imaginary 
(ε″) parts of dielectric permittivity were calculated 
using the relations [24]:  
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where Co is the vacuum capacitance (Co = εoA/t; εo 
= 8.85 × 10−12 F/m is the permittivity of free space). 
The angular frequency is given as ω = 2πf, where f 
is the frequency of applied electric field. 

RESULTS AND DISCUSSION 

Fig. 3 shows the complex impedance plane 
diagrams, the Nyquist plots (Z′ vs Z″) for the 
studied PEO/PVP/NaIO4/TiO2 NCPEs, as obtained 
from their frequency spectra of complex electrical 
impedance measured by EIS. For all our samples, 
the Nyquist plots demonstrate a well-defined 
semicircle at intermediate frequencies, which can 
be explained by parallel combination of bulk 
resistance and bulk capacitance [25].  

The ionic conductivity (σ) of the 
PEO/PVP/NaIO4/TiO2 was calculated by Eq. (1). 
The bulk resistance RB was obtained from the 
intercept of the semicircle with the real axis (Z′). 
The room-temperature σ estimated by this way for 
PEO/PVP/NaIO4(10 wt%) electrolyte film was 1.57 
× 10-7 S/cm [22]. As a result of the inclusion of 1 
wt% of TiO2 NPs, the value of σ of Na+-conducting 
NCPE becomes about three times higher than σ of 
the undoped PEO/PVP/NaIO4 electrolyte (Fig. 4). 

By increasing concentration of TiO2 nanofillers, RB 
is decreased (Fig. 3). Accordingly, at 2 wt% TiO2 
the increase in σ of TiO2-doped PEO/PVP/NaIO4 is 
about six times, and at 3 wt% TiO2 – more than 12 
times (Fig. 4).  

The enhancement of conductivity as a result of 
inclusion of TiO2 NPs is relevant to reduction in 
crystallinity of the polymer chains in blend polymer 
electrolyte. Certainly, this improves the sodium ion 
transport and hence improves the ionic conductivity 
of the polymer electrolyte [26,27]. 

 
Fig. 3. Nyquist complex impedance plots for 
PEO/PVP/NaIO4/TiO2 NCPE system composed with 
TiO2 NPs at concentrations 1, 2 and 3 wt%. 
 

 
Fig. 4. Room-temperature ionic conductivity (σ) of the 
studied PEO/PVP/NaIO4/TiO2 NCPEs vs the 
concentration of TiO2 NPs. The numbers in parentheses 
indicate the conductivity enhancement factors due to 
TiO2 inclusion. 

This effect occurs due to high interfacial 
interactions between the organic moieties of both 
polymers and TiO2 NPs [1]. Such interactions of 
doping NPs with the polymer chains lead to 
improvement in the amorphicity and flexibility of 
the polymer matrix [28] that leads to a further 
increase in segmental motion of the polymer chains 
in the amorphous domain, which supports the 
mobility enhancement of the charge carriers in 
flexible solid-like amorphous-rich polymer 
electrolytes, thus increasing their ionic conductivity 
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[1,6,29,30]. Note that because the TiO2 NPs are 
inert additives, they do not provide and conduct 
ions by themselves. Such inactive (passive) NPs do 
not participate in the ionic conduction process (are 
not involved in the Na+ transport process). But the 
size and the characteristics of the TiO2 nanofillers 
predetermine in a large extent the electrochemical 
properties of the PEO/PVP/NaIO4/TiO2 NCPE 
system. 

Besides the ionic conductivity, the dielectric 
properties of the considered NCPE are also of 
interest because they determine the ability of this 
dielectric material to store electrical energy. The 
real part of complex dielectric permittivity ε′ has 
the same significance as that of the ordinary 
dielectric constant of the material. This physical 
quantity is directly related to the energy that can be 
stored in the material during each charging cycle 
and returned to the electric field at the end of the 
cycle. Fig. 5 presents the dielectric behavior (the 
frequency spectra of the real and imaginary parts of 
dielectric function) of the studied electrolyte 
systems, as calculated by Eqs. (2) and (3). As seen 
from Fig. 5, the TiO2-doped PEO/PVP/NaIO4 
exhibits an enhanced dielectric response in 
comparison to undoped electrolyte 
PEO/PVP/NaIO4. Moreover, the dielectric 
permittivity of PEO/PVP/NaIO4/TiO2 NCPE is 
increased by increasing concentration of the TiO2 
nanofillers. It should be noted that this trend does 
not hold at higher frequencies (> 1 kHz). The 
explanation of such effect requires to perform 
various complementary measurements and 
additional analyses that is out of scope of the 
present work, such as, for example, the calculation 
of ion mobility in these systems as the percentage 
concentration of TiO2 varies. 

The observed increase in ε (Fig. 5) can be 
explained by the capability of TiO2 NPs to do a 
dissociation of undissociated salt/ion aggregates 
into free ions (anions) in the polymer matrix of the 
considered solid polymer electrolyte [31,32]. This 
feature is related to the conductivity processes and 
it evidences that the conduction in polymer 
electrolytes takes place through charge migration of 
ions between coordinated sites of the polymer along 
with the segmental relaxation of polymer [33]. 

CONCLUSIONS 

By inclusion of TiO2 NPs with a size of ~ 10 
nm, the ion-conducting and dielectric properties of 
PEO/PVP blend solid polymer electrolytes 
complexed with NaIO4 salt are considerably 
changed. As a result from high interfacial 
interactions between polymer chains and the 
surface of TiO2 nanoparticles, the TiO2 nanofillers 

lead to increase of Na+-ion conductivity of 
PEO/PVP/NaIO4/TiO2 NCPE system, as compared 
to undoped electrolyte PEO/PVP/NaIO4. 

 
Fig. 5. (a) Frequency-dependent real (a) and imaginary 
(b) parts of dielectric function of PEO/PVP/NaIO4/TiO2 
NCPEs containing 1, 2 or 3 wt% TiO2 nanofillers. For 
the sake of comparison, data obtained for dielectric 
function of undoped PEO/PVP/NaIO4 solid polymer 
electrolyte are also given. 

It is demonstrated that the Na+-ion 
conductivity of PEO/PVP/NaIO4/TiO2 NCPEs is 
strongly (exponentially) enhanced with the addition 
of TiO2 nanofillers when the concentration of these 
nanodopants is up to a level of 3 wt%. Further, in 
comparison to PEO/PVP/NaIO4 electrolyte, the 
TiO2-doped NCPE PEO/PVP/NaIO4 considered 
here demonstrated enhanced dielectric permittivity 
due to increase of dissociated ions in the polymer 
blend matrix upon addition of TiO2 nanofillers. 
Such modifications of electrical and dielectric 
properties characterize the PEO/PVP/NaIO4/ TiO2 
NCPE system as a promising ionic conductor, 
feasible to be applied in ionic devices including Na 
batteries, in electrochemical cells and in organic 
electronics. These results are encouraging to further 
investigate other interesting aspects regarding the 
electrical and dielectric properties of the produced 
NaIO4 salt-complexed TiO2-nanofilled ionic 
polymer electrolytes (work in progress). 
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