
Dielectric spectroscopy characterization of Naþ ion-conducting polymer
nanocomposite system PEO–PVP–NaIO4–TiO2

Georgi B. Hadjichristov *,{, Daniela G. Kovacheva y, Yordan G. Marinov *,
Daniela B. Karashanova z, Todor E. Vlakhov* and Nicola Scaramuzza x

*Georgi Nadjakov Institute of Solid State Physics
Bulgarian Academy of Sciences

72 Tzarigradsko, Chaussee Blvd., BG-1784 Sofia, Bulgaria
yInstitute of General and Inorganic Chemistry

Bulgarian Academy of Sciences
Acad. Georgi Bonchev Str., 11 bd., BG-1113 Sofia, Bulgaria

zInstitute of Optical Materials and Technologies
“Acad. Jordan Malinowski”, Bulgarian Academy of Sciences
Acad. Georgi Bonchev Str., bl., 109, BG-1113 Sofia, Bulgaria
x
Dipartimento di Fisica, Universit�a degli Studi della Calabria

Via P. Bucci, Cubo 33B, Rende (CS), IT-87036, Italy
{georgibh@issp.bas.bg

Received 7 June 2023; Revised 6 August 2023; Accepted 26 September 2023; Published 31 October 2023

We studied the effect of titanium dioxide (TiO2) nanoparticles (NPs) on dielectric behavior of Naþ ion-conducting salt-complexed
polymer nanocomposite system formed from a binary polymer blend of poly(ethylene oxide) (PEO) and polyvinyl pyrrolidone
(PVP), with the addition of both sodium metaperiodate (NaIO4) at concentration 10wt.% and TiO2 NPs of size �10 nm, at
concentrations 1, 2, 3, 4 and 5wt.%. Free standing nanocomposite PEO/PVP/NaIO4/TiO2 films (150�m) were characterized at
room-temperature by analyzing their complex electrical impedance and dielectric spectra in the range 1Hz–1MHz. At the con-
centration of 3wt.% of TiO2 NPs, both ion conductivity and dielectric permittivity of the PEO/PVP/NaIO4/TiO2 ion-conducting
dielectrics reach an enhancement by more than one order of magnitude as compared to nanoadditive-free case.

Keywords: Dielectric properties; sodium-ion-polymer electrolyte systems; titanium dioxide (TiO2) nanoparticles; nanocomposites;
KWW model.

1. Introduction

Metal ion (Liþ, Naþ, Kþ, Mg2þ, Zn2þ, . . .)-conductive solid
polymer systems have been gaining substantial attention in
modern science and technology. Their cutting-edge
advancements are promising for energy storage and conver-
sion devices for innovative biomedical, defense and com-
mercial applications. For instance, portable electronics such
as personal healthcare devices, wearable sensors, and im-
plantable medical devices, flexible and roll-up displays, touch
screens and foldable smartphones, as well as automotive
applications.1–8 Currently, there is a continuous increase of
the fabrication of novel polymer ion-conductive dielectric
systems and their effective use in supercapacitors, fuel cells,
energy storage devices, electrochromic devices, electrical-
and dielectric-based sensors and dye-sensitized solar
cells.9–14 Nowadays, in the search for the complementing of
Li-ion battery technology, sodium (Naþ) ion-based re-
chargeable battery technology is receiving extensive attention
in both industrial and academic sectors due to high safety,

low cost and other significant advances.15–21 Accordingly,
various efficient Naþ ion-conducting salt-complexed polymer
dielectric systems have been investigated.22–25

Further, the engineering of advanced multifunctional ion-
conducting polymer nanocomposites (ICPNCs), where
nanomaterials, e.g., nanoparticles (NPs), are introduced into
the polymer matrix of ICPNCs, is of special interest since
such dielectric materials can have enhanced properties. In
relevant applications, the performance of ionic devices, such
as rechargeable metal-ion batteries, can be significantly
improved.26–31 The research on ICPNCs is prominently in-
creasing as a multidisciplinary scientific field with promising
results extended to energy harvesting and various industrial
applications.32,33 In particular, investigations on ICPNCs
with included Titanium Dioxide (TiO2) NPs have become an
interesting and prospective area of research primarily due to
the attractive mechanical, thermal, electric and dielectric
properties of such ICPNCs.34–38 ICPNC dielectric materials
with incorporated TiO2 NPs are of importance in ionics,

This is an Open Access article published by World Scientific Publishing Company. It is distributed under the terms of the Creative Commons Attribution 4.0 (CC
BY) License which permits use, distribution and reproduction in any medium, provided the original work is properly cited.

OPEN ACCESS
JOURNAL OF ADVANCED DIELECTRICS
Vol. 14, No. 1 (2024) 2350021 (15 pages)
© The Author(s)
DOI: 10.1142/S2010135X23500212

2350021-1

https://orcid.org/0000-0002-7141-3537
https://orcid.org/0000-0002-7141-3537
https://orcid.org/0000-0002-7141-3537
https://orcid.org/0000-0002-1799-0851
https://orcid.org/0000-0003-0616-7517
https://orcid.org/0000-0003-0616-7517
https://orcid.org/0000-0003-0616-7517
https://orcid.org/0000-0002-8785-3190
https://orcid.org/0000-0003-4847-6959
https://dx.doi.org/10.1142/S2010135X23500212


future electrochemical and integrated smart electrochromic
devices, batteries and supercapacitors, electrochemical sen-
sors, nano- and ‘oxide’ electronics and other advanced
applications.39–43 Furthermore, unique polymer-based elec-
trolyte inks containing nanoTiO2 become very promising for
3D-print flexible microbattery fabrication using micro-
stereolithography. Coupled with other active components
(organic or inorganic), TiO2 NPs can be very efficient and
functional agents for such purposes. The designed and fab-
ricated novel ICPNC systems with included TiO2 are not only
interesting as solid polymer electrolytes but also as dielectric
materials having improved dielectric properties, in addition to
their enhanced ionic conductivity.44–46

It has been established, in particular, by research of
ICPNCs based on poly(ethylene oxide) (PEO) (or various
PEO-containing polymer blends) complexed with alkali
metal salts at moderate concentrations, e.g., 10wt.%, that the
addition of few wt.% of TiO2 NPs improves the ionic con-
ductivity and mechanical stability of the produced ICPNCs
due to the formation of a network promoted by interaction of
TiO2 NPs with the alkali salts and PEO chains.47,48 An en-
hancement effect has been reported for various sizes of TiO2

nanofillers in ICPNCs, ranging from 3 nm to 21 nm.34,47–49

Moreover, for TiO2-nanofilled ICPNCs, it has been obtained
that the smaller TiO2 NPs enhance more efficiently the ionic
transport properties of ICPNCs due to enhanced interfacial
interaction between the polymer matrix and TiO2

NPs.34,38,47–49 Therefore, a positive effect is expected from
TiO2 fillers with particle size of about 10 nm on the dielectric
properties of the alkali salt-complexed ICPNCs. In these
complex organic–inorganic molecular systems, both electri-
cal conductivity and dielectric properties are coupled and
governed by the same factors driven by the applied electric
field. It was found in some studies, that the effect of TiO2 NPs
on the transport properties of ICPNCs is negligible if their
size is larger than 22 nm.48

In this work, we study ICPNCs engineered from TiO2 NPs
(� 10 nm in size) and two polymers: PEO and polyvinyl
pyrrolidone (PVP). As an ion donor, the salt sodium meta-
periodate (NaIO4) at a concentration of 10wt.% was com-
plexed with the PEO/PVP polymer blend. We study how the
Naþ-ion conductivity and dielectric properties of films of
PEO/PVP/NaIO4/TiO2 ICPNCs are changed when the con-
centration of embedded TiO2 NPs is varied from 1wt.% to
5wt.%. In our previous studies, we obtained that such TiO2

NPs included in the PEO/PVP/NaIO4 polymer electrolyte
synthesized in the same way, led to enhancement of both
electrical conductivity and dielectric properties of PEO/PVP/
NaIO4/TiO2 films produced at concentration of TiO2 NPs
up to 3wt.%,50–54 but not at a higher concentration of
TiO2 NPs.53,54 Here, the effects of TiO2 NPs are
investigated and discussed in terms of dipolar reorganization
(dipolar relaxation) in the examined ICPNCs upon external
alternating-current (AC) electric field. To do this, we
have applied complex electrical impedance and dielectric

spectroscopy–powerful measurement techniques for the in-
vestigation of frequency-dependent dielectric polarization
and relaxation processes contributing to the complex dielec-
tric permittivity of the materials. Our aim was to elucidate the
cause for the reducing electrical conductivity and dielectric
permittivity of the produced PEO/PVP/NaIO4/TiO2 films at
TiO2 nanofiller concentration above 3wt.% (namely 4wt.%
and 5wt.%), of importance for the practical application of
these ion-conducting dielectric materials. To draw a conclu-
sion about the relevant physical mechanism, results from
impedance and dielectric spectroscopy were correlated
with those obtained by microstructural characterization
techniques.

2. Experimental

PEO/PVP/NaIO4/TiO2 ICPNCs were synthesized as a binary
polymer blend of PEO and PVP (in a weight ratio of
70:30wt.%), complexed with NaIO4 at a concentration of
10wt% (found to be an optimized composition55), and TiO2

NPs (�10 nm sized) included at concentrations of either 1, 2,
3, 4, or 5wt.%. Chemically-stable homogeneous free-stand-
ing films (150�m-thick) of the studied ICPNCs, as well as
PEO/PVP (w=w ¼ 70:30) and PEO/PVP/NaIO4 without
TiO2 NPs, were produced by conventional solution-casting
technique.51 As in our previous studies,50,52 the structural
analyses confirmed the successful synthesis of these complex
systems, as well as the incorporation of TiO2 NPs in the PEO/
PVP polymer blend matrix. As evidenced by X-ray diffrac-
tion (XRD), the precursor TiO2 (nanopowder) is in pure an-
atase crystalline phase. From XRD scans, the mean size of
TiO2 NPs estimated using Scherrer’s formula was 12:58 nm
�2:86 nm (the scaling coefficient was taken equal to 0.9).

XRD measurements were carried out at ambient temper-
ature on a Bruker D8 Advance diffractometer (Bruker AXS
GmbH, Karlsruhe, Germany) using CuKα radiation
(λ ¼ 1:5418Å) and LynxEye solid-state detector. Powder
XRD patterns were collected at a standard Bragg–Brentano
focusing geometry over the Bragg’s reflection angle 2θ range
of 5○–80○, with a constant step of 0.02○ 2θ and a counting
time of 35 s per step. The phase composition was determined
using Diffrac.EVA v.4 software and ICDD-PDF2 (2021) da-
tabase. Evaluation of the mean coherent domain size was
performed with Topas v.4.2 software (Bruker AXS GmbH).

The surface morphology of the produced PEO/PVP/
NaIO4/TiO2 films was observed at ambient temperature by
Scanning Electron Microscopy (SEM) using digitized Philips
515 microscope (Philips, Eindhoven, The Netherlands). In
order to enhance the image contrast of visualized surfaces,
Au–Pd alloy was sputtered and deposited over them by
means of SC7620 Mini Sputter Coater (Quorum Technolo-
gies, Lewes, UK). SEM images were obtained in SEI-mode at
0○ angle of incidence of the electron beam to the sample
surface, and electron accelerating voltage of 8 kV. Trans-
mission Electron Microscopy (TEM) was also employed to
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characterize the microstructural properties of the PEO/PVP/
NaIO4/TiO2 nanocomposites. TEM inspection was performed
with JEOL JEM 2100 instrument (JEOL Ltd., Tokyo, Japan).
The working accelerating voltage was kept at 200 kV.

The frequency spectra of the electrical impedance of the
prepared films were measured by high-precision impe-
dentiometric workstation SP–200 (Bio-Logic Science
Instruments). The films were placed between two blocking
electrodes of copper (diameter ¼ 1 cm) thus forming a sym-
metrical cell. The amplitude of the AC voltage applied
transversally to the films was 0.1 VRMS. The impedance
spectra were recorded in the range of 1Hz–1MHz at room
temperature, in our case 25○C. By the measurements, iden-
tical experimental conditions were kept for all samples.

3. Results and Discussion

3.1. Microstructural studies

3.1.1. XRD

The TiO2 NPs used here as precursors have anatase-type
crystal structure described by tetragonal symmetry within the
Space Group I41/amd. The obtained unit cell parameters
a ¼ 3:7865ð3ÞÅ and c ¼ 9:5101ð8ÞÅ are close to that
reported in the literature.56 The mean coherent domain size
(crystallite size) calculated on the basis of the whole XRD
pattern is 18.0(1) nm. The crystallite size within the <101>
direction was determined to be 19.0(4) nm, while the size in
the <020> direction is 19.2(1) nm. This observation means
that the morphology of the TiO2 nanocrystallites is only
slightly different from the isometric one. Such features of the
material can be due to the synthesis method.

Figure 1 presents the XRD patterns recorded for the films
under study. The characteristic crystalline diffraction peaks of
PEO are at diffraction angles (in terms of Bragg angle 2θ) of
19.2○ (singlet) and 23.3○ (multiplet) (Fig. 1(a)). They are
assigned to the (120) and (ð032Þ þ ð112Þ) crystal planes of
the PEO monoclinic crystal structure.57–59 Besides these
strong peaks, the diffractograms also observed additional
well-defined peaks resulting in the addition of TiO2 nano-
filler. The strongest among them was observed at 2θ ¼ 17:7○

(Fig. 1(c)). This XRD peak can be associated with crystalline
structure of PEO, and was attributed to the (1 -2 -1) crystal
plane of PEO. Apparently, the presence of the diffraction
peak at 2θ ¼ 17:7○ can be related to specific modifications of
PEO crystalline structure due to interaction of TiO2 NPs with
PEO functional units.

The characteristic XRD peak of TiO2 nanocrystallites
(atanase) at 2θ ¼ 25:3○ was resolved only for the sample of
PEO/PVP/NaIO4/TiO2 with wt.% NPs of TiO2 (this peak is
shown with arrow in Fig. 1(g)). The XRD patterns obtained
for both PEO/PVP/NaIO4 and PEO/PVP/NaIO4/TiO2 salt-
complexed composites do not demonstrate distinct charac-
teristic diffraction peaks of the salt NaIO4. This indicates the

complete solvation of this ionic compound in the PEO/PVP
polymer blend (due to interaction of NaIO4 with functional
groups of both polymers, PEO and PVP55). In contrast, XRD
pattern ascribed to sodium iodate (NaIO3) were identified
(indicated with asterisks in Fig. 1(g)). The strongest of them
were at 2θ ¼ 20:66○, 21.85○, 26.3○, 27.8○ and 30.25○.
These peaks were most pronounced at the increasing per-
centage of TiO2 nanofillers. This suggests that the compound
NaIO3 results from interactions induced by TiO2 NPs. Most
likely, this is TiO2 NPs-assisted reaction during the synthesis
of the PEO/PVP/NaIO4/TiO2 nanocomposites and their dry-
ing at temperature 35○C.

Fig. 1. XRD patterns recorded under the same experimental con-
ditions for films of (a) PEO/PVP (w=w ¼ 70 : 30%); (b)–(g) PEO/
PVP/NaIO4/TiO2 nanocomposites at denoted concentration of in-
cluded TiO2 NPs.
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The changes in relative intensity of PEO XRD pattern
with respect to the integral intensity of the broad background
present in the XRD records in Fig. 1 were used to determine
the crystallinity change of PEO/PVP/NaIO4/TiO2 nano-
composites as depending on the added TiO2 NPs. The degree
of crystallinity (XC%) of the studied ICPNCs was calculated
as the ratio of the total area under the PEO crystalline peaks
to the total area under the diffractrogram.55,59 The values of
XC% are shown in Table 1. The results indicate that the
addition of TiO2 NPs leads to a suppression of crystallinity,
i.e., it induces amorphization of the polymer host, a fact well-
known for solid polymer nanocomposite electrolytes with
added TiO2 nanofiller.34

–38,41–46 In the considered PEO/PVP/
NaIO4/TiO2 ICPNCs, the TiO2 nanofiller up to 5wt.%
improves the amorphous phase of semi-crystalline polymer
blend PEO/PVP complexed with the salt NaIO4.

The structural modification of the polymer PEO in the
binary polymer blend PEO/PVP due to the included TiO2

NPs can be characterized by calculations of the unit cell
parameters and the mean coherent domain size (�) of PEO in
the polymer blend structure. The values of the unit cell
parameters for PEO obtained by fitting the whole XRD pat-
tern profiles (without the lines of NaIO3) (Table 1) are in
good agreement with the literature data.60 � obtained for PEO
in the blend is about 68 nm (Table 1).

The addition of the salt NaIO4 to the PEO/PVP blend
leads to an increase in the crystallite size of the PEO con-
stituent of the blend, due to the creation of additional bonds
between Naþ ion and segments of PEO, in the process of
formation of ion-polymer coordination complex during the
synthesis of the samples. TiO2 nanofiller of amount up to
3wt.% does result in a further increase of the value of �, that
implies a presence of additional interconnects with the PEO
segments. Compared to PEO/PVP/NaIO4, the values of
parameters a, b and c of PEO in these samples of PEO/PVP/
NaIO4/TiO2 slightly decrease, while β increases. With a

further increase of the concentration of the introduced TiO2

NPs (4–5wt.%), the values of the parameters a and β of PEO
remain almost the same, b is increased, and c decreases.
Importantly, such amounts of TiO2 nanofiller resulted in
considerable decrease of the value of �, which becomes even
lower than that obtained for PEO/PVP/NaIO4 without TiO2.
The results presented in Table 1 suggest that the included
TiO2 NPs induce a reorganization in the polymer crystalline
structure of the synthesized PEO/PVP/NaIO4/TiO2 nano-
composites.

3.1.2. Electron microscopy (SEM and TEM)

Inspection by SEM showed that the included TiO2 NPs sig-
nificantly change the surface properties of the studied PEO/
PVP/NaIO4/TiO2 films. Figure 2 shows representative
examples of SEM micrographs of the surface of such films, as
well as referent PEO/PVP and PEO/PVP/NaIO4 films,
obtained under the same experimental conditions, for com-
parison. In all cases, the observed morphology was charac-
terized with inhomogeneity and randomly distributed defects
of various sizes. The sample of PEO/PVP displayed the
morphology (Fig. 2(a)) typical for this polymer blend com-
posed with the semicrystalline PEO (70wt.%) and amor-
phous PVP (30wt.%), as prepared with solution
casting.50,55,61,62 This sample possesses a complex micro-
porous structure, which signifies its crystalline nature. Also,
the surface morphology of such films is characterized with
defects like craters of size �10–50�m, occurring at the last
stage of the film preparation process (evaporation of metha-
nol solvent during drying).

The microporous inhomogeneity of the PEO/PVP/NaIO4

and PEO/PVP/NaIO4/TiO2 composite films produced at the
same compositional ratio PEO:PVP ¼ 70:30wt.% and with
the same solution-casting technique, was strongly reduced
when the concentration of NaIO4 was 10wt.% (Fig. 2(b))

Table 1. The unit cell parameters, the mean coherent domain size (�) of PEO in the polymer
blend structure, and the degree of crystallinity (XC) obtained from experimental data for: PEO;
binary polymer blend PEO/PVP; PEO/PVP/NaIO4 composite; PEO/PVP/NaIO4/TiO2 nano-
composites, at various concentration of TiO2 NPs.

Sample a (Å) b (Å) c (Å) β (○) � (nm) XC %

PEO 8.02(2) 13.15 (3) 19.33(4) 125.04(3) 31.1(5) 50.2
PEO/PVP 8.035(6) 13.129(9) 19.42(1) 124.93(2) 68(2) 26.8
PEO/PVP/NaIO4 8.041(2) 13.129(4) 19.427(8) 124.94(1) 89(1) 24.3
PEO/PVP/NaIO4

+ 1wt.% TiO2 NPs
8.012(1) 13.063(2) 19.409(3) 124.996(7) 129(4) 19.1

PEO/PVP/NaIO4

+ 2wt.% TiO2 NPs
8.019(3) 13.073(6) 19.431(8) 125.02(1) 114(4) 20

PEO/PVP/NaIO4

+ 3wt.% TiO2 NPs
8.012(1) 13.068(2) 19.400(4) 124.962(8) 122(4) 15.8

PEO/PVP/NaIO4

+ 4wt.% TiO2 NPs
8.01(2) 13.12(3) 19.29(4) 124.96(4) 42(2) 10.6

PEO/PVP/NaIO4

+ 5wt.% TiO2 NPs
8.03(1) 13.17(2) 19.34(2) 124.82(3) 58(3) 14.5
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(as reported also in Refs. 50, 55, 61 and 62), as well as with
TiO2 NPs added at concentration 1–3wt.% (Figs. 2(c)
and 2(d)) (reported in Refs. 50 and 52). Compared to PEO/
PVP films, the surface topology of these composite films is
quite different — their microstructure is denser and smoother,
and microvoids (typical for crystalline structures) are con-
siderably less. Such significant changes and more homoge-
nized material are known to occur after cross-linking of
polymer host by adding of other chemical component. The
changes observed suggest that the formed composite material
possesses a higher degree of amorphousness than PEO/PVP
polymer blend, both prepared on identical way, i.e., the
results obtained by XRD. This agrees with similar cases of
reported effect of TiO2 nanofiller in Naþ-ion conducting
PEO-based blended polymer electrolytes.43

The surface smoothness of the salt-complexed PEO-PVP/
NaIO4/TiO2 nanocomposite films drops at nanofiller con-
centration above 3wt.% (Fig. 2(e)). In this case, solid
microcreatures with relatively large dimensions (>10�m)
like crystallites. Most likely, they result from TiO2 NPs that
form aggregates, some of which are visible on the surface of
the films. The dimensions of the aggregates reach 30�m and
more. Among these surface peculiarities and inhomogenei-
ties, other microcrystallite formations can also be seen, such
as the well faceted and prismatic-shaped structures in
Fig. 2(e) probably due to the appearance of NaIO3 compound
(in accordance with the results and conclusions from the
analysis of XRD data). Due to the low resolution of the
scanning microscope, individual TiO2 NPs were not distin-
guishable in the SEM images.

The morphology of TiO2 NPs in the investigated PEO/
PVP/NaIO4/TiO2 nanocomposites was visualized with TEM.
In accordance with results obtained from XRD, TEM images
display nearly round forms of the single TiO2 NPs, optimally
observed at a lower concentration of TiO2 nanofillers, e.g.,
1 wt.% (Fig. 3(a)). In micrographs taken at a low magnifi-
cation (�10000) (Figs. 3(b) and 3(c)), well-separated nano-
sized aggregates of TiO2 NPs within the continuous
polymeric medium were clearly viewed. It can be noticed that
these clusters have irregular shapes and different sizes.
At higher concentrations of the nanofiller, e.g., in our case
3wt.% (Fig. 3(d)) and 5wt.% (Fig. 3(e)), an increase in the
cluster sizes takes place. TEM images taken at a higher mi-
croscope magnification (�100000) (Figs. 3(f) and 3(g), re-
spectively) confirm almost the circular shape of TiO2 NPs
and their sizes of the order of 10–15 nm.

3.2. Dielectric spectra

Figure 4 reports the real (Z 0) and imaginary (Z 00) parts of the
complex electrical impedance Z � ¼ Z 0 þ iZ 00 as a function of
the frequency f of the AC electric field applied on the sam-
ples. It is seen that in contrast to the case at concentration
1wt.% of TiO2 NPs, the frequency behavior of the impedance
of PEO/PVP/NaIO4/TiO2 films at a higher concentration of
TiO2 (‚ 2wt.%) considerably differs from that of the NPs-
free sample PEO/PVP/NaIO4.

The maximum of Z 00 corresponds to the value of the fre-
quency fmax Z 00 at which the main dielectric active relaxation
of the system occurs under the action of an AC electric field.
The peak in the Z 00 spectra originates from the orientation of
the dipoles (the interplay between the resistance and the ca-
pacity of the samples). In our case, the Z 00ðf Þ spectra in
Fig. 4(b) suggest that as the percentage of TiO2 NPs increa-
ses, the orientation of the dipoles becomes more complex.
The maximum of Z 00 is shifted towards the higher frequen-
cies, from fmax � 10 kHz up to 0.5MHz, with a jump be-
tween the TiO2 NPs values of 1wt.% and 2wt.%. At higher
concentrations, up to 5wt.%, the maximum of Z 00 remains
almost constant and this points towards saturation value. The

Fig. 2. SEM images at various magnifications showing surface view
of films: PEO/PVP; (a) PEO/PVP/NaIO4; (b) PEO/PVP/NaIO4/TiO2

at TiO2 NPs concentration: (c) 1wt.%, (d) 3wt.% and (e) 5wt.%.
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observed shift of the Z 00 peak means a decrease in the di-
electric relaxation time. The observed saturation of the di-
electric relaxation suggests that the presence of TiO2 NPs at
the concentration above 3wt.% (in our case, 4–5wt.%) in the
polymer matrix is not favorable for the enhancement of
polymer chain segmental motion.

The dielectric permittivity of the studied ICPNCs was
determined as depending on the concentration of the TiO2

nanofillers. Both quantities, the real (" 0) and imaginary (" 00)
parts of the complex dielectric permittivity function "� ¼ " 0 –
i" 00, are of significance for the ion conduction of polymer
electrolytes. " 0 represents the ability of the dielectric material
to store energy in the electric field, and " 00 represents the
energy lost as heat and dielectric leakage. In the polymer-ion
electrolytes considered here, the polarization due to align-
ment of dipoles varies upon an applied oscillating electric
field. The frequency-dependent relative " 0 and " 00 were cal-
culated from the acquired impedance spectra by using the

relations

" 0 ¼ �Z 00 d
2�f "0AjZj2

and " 00 ¼ Z 0 d
2�f "0AjZj2

; ð1Þ

taking into account the values A ¼ 0:75 cm2 and d ¼ 150�m
for the electrically active area and the film thickness, re-
spectively. "o ¼ 8:85� 10�12 F�m�1 is the permittivity of
free space. " 0 and " 00 determine the stored and dissipated
energy by conduction, respectively.

The variations of the permittivities " 0 and " 00 with fre-
quency f are shown in Fig. 5. For all samples, both " 0 and " 00

functions exhibit large values at low frequency and were
observed to monotonically decrease with the increase of f .
Generally, the increase of " 0 towards the lower frequencies
can be ascribed to the retardation of the dipole oscillating
frequency compared to the frequency of the applied electric
field. As for " 00, the reason for its decrease by increasing f is
the high periodic reversal of the applied electric field. This
variation is attributed to the tendency of dipoles in the mac-
romolecules to orient themselves in the direction of the ap-
plied electric field in the low-frequency range. Conversely,
their behavior is opposite at higher frequencies when the
periodic reversal of the applied electric field is too fast and
thus the dipoles and carriers cannot follow it. It is known that
the sharp increase of dielectric permittivity at low frequency
is related to the electrode polarization effect, which occurs
due to the formation of electric double layers. These layers
are built-up by the free charges at the electrolyte/electrode
interface in a plane geometry.

The dielectric data are relevant to the superposition of two
processes: A conductivity contribution (produces an increase
of both " 0 and " 00 on decreasing frequency) and a relaxation

Fig. 3. TEM images of PEO/PVP/NaIO4/TiO2 nanocomposites. The
concentration of TiO2 NPs: ((a), (b)) 1wt.%; ((d), (f)) 3 wt.% and
((c), (e), (g)) 5wt.%.

Fig. 4. Frequency spectra of real (a) and imaginary (b) parts of
complex electrical impedance of PEO/PVP/NaIO4/TiO2 films at
various concentrations of TiO2 NPs.
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process exhibiting a maximum in " 00 frequency spectra. The
TiO2 NPs in the studied ICPNCs modify both these pro-
cesses, as seen in corresponding dielectric behaviors. Like
other polymer-based composites, the inclusion of TiO2

nanoscale fillers leads to a change of the structure and chain
dynamics of the polymer, and consequently of the dielectric
properties of the ICPNCs.

As seen in Fig. 5, the addition of TiO2 NPs at concen-
tration 1–5wt.% to PEO/PVP/NaIO4 results in considerable
increase of both " 0 (at f < 10 kHz) and " 00 (in the range 1Hz–
200 kHz). Note that PEO is rated as a polymer with a low
polarity. Below its melting temperature (63� 1○C), PEO
exhibits values of " 0 (decreasing with f ) from " 0 ¼ 6 (at
10Hz) to " 0 ¼ 3:2 (at 100 kHz) as measured at room tem-
perature (23.5○C).63 It should be also noted that significant
contribution of the volumetric effect of TiO2 NPs, with their
higher intrinsic dielectric permittivity of about 100 (at 1 kHz)
relies upon the preparation processes and the type of TiO2

crystalline phase.64,65 Figure 5 shows that the variations of
both " 0 and " 00 follow one and the same trend with the in-
crease of TiO2 concentration. Detailed inspection of the
double-logarithmic plots in Fig. 5(b) indicated a nearly linear
decrease in " 00ðf Þ by increasing f , at TiO2 content 0 and
1wt%, suggesting that the power-law " 00ðf Þ / f �n is fulfilled
in a wide frequency range.

Because n < 1 (by fits on " 00ðf Þ, n was found to be in the
range 0.9–0.98) even in these two cases of low TiO2 per-
centage (comparison in Fig. 5(b), the studied electrolyte

materials deviate from the ideal dielectric (n ¼ 1 for ideal
dielectric, with ideal (dipolar) Debye relaxation characterized
by one relaxation time constant). A large deviation takes also
place for the " 00ðf Þ plots at TiO2 content 2–3–4–5wt.%
(Fig. 5(b)). In Fig. 5(a), no sizable relaxation was observed at
TiO2 concentration of 0 and 1wt.%, while at TiO2 concen-
tration 2–5wt.% a noticeable relaxation around the frequency
f � 20–40 kHz takes place (the corresponding feature is in-
dicated by an arrow in Fig. 5(a)).

A reliable indicator of the change in the dipolar character
of PEO/PVP/NaIO4/TiO2 due to variation in the concentration
of incorporated TiO2 NPs, may be the dielectric relaxation
strength (Δ"). This quantity is a measure of dipole polariza-
tion. From the frequency-dependent " 0 (Fig. 5(a)), we esti-
mated Δ" according to the relation Δ" ¼ " 0s – " 01, where " 0s
and " 01 are the values of the static dielectric permittivity and
the high frequency limiting dielectric permittivity, respec-
tively.66 One can assume that above 1 kHz the contribution of
the electrode polarization process by the considered dielectric
material is largely suppressed and the bulk material properties
start to dominate in the contribution of dielectric polarization.
On the other hand, " 0 exhibits a leveling-off around 1MHz
(Fig. 5(a)). Hence, as a reasonable approximation in our case,
one can take Δ" ¼ " 0 (1 kHz) – " 0 (1MHz).

The variation of Δ" depending on the concentration of
TiO2 NPs is shown in the insert in Fig. 5(a). As seen, at the
fixed concentration of the salt (NaIO4 ¼ 10wt.%) in PEO/
PVP/NaIO4/TiO2, the increase of the TiO2 concentration leads
to an enhancement of Δ". The observed dielectric increment
implies an enhanced electro-dipolar character of the system
and an increase of polarization in the ICPNCs under discus-
sion. Accordingly, the lowering of the slope of Δ" depen-
dence at higher content of TiO2 (4 and 5wt.%) is ascribed to
diminution in polarization because the material becomes less
dipolar. A probable cause for this may be some partial dis-
order induced by TiO2 NPs in nanoscale vicinity at the
polymer chains. Thus, the TiO2 NPs included in the polymer
matrix of PEO/PVP/NaIO4/TiO2 ICPNCs, due to their inter-
action with the polymer chains can affect the alignment of the
electrical dipoles, e.g., those along the polymer chain direc-
tions. This effect is enhanced upon increasing amount of
TiO2. The restructuring of the PEO crystalline phase pro-
moted by the TiO2 nanofiller (evidenced by XRD, see
Sec. 3.1.1) may affect the dipole polarization in the studied
ICPNC films. Reorganization and/or disordering of molecular
electrical dipoles (and even their possible breakdown) can
result from formation of agglomerated structures of NPs.
Such clusters are rather possible and were observed in the
studied samples by TEM (see Sec. 3.1.2). Such effects of
dipole reorganization, evidenced by dielectric and structural
studies, have been reported for polymer nanocomposites
based on PEO/PVP blend matrix nanofilled with TiO2.39

Analysis of dielectric permittivity spectra of the studied
ICPNCs can be performed by use of Kohlrausch–Williams–
Watts (KWW) model,67,68 expanded with the addition of

Fig. 5. Frequency spectra of real (a) and imaginary (b) parts of
complex dielectric permittivity for PEO/PVP/NaIO4/TiO2 films. The
inset in (a) shows a plot of dielectric relaxation strength Δ" (at room
temperature) versus the concentration of TiO2 NPs. The dashed line
in (b) illustrates the slope of f �1 function.

G. B. Hadjichristov et al. J. Adv. Dielect. 14, 2350021 (2024)

2350021-7



conductivity contribution present at lower frequencies. This
approach is a generalization of the Debye relaxation model,
with the following fitting function with two KWW terms:

" 00ðf Þ ¼ �dc

"0ð2� f Þn
þ F:T: Δ"1 exp � t

�1

� �β1
�

þ Δ"2 exp � t

�2

� �β2
�
; ð2Þ

where the fit parameter �dc is the so-called ‘DC’ (direct
current, static electric field, f ¼ 0) electrical conductivity
(i.e., the value of the real part of electrical conductivity at
the hypothetical limit f ! 0), "0 is the vacuum permittivity,
n is the power factor of the conductivity term, Δ" are the
dielectric strengths, β are the stretching exponents, � are the
dielectric relaxation times, t is the time variable, F.T.
means the Fourier transform. It is well known that KWW
function (stretched exponential) is proper to model the
relaxations in heterogeneous systems of solid-state polymer
dielectrics and is often applied for analysis of
frequency-dependent dielectric permittivity data of solid-
state polymer-containing systems and solid polymer elec-
trolytes (composites and nanocomposites).69–71 The reason
for the use of two KWW terms in Eq. (2) is the appearance
of the small relative maximum in the impedance Z 00 spectra
(seen as a shoulder at about 50 kHz in Fig. 4(b)) at TiO2

percentages 2–3–4–5wt.%.
The Z 00 spectra (Fig. 4(b)) exhibit a strongly perturbed

dipole character of the PEO/PVP/NaIO4/TiO2 ICPNCs, and
therefore, a deviation from the Debye’s model. For electro-
lytic polymer-based composite materials, it is well known
that eutectic structures can be formed and hence two different
characteristic times could be expected for the highly complex
structures in the composite studied here. With the insertion of
TiO2 NPs, this type of dynamic structure is in some way
deformed (slightly with 1wt.% of TiO2 and much more at
higher percentages), and the dielectric properties of the
considered material become more complex. The function in
Eq. (2) cannot perfectly describe the microphases in PEO/
PVP/NaIO4/TiO2 structure, but appropriate fits with physi-
cally acceptable fit parameters can be still obtained, as well as
a reasonable dielectric permittivity value for the studied
ICPNCs at the limit of the continuous.

By use of Eq. (2), the fits on " 00 dielectric spectral data for
PEO/PVP/NaIO4/TiO2 were performed with LEVM complex
nonlinear least-squares fitting and inversion program.
Figure 6 illustrates the fits. They were best satisfying for the
sample without TiO2, and to some extent for the sample with
1wt.% TiO2. As the percentage of NPs increases, it was
possible to obtain reasonable fits that give meaningful values
only for the conductivity term. This implies that the effect
from the inclusion of TiO2 NPs is such that at their percentage
> 1wt.%, the possible characteristic modes of the PEO/PVP/
NaIO4/TiO2 ICPNCs are suppressed by the displacement
currents of the ions. Most likely this effect from TiO2 is the

one expressed with a small relative maximum in Z 00

spectra — the shoulder at about 50 kHz (Fig. 4(b)).
The values of �dc and n derived by the fits with Eq. (2) are

shown in Fig. 7. The dependence of �dc on TiO2 concentra-
tion (Fig. 7(a)) exactly matches the behavior for the ion
conductivity obtained from the Z spectra (Nyquist impedance
plots),53 which is reasonable. The explanation of the increase
of �dc is the synergetic effect due to high interfacial interac-
tions between TiO2 NPs and the functional units of polymers
in the PEO/PVP polymer matrix.50 On the other side, the
diminishing of �dc is attributed to TiO2–TiO2 interactions that

Fig. 6. (Color online) Frequency spectra of " 00 represented by the
symbol (XÞ; the red lines represent the best fits to the " 00 data with
the use of fitting function from Eq. (2).

(a) (b)

Fig. 7. Best-fit parameters obtained from the fits of " 00 data: Elec-
trical conductivity �dc (a) and power factor n (b) versus the con-
centration of TiO2 NPs.
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are enhanced when the amount of TiO2 NPs increases.53 In
this, a significant contribution has the clusterization of TiO2

NPs (observed by TEM, see Sec. 3.1.2) that tends to increase
with the increase of their concentration. As reported for
similar TiO2 NPs-modified salt-complexed ICPNC sys-
tems,35,36 the TiO2 NPs clusterization leads to a decline of
amorphous phase (observed by XRD in this work, by
comparing the results for PEO/PVP/NaIO4/TiO2 samples at
4wt.% and 5wt.% TiO2 NPs (recall Figs. 1(f) and 1(g) and
Table 1), less ion-conducting pathways at the surface of the
nanofillers, and probably to more immobilized polymer
chains. A high content of TiO2 NPs incorporated in the
semicrystalline PEO/PVP polymer-blend matrix complexed
with the ionic compound NaIO4 does result in a weaker
transport of the mobile Naþ ions, and therefore to a drop in
ionic conductivity.45,53

It has to be noted that such negative effect also takes place
for the dielectric properties of PEO/PVP/NaIO4/TiO2

ICPNCs. Generally, the dielectric permittivity, the dielectric
strength and dipole polarization, dielectric relaxation and
dielectric loss tangent, (as well as the AC conductivity and
electrical modulus) in such kind of complex ion-conducting
polymer-ion coupled dielectric materials depend on the
transport of the mobile (active) ions.35–37,41–46,72,73 Basically,
there is no direct dependence. It depends on the particular
system under investigation and there are only models that
vary on a case-by-case basis.37 In our case, the real
and imaginary parts of complex dielectric permittivity could
not be associated solely with the diffusion of mobile Naþ

ions in the polymer matrix and ionic-related polarization
mechanisms. Furthermore, apart from the frequency of the
applied AC electric field, the dielectric response also depends
on many other important factors, such as temperature,
phase transitions and surface properties, whose effects are
interrelated.

The trend in the variation of the power factor n versus the
concentration of TiO2 NPs (Fig. 7(b)) is near to the depen-
dence of dielectric relaxation strength Δ" on the concentra-
tion of TiO2 NPs discussed above (Fig. 2(a)-the inset). This is
reasonable because of the straightforward relevance between
n and dielectric relaxation. As compared to the neat PEO/
PVP/NaIO4, the strong reduction of the value of the dimen-
sionless parameter n is seen at 1wt.% TiO2 NPs (Fig. 7(b)).
This can be interpreted as a jump deviation from a dielectric
mode that is close to the single dielectric mode at a defined
single frequency. The deviation can be considered as a
specific spread of the single dielectric mode into various di-
electric modes with corresponding characteristic frequen-
cies.69 Such alteration could be associated with the increase
of the inhomogeneity (generally speaking) of the dielectric
PEO/PVP/NaIO4 due to the addition of nanoTiO2.

The increasing behavior seen for n by increasing con-
centration of TiO2 NPs (Fig. 7(b)) suggests an effect of dipole
reorganization in a manner that a change in electrical con-
ductivity is involved. Note that the inhomogeneity introduced

in the polymer-ion dielectrics does result in strong coupling
between conductivity and dielectric relaxation (of dipoles in
chain direction) at room temperature. The subsequent re-
duction of n by a further increase of TiO2 concentration is
associated again with the change in the dipolar character of
the considered ICPNCs. This change is related to TiO2 NPs-
induced changes of both dipolar polarization and electrical
conductivity in the ICPNCs.

3.3. Tangent loss

Additional analyses of " 0 and " 00 functions can reveal further
insights into the dielectric behavior of ICPNCs and how this
behavior affects the performance of the ICPNCs, e.g., their
ionic conductivity. Useful information about the ion transport
in the studied ICPNCs PEO/PVP/NaIO4/TiO2 provides the
frequency dependence of tanδ calculated by expression:

tan δ ¼ " 00=" 0 ¼ Z 0=Z 00: ð3Þ
tanδ reflects the dielectric losses and is closely related to the
process of dielectric relaxation (of dipoles) that controls the
electrical conductivity. More commonly, tanδ can be con-
sidered as the ratio of mobile-to-stored dipoles. As the di-
electric strength Δ" (discussed in Sec. 3.2), tanδ depends on
the characteristic properties of dipolar relaxation. Plots of
tanδ of the samples against the frequency f are shown in
Fig. 8.

The loss spectra exhibit a broad peak at a certain fre-
quency. This confirms the presence of relaxing dipoles in the
studied ICPNCs. The loss-tangent relaxation time, �tan δ,
describes the polymer chain relaxation behavior and it is
given by �tan δ ¼ ½2�fPðtan δÞ��1. The dielectric polymer-chain
relaxation time reflects the mobility of polymer chains. The
results obtained for the examined ICPNCs (see the inset
of Fig. 8) clearly indicate that �tan δ is a decreasing function of
TiO2 NPs concentration. This means that the inclusion of

Fig. 8. Dielectric loss tangent (tanδ) as a function of frequency, as
calculated by Eq. (3) for the studied PEO/PVP/NaIO4/TiO2 ICPNCs
at various concentration of TiO2 NPs. The insert shows the plots of
the frequency fPðtan δÞ corresponding to the maximum of the peak of
tanδ, as well the polymer chain relaxation time �tan δ, both versus
TiO2 percentage.

G. B. Hadjichristov et al. J. Adv. Dielect. 14, 2350021 (2024)

2350021-9



TiO2 effectively leads to an increase of the segmental motion
of the chains of PEO/PVP polymer matrix to which the Naþ

cations are coordinated. For the ICPNCs investigated here, up
to a concentration of 5wt.% of TiO2 NPs, this trend is con-
tinuous. Segmental motion of polymer chain facilitates the
ion transport and thereby the ionic conductivity and dielectric
properties would be improved.

4. Mechanism of TiO2 NPs-Induced Modification of Ion
Conductivity and Dielectric Response of PEO/PVP/
NaIO4/TiO2 ICPNCs

In the studied PEO/PVP/NaIO4/TiO2 ICPNC dielectrics (as
well as for a plenty of other ICPNC systems), the improve-
ment in the amorphous phase (discussed in Sec. 3.1.1, in
relation to data obtained by XRD measurements) and flexi-
bility of the polymer network is known to be enhanced by
high interfacial interactions of the nanoadditives with the
polymer chains, and via possible conformational chan-
ges.37,44,66,74 These effects lead to an increase in segmental
motion of the polymer chains in the amorphous domain,
which supports the mobility enhancement of the charge car-
riers. In this way, the ionic conductivity in amorphous rich
ion-conducting polymer systems, such as the ICPNCs studied
here, based on PEO/PVP polymer blend is increased.50,75,76

Accordingly, the enhanced ion mobility will influence the
dielectric properties of the PEO/PVP/NaIO4/TiO2 ICPNC
system, too.

In our case, the amorphicity in polymeric material
increases due to interactions between PEO oxygen and TiO2

active species in the process of the synthesis of PEO/PVP/
NaIO4/TiO2 ICPNCs. In these interactions, nanointerface
effects induced by PEO molecular units and the inorganic
TiO2 NPs, play a significant role.37 The increase of the
amorphous region in polymeric material due to incorporation
of TiO2 NPs within PEO/PVP/NaIO4 ion-conducting poly-
mer system becomes similar as the effect from complexation
of Naþ ions with the functional units of both polymers PEO
and PVP. In both cases, the effects can be explained in terms
of Lewis acid–base interactions with polymer segments.35–37

The oxygen vacancies on the TiO2 NP surface (as Lewis acid)
coordinate with ether oxygen atoms of the PEO polymer
chains (Fig. 9), thereby the PEO crystallization is hindered.
Moreover, this could efficiently prevent the possible re-
crystallization in the considered PEO-based ICPNCs con-
taining amorphous polymer PVP in the PEO/PVP blend.
Thus, a higher amorphous fraction in PEO/PVP/NaIO4/TiO2

is produced (formation of amorphous or amorphous-rich
domains) as confirmed by XRD, and particularly suggested
by SEM (see Sec. 3.1).

It should also be noted that the TiO2 NPs compete with
Naþ cations as Lewis acid in the formation of polymer-salt
coordination complexes. This effect is enhanced at a higher

concentration of TiO2 NPs and may have contribution to the
lowering of the ionic conductivity and dielectric permittivity
measured for our films of PEO/PVP/NaIO4/TiO2 ICPNCs at
4–5wt.% TiO2 NPs. Further, the TiO2 NPs can act as cross-
linking centers for the polymer segments (Fig. 9), thereby
modifying the polymer chain organization. A possible indi-
cator of this effect may be the change in the mean coherence
domain size (�) of polymer crystalline structure, as found by
our XRD studies (see Sec. 3.1.1 and Table 1). Importantly,
such a structural modification in the polymer host provides
additional favorable conducting pathways for the Naþ ions at
the high surface area of the TiO2 NPs and thereby improves
the Naþ ion transport. However, the clusters formed from
TiO2 NPs result in a decrease in the ion conductivity of PEO/
PVP/NaIO4/TiO2 because of the unavailability of a part of the
NPs as cross-linking centers for the ion-conducting polymer
matrix. Also, nanofiller aggregation leads to localization of
ions in the region of the cluster which reduces the numbers of
the free ions for migration. In this case, the ion trapping effect
may be due to high surface area of nanofiller. The effect of so
generated space charges is negative for the ion transport be-
cause of the blockage of conduction paths provided by the
polymer.35–38 Moreover, the higher concentration of cross-
linking centers of TiO2 NPs also plays negative role since
they can promote a structure stiffness, i.e., the polymer chains
become more immobilized, resulting in a decreasing ionic
conductivity, as observed in this study at concentration of
TiO2 NPs above 4wt.%. The above considerations for the
TiO2 NPs-induced modification apply to both ionic conduc-
tivity and the dielectric and dielectric-related properties of the
PEO/PVP/NaIO4/TiO2 ICPNCs studied here (the dielectric
permittivity, the dielectric strength and dipole polarization,
dielectric relaxation and dielectric loss tangent) being closely
related to Naþ ion transport in the PEO/PVP polymer blend
complexed with the NaIO4 salt.

On the other hand, in PEO/PVP/NaIO4/TiO2 ICPNCs the
oxygen vacancies on the TiO2 NP surface can also coordinate
with oxygens from anions of NalO4 salt35–37 (this is also
illustrated in Fig. 9). The interactions of Lewis acidic TiO2

with the periodate IO�
4 anions lead to reduction of the ion

pair (Naþ:IO�
4 ) and release higher amounts of free Naþ ions.

Together with the increasing amorphous phase, such effect

Fig. 9. Schematic illustration of the mechanism of the interaction
between PEO/PVP/NaIO4 ion-conducting polymer host and a TiO2

NP guest.
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should further contribute to the enhanced ionic conductivity
against the increase of the concentration of TiO2 NPs,
as observed here for the PEO/PVP/NaIO4/TiO2 samples with
1–3wt.% TiO2 NPs (recall Fig. 7(a)).

Besides the dissociation of undissociated salt into free
ions by the interaction of TiO2 NPs with the ionic com-
pound NaIO4,34,37 the TiO2 NPs are capable to assist the
reduction of NaIO4 to iodate (NaIO3). During the synthesis
and preparation of our samples, this is concomitant, un-
controllable and inevitable. In fact, this effect was confirmed
by the presence of the characteristic XRD pattern of NaIO3

in the XRD records of PEO/PVP/NaIO4/TiO2 CPNCs, es-
pecially for the samples with 3–4–5wt.% TiO2 NPs (recall
Fig. 1(g)).

Thus, like in similar TiO2 NPs–modified
ICPNCs,34–38,41,45–47 the interaction of TiO2 NPs with PEO
segments and ions of NaIO4 induces structural modification
of the polymer chains which provides favorable conditions
and additional conduction path for faster migration of Na ion
on the surface of the loaded TiO2 NPs. The complex interplay
between the above-mentioned processes of the Lewis acid–
base interactions of TiO2 NPs with PEO/PVP polymer blend
and IO4� anions strongly depends on the concentration of
TiO2 NPs included within the polymer matrix. It is seen for
the studied PEO/PVP/NaIO4/TiO2 dielectrics that the en-
hanced polymer chain segmental dynamics against the con-
centration of TiO2 NPs is insufficient to increase the ion
mobility if the concentration of TiO2 NPs is relatively high
(in our case when exceeds 4–5wt.%). Other factors impose
limitations on ion diffusion77 and the addition of such content
of nanoTiO2 does not provide the most suitable environment
for ionic transportation, and thereby — for enhancement of
ionic conductivity and dielectric properties considered here
(dielectric permittivity and dipole polarization). Note in Fig. 8
that by increasing concentration of TiO2 NPs 1–2–3wt.% the
level of tanδ (the maximum of the tanδ peak) increases, and at
4–5wt.% it diminishes. This trend reflects the variations in
both the strength of relaxation and the number of
relaxing dipoles in the studied ICPNCs with the concentration
of TiO2 NPs.

Actually, the intensity of tanδ peak and the corresponding
frequency fPðtan δÞ has a correlation with the diffusion coeffi-
cient of ions in the SPE material. In our case, tanδ behavior
suggests that at higher concentration of TiO2 NPs, the lo-
calized dipolar and ionic motions are restricted. Indeed, the
gradual reduction seen for values of tanδ (Fig. 8) at 4–5wt.%
of TiO2 NPs, indicates that the higher content of TiO2 NPs
leads to a hindrance of the polymer chain motion in PEO/
PVP/NaIO4/TiO2 ICPNCs. However, the above-mentioned
trend of reduction is also relevant to another process — the
higher content of the loaded TiO2 NPs induces nanostructural
modification of the polymer segments resulting in less
smooth and less sufficient conduction pathways at the high
surface area of the NPs. Thus, a fast migration of Naþ ions

through the ICPNC structure cannot be more ensured. In our
view, at the increasing concentration of TiO2 NPs the latter
process is more responsible for the dielectric changes in
considered ICPNCs, than the former one.

The situation for such nanofilled ion-conducting dielec-
trics is rather complicated because various processes are in-
volved that affect the material properties. Finally, the
inhomogeneities (at nano and microscale) in the composite
systems, including also the grain boundaries of the electrode-
specimen interfaces, are an important factor. In particular, the
improvement of the surface topology upon the addition of
TiO2 NPs up to 3wt.% (see Sec. 3.1.2) is beneficial for both
conductivity and dielectric response of PEO/PVP/NaIO4/
TiO2 film measured in plane-capacitor-like geometry, but
they will be reduced by any nonregularities and inhomoge-
neity of both surfaces of the film. Upon addition of 3–5wt.%
TiO2 nanofiller, the surface defects may be rather high due to
formation of relatively large creatures at the film surface, as
revealed SEM observations (Sec. 3.1.2). On the other hand,
the inclusion of TiO2 NPs leads to a very positive effect for
the surface of the studied PEO/PVP/NaIO4/TiO2 solid salt-
complexed polymer films — the lack of microvoids at the
surface, as well as in the sub-surface region. Certainly, such
property is very valuable, since it minimizes: (i) The possible
ion trapping on the surface of such films, being in direct
contact with electrodes where electric field is applied; (ii)
interfacial polarization by real traps on the surface due to
defects; (iii) space-charge limited conduction, as well as other
unwanted processes at the film-to-electrode interface. As
known, the ions captured by the interface traps can act as
space charges. In general, such process by localized charge
trapping should reduce the mobility of the charge carriers (in
our case — the mobile Naþ ions). Besides the Naþ-ion
conduction, the above considerations apply to the dielectric
response of the PEO/PVP/NaIO4/TiO2 ICPNC films that also
crucially depends on the quality and properties of the speci-
men-electrode interface. Furthermore, this issue is important
for the possible dielectric applications of the ICPNCs inves-
tigated here.

Regardless of complexity of the physical mechanism, the
conclusions deduced by the application of dielectric spec-
troscopy in the research of this kind of ICPNC systems are
reliable. The results obtained here are consistent with the
present knowledge on the effects from nanoadditives (in
particular, TiO2 NPs at reasonable concentrations) on the
structure, morphology and the key properties of various
ICPNC systems.

5. Conclusion

By means of macroscopic measurements with complex di-
electric spectroscopy, the room-temperature dielectric per-
mittivity and relaxation dynamics of salt-complexed ICPNCs
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PEO/PVP/NaIO4/TiO2 were characterized as depending on
the concentration of the included TiO2 NPs (ranging from
1wt.% to 5wt.%). The results obtained indicate that 10 nm-
sized TiO2 NPs can significantly enhance both dielectric
permittivity and Naþ-ion conductivity of the investigated
ICPNCs (at the polymer–blend–salt composition chosen
here). The optimal concentration of TiO2 NPs for this was
found to be about 3wt.%. A source of the positive effect on
both ion conductivity and dielectric response is the interface
across the polymer and nanometric TiO2 additives. A change
in dipolar polarization and relaxation behavior of the exam-
ined ICPNCs by adding TiO2 NPs was evidenced, an effect
commonly ascribed to TiO2 nanosurface-induced interactions
that also affect the ion conductivity.

The modification of the considered macroscopic properties
of the studied ICPNCs due to the included TiO2 NPs was
linked to the corresponding complex atom/ion/nanoparticle
interactions. Essentially, these interactions are controlled by
the ether coordination site of PEO that makes this polymer
polar. The inorganic TiO2 nanofiller plays a dual role. By
nanosurface interactions with functional groups of the PEO/
PVP polymer blend and ionic inorganic salt NaIO4, nanoTiO2

enhances the dielectric and conductivity properties of ICPNCs
PEO/PVP/NaIO4/TiO2. This effect, however, holds up to a
particular percentage of TiO2 NPs. At a concentration above
3wt.%, the TiO2 NPs act negatively and hinder the fast mi-
gration of Naþ ions via the PEO/PVP/NaIO4/TiO2 structure,
thus reducing both the conductivity and dielectric properties.

Dielectric properties of the studied ICPNCs follow non-
Debye type behavior. The results for the dielectric function
and dynamic properties of the studied ion-dipolar-nanofiller
electrolyte system support the previous reports that the in-
corporated TiO2 NPs improve the amorphous phase of semi-
crystalline polymer blend PEO/PVP complexed with the salt
NaIO4. Thus, TiO2 NPs lead to enhancement of the polymer
chains’ flexibility. The dipolar and dielectric properties, as
well as the relaxation behavior of polymer chains of PEO/
PVP matrix are important factors for Naþ-ion conduction.
The information obtained on the change of dielectric behavior
and ion conductivity due to included TiO2 NPs will be useful
for engineering and optimization of multifunctional materials
based on plastic electrolytic systems with incorporated TiO2

NPs for a variety of tasks, in which the dielectric response
and conducting properties are central to manage their per-
formance. They may be utilized in efficient Naþ-ion batteries
and other energy storage and conversion devices, as well as in
other advanced energy and sensor systems and dielectric
devices for applications in polymer electronics/ionics, sen-
sorics and mechatronics.
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