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Abstract

Poly(ethylene oxide) (PEO) matrix- and tin oxide (SnO,) nanofiller-based polymer
nanocomposite films were prepared by solution cast followed by melt press. The
effect of SnO, concentration (i.e. 1, 3, and 5 wt%) on the structure, dielectric permit-
tivity, and chain segmental motion of PEO was investigated with X-ray diffraction,
Fourier transform infrared spectroscopy, scanning electron microscopy, and dielec-
tric relaxation spectroscopy (DRS) techniques. Results reveal that the dispersion
of SnO, nanoparticles has enormously altered the contents of different crystallite
phases of the PEO and some amount of the degree of crystallinity. The DRS study in
the range of 20 Hz—1 MHz at 30 °C confirmed that the complex dielectric permittiv-
ity and electrical conductivity at lower frequencies increased largely on the disper-
sion of SnO, nanoparticles in the PEO matrix which was attributed to the contribu-
tion of interfacial polarization effect, moreover, a significant increase was also noted
in the molecular polarization at higher frequencies. The relaxation processes corre-
sponding to Maxwell-Wagner—Sillars mechanism and PEO chain segmental motion
were analysed from the electric modulus spectra. The chain segmental dynamics
and dc electrical conductivity have nonlinearly enhanced with the increase in SnO,
content in the polymer structure. The temperature-dependent dielectric and relaxa-
tion behaviour of PEO-3 wt% SnO, film was also reported. It was observed that the
relaxation time and electrical conductivity of the film exhibited Arrhenius behaviour
of low activation energies.
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Introduction

Polymer matrices dispersed with inorganic/organic nanomaterial-based flexible-
type advanced materials prepared by state of the art are categorized as polymer
nanocomposites (PNCs) [1]. Tunable dielectric and electrical properties of sev-
eral PNC materials have accredited them as novel polymeric nanodielectrics
(PNDs) for their multifunctional uses in the design and development of advanced
microelectronic devices [2—12]. These PNDs simultaneously bear characteristic
properties of the host polymer matrix and that of the inorganic nanofiller [2, 3,
9]. Therefore, the PNC and/or PND materials are well established as potential
candidates for the advancement of numerous organoelectronic and optoelectronic
devices [5-7, 13—18], high-performance memory devices [19], as ultraviolet and
microwave shielders [9, 20], wideband microwave antennas development [21],
fabrication of high-energy-density capacitors [4, 22], energy harvester [23], pho-
tocatalysis [24], gas sensor [25], solid polymer electrolytes for energy storage/
converter devices [26-28], etc. In the last few decades, the dielectric and elec-
trical characterization of PNC materials to recognize them as useful PNDs has
been an intense field of researches [2—12, 16, 17, 25, 29, 30]. Several studies con-
cluded that the interface of polymer structures with the bare and/or functionalized
surface of inorganic nanofillers plays an important role in tailoring the promising
properties of the PNDs including their dielectric behaviour over the broad fre-
quency range [2, 3, 10, 12, 16, 20, 31-33].

In the past few years, extensive work on the dielectric and structural properties
of numerous PNC materials for the confirmation of their applications as novel
PNDs has been carried out in our laboratory [9, 10, 34—41]. These materials were
prepared using polar polymers namely poly(ethylene oxide) (PEO), poly(vinyl
alcohol) (PVA), poly(vinyl pyrrolidone) (PVP), poly(methyl methacrylate)
(PMMA), poly(vinylidene fluoride) (PVDF), and also their blends with different
inorganic nanofillers (i.e. montmorillonite (MMT) clay, silica (SiO,), alumina
(Al,05), zinc oxide (ZnO), titanium dioxide (TiO,), and tin oxide (SnO,)). The
SnO, is an important n-type semiconductor oxide having wide energy band gap
(~3.6 eV) [42]. It is frequently used with different polymers for the preparation
of transparent organic resistive memory devices, gas sensors, transparent elec-
trodes for solar cells, electrochromic windows, and electrolytes for energy stor-
age/converter devices [19, 23, 28, 41-44]. Furthermore, the SnO, nanoparticles
dispersed PEO matrix has also been considered for the preparation of high-per-
formance nanocomposite solid polymer electrolytes (NSPEs) as potential candi-
dates for energy storage/converter devices [45, 46].

Survey of the literature unveils that the structural, dielectric, and electrical
properties of SnO,-incorporated PEO matrix-based PNC films are yet to be char-
acterized for their nanodielectric applications. In this manuscript, we report the
detailed dielectric behaviour and relaxation processes of the PEO-x wt% SnO,
films (x=0, 1, 3, and 5) over the frequency range from 20 Hz to 1 MHz, at ambi-
ent temperature, and also with the temperature variation for the PEO-3 wt%
SnO, film. The alteration in the degree of crystallinity of the PEO matrix with
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the variation of SnO, concentration and also the morphological changes of these
materials have been studied. Further, the SnO, nanofiller concentration in these
materials was kept low (<5 wt%) in order to avoid the nanoparticles agglomera-
tion for the successful preparation of the PNCs [2, 3, 9].

Experimental
Materials

PEO powder of M,=600,000 g/mol (CAS 25322-68-3) and SnO, nanopowder of
particle sizes <100 nm (CAS 18282-10-5) were purchased from Sigma-Aldrich,
USA.

The PNC films of PEO matrix incorporated with x wt% SnO, with respect to the
amount of PEO were prepared by the solution cast method followed by a melt press
technique. Initially, 1 g amount of PEO for the preparation for each of the four sam-
ples was dissolved in 10 mL acetonitrile in separate glass bottles. The SnO, amounts
0.01, 0.03, and 0.05 g for x values 1, 3, and 5 wt%, respectively, were dispersed
in 5 mL acetonitrile in separate glass bottles under magnetic stirring. Thereafter,
one of the PEO solutions and 1 wt% SnO, dispersed solution were mixed and the
mixture was firstly sonicated and subsequently magnetically stirred until a homo-
geneous viscous solution of polymeric nanocomposite was obtained. This solu-
tion was cast on to a polypropylene petri dish to dry at room temperature which
resulted PEO-1 wt% SnO, film. The same steps were followed for the preparation of
3 and 5 wt% SnO,-containing PNC films. The solution-casted PNC film was placed
in circular stainless steel die of 50 mm diameter having fixed spacer, and then, it
was heated up to PEO melting temperature (~70 °C) with the polymer press film-
making unit. This melted composite material was pressed under 2 tons pressure per
unit area, and then, the heater was turned off. This melt-pressed material was slowly
cooled down to room temperature which resulted in a PNC film of uniform thickness
and of equally smooth surfaces. All the solution-casted PNC films and the pristine
PEO film (x=0) were melt-pressed one by one following the same procedure. These
solution-casted and melt-pressed PNC films of thickness ~0.42 mm were vacuum-
dried prior to their structural and dielectric characterizations.

Characterizations

PANalytical X’pert Pro multipurpose X-ray powder diffractometer with monochro-
matized Cu-Ka radiation (wavelength 4=0.15406 nm) operated at 1800 W (45 kV
and 40 mA) was used for recording diffractograms (X-ray diffraction (XRD) pat-
terns) of the PEO-x wt% SnO, films. The diffraction data for each film were col-
lected in the reflection mode over the 26 range from 10° to 55° with a scan rate
of 0.05°/s. An Agilent technologies Fourier transform infrared (FTIR) spectrometer
(Cary 630) was used for collecting the FTIR spectra in ATR mode to confirm the
polymer—nanoparticle interaction behaviour in these PNC materials. Carl ZEISS
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EVO 18 scanning electron microscope (SEM) was used for taking the micrographs
of surface and fractured cross section of the PNC films.

Agilent technologies 4284 A precision LCR meter was used for performing the
dielectric relaxation spectroscopy (DRS) of the PNC films over the frequency range
of 20 Hz—-1 MHz under 1 V applied electric field at 30 °C and also with the tempera-
ture variation from 30 to 60 °C for the PEO-3 wt% SnO, film. For carrying out the
DRS of each PNC film, it was mounted in the Agilent technologies 16451B solid
dielectric test fixture to make capacitive configuration of capacitance C,, resistance
R,, and the dielectric loss tangent (tand). The dielectric test fixture was kept in a
microprocessor-controlled oven for the measurements of the film at different temper-
atures. The complex permittivity, alternating current (ac) electrical conductivity, and
electric modulus spectra of the PNC films were derived using frequency-dependent
Cp, Rp, and tand values in the expressions described in detail elsewhere [10, 47].

Results and discussion
XRD patterns and degree of crystallinity

Figure 1 presents the XRD patterns of PEO-x wt% SnO, films in the 26 range from
10° to 55°. Figure la shows that the pristine PEO film has characteristic intense
peaks at 19.22° (120) and 23.41° (112),(032) of its major crystalline phases [35-37].
Some peaks of relatively low intensities at 14.71°, 15.18°, 22.11°, 26.26°, 27.0°,
and 27.93° are also observed in the XRD pattern of PEO film. It can be noted from
the figure that the dispersion of 1, 3, and 5 wt% SnO, amounts into the PEO matrix
enormously alters the intensities of the main peaks of PEO. The initial loading of
1 wt% amount of SnO, highly increased the intensity of 19.22° peak and largely
reduced the 23.41° peak in comparison with the intensities of pristine PEO film.
Here, in the XRD patterns, the peaks intensities denote the content of respective
crystalline phases. The XRD results confirm that the interactions between the SnO,
nanoparticles and the PEO chain structures in the PNC film have resulted in a mas-
sive redistribution of phase concentration of the different PEO crystallites. Further-
more, the relative variation in the intensities of PEO peaks with further increase in
SnO, concentration up to 5 wt% infers that the polymer—nanoparticle interactions
vary significantly with the filler concentration in these PNC films. In comparison
with the intensity of major PEO peak exhibited at 19.22°, the SnO, nanofiller peaks
intensities in these PNC films are found very low which can be seen in the coloured
highlighted part in Fig. la.

Figure 1b shows the enlarged view of XRD patterns of the PNC films over the
angular range 25°-55° in which the characteristic diffraction peaks of SnO, crystal-
lites can be clearly noted as these are highlighted by a coloured background. The
SnO, nanopowder of tetragonal rutile phase used in the preparation of these PNC
films exhibits major diffraction peaks at 26.58° (110), 33.87° (101), 37.96° (200),
and 51.79° (211) (see upper layer of Fig. 1b) which corroborates with earlier results
[19, 26]. From Fig. 1b, one can read from the marked scale that the intensities of
SnO, peaks gradually enhance with the increase in its concentration in the PEO
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Fig.1 a XRD patterns of PEO-x wt% SnO, films for x=0, 1, 3, and 5 and b enlarged view of the XRD
patterns over the angular range from 25° to 55° showing the SnO, diffraction peaks (highlighted) in the
PNC films for their comparison with the peaks of SnO, nanopowder (upper layer). The inset of a shows
the plot of X, and X, versus x (wt%) concentration of SnO, in the PNC films

matrix which is an evidence of the homogeneously dispersed SnO, nanoparticles in
the polymer structures and this result firmly confirms the formation of good quality
nanocomposites. Further, the angular positions of SnO, peaks are unaltered with the
increase in its concentration in the PNC films, revealing that the SnO, nanoparticles
retain their crystallite structure in the films.

The degree of crystallinity of the PEO matrix X, in PNC films and that of
the total PNC material X, were determined using the relations X, (%)= (A,
(A TAD) X100 and X (%)=(Ay/(Acqy+A,)x 100, respectively, which are
demonstrated earlier [38-40]. In these relations, the areas of crystalline peaks (A,
for the PEO peaks and total area of crystalline peaks A, including both PEO and
SnO, peaks) and that of the amorphous hump (4,) were computed from the XRD
pattern of each film using the OriginPro® software. The determined values of X,
and X, of these materials are plotted in the inset in Fig. la. It can be noted from
this plot that the increase in SnO, concentration reduces the crystallinity of the PEO
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matrix, whereas the total crystalline content of PNC material increases a little due to
the SnO, crystallites in these materials.

SEM images and morphological analysis

The SEM images of the surface and fractured cross section of PEO-1 wt% SnO, and
PEO-5 wt% SnO, films are shown in Fig. 2. These images reveal the homogeneous
distribution of the SnO, nanoparticles in the polymer matrix, and there is no notice-
able signature of agglomerated nanoparticles which confirms the formation of good
quality nanocomposites. Further, some typical spherulite structures of PEO crystal-
lites [39, 48] are encircled in the SEM image of 1 wt% SnO,-containing PNC mate-
rial (Fig. 2a), and the presence of nanoparticles is highlighted by small circles for
the 5 wt% SnO,-containing PNC film (Fig. 2¢).

FTIR spectra and polymer-nanofiller interaction

Figure 3 presents the FTIR spectra of PEO-x wt% SnO, films over the wavenumber
range from 650 to 1600 cm™!. The wavenumbers of various vibrations bands of the
pristine PEO film are marked by dashed vertical lines in the figure which are attrib-
uted to its characteristic vibrational modes demonstrated in detail in the literature [9,
39, 48]. A close look on the figure reveals that the FTIR spectrum of each PNC film

Fig.2 SEM images of PEO-x wt% SnO, films for x=1 (a surface and b fractured) and for x=5 (c sur-
face and d fractured). PEO spherulites are encircled in a and SnO, nanoparticles are encircled in ¢
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Fig.3 FTIR spectra of PEO-x wt% SnO, films for x=0, 1, 3, and 5. Wavenumbers of various vibrational
bands of the pristine PEO film are marked in the figure. The enlarged view of —C—O-C- vibrational
bands is shown on the right side of the main figure

fairly resembles that of the pristine PEO film except a little change in the intensities
of some of the peaks. However, it can be noted from the enlarged view presented
on the right side of the main plot that the symmetric and asymmetric stretching
modes of —C—O—C— group have little changes in the peaks positions marked by
arrows and some broadening of the bands with the increase in SnO, concentration
in the PNC films as compared to the pristine PEO film [7, 48]. These results confirm
that there are no strong chemical interactions between the PEO functional group
and SnO, nanoparticles in the nanocomposite films because chemical interactions
largely modify the shape of the bands and their peaks positions [47]. In such a case,
the presence of SnO, nanoparticles would predominantly act as physical confine-
ment for PEO chains which can lead to alteration in their molecular packing and
crystallites as revealed from the XRD results of these materials. Similar behaviour
of polymer—nanoparticle interactions was also reported for the silica nanoparticles
dispersed PEO matrix-based PNC films [49].

Dielectric spectra and polarization processes

Figure 4 shows the complex dielectric permittivity (real part & and imaginary part
€") and dielectric loss tangent (tand=¢"/¢") spectra of PEO-x wt% SnO, films at
30 °C (Fig. 4a) and also at different temperatures for the PEO-3 wt% SnO, film
(Fig. 4b). The &' values of these materials nonlinearly decrease with the increase
in frequency from 20 Hz to about 300 kHz, and after that, they slowly approach a
steady-state value near 1 MHz. A sharp decrease in ¢’ values has been noted with
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Fig.4 Spectra of complex permittivity (real part &’ and loss part €”) and dielectric loss tangent tané of a
PEO-x wt% SnO, films for x=0, 1, 3, and 5, at 30 °C, and b PEO-3 wt% SnO, film at temperatures in the
range 30-60 °C. Insets show the enlarged view of the spectra at higher frequencies

the increase in frequency in the lower-frequency region (i.e. 20 Hz—1 kHz). Further,
it is found that the ¢’ value increased by more than two times at 20 Hz with the dis-
persion of 1 wt% amount of SnO, in the PEO matrix in comparison with that of the
pristine PEO film, and it increased by about four times with the further increase in
SnO, concentration up to 5 wt% in the PEO matrix. Figure 4a shows that the relative
increase in ¢’ values of PNC films diminishes as the frequency of alternating field
increases. The huge increase in &' values in the low-frequency region is obviously
caused by interfacial polarization (IP) effect which is also known as Maxwell-Wag-
ner—Sillar (MWS) polarization mechanism and is a common phenomenological
characteristic of the PNC materials [6, 9, 10, 12, 19, 31, 35-40, 50, 51]. However,
at higher frequencies, the IP effect cannot synchronize with fast reversible changes
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in the ac field [12, 29], and therefore, its contribution to the dielectric polarization
is insignificant, and hence, the observed &' values are primarily attributed to the
dipolar reorientation and the electronic polarization processes of these films [9, 10].
Similar to these results on the dielectric dispersion of PEO/SnO, films, the increased
€' values have also been reported for the PNC films of SnO, dispersed PVDF matrix
[52] and also the PEO/PVP blend matrix-based nanocomposite films [49].

Further, it is found that the dielectric dispersion behaviour and the contribution
of IP effect in the &' values of PEO-x wt% SnO, films are extremely different in
comparison with those of the PEO-x wt% SiO, [35], PEO-x wt% Al,O5 [36], and
PEO-x wt% ZnO [37] nanocomposite films. This difference in dielectric dispersion
may be owing to the relatively very high dielectric constant of SnO, as compared to
that of the SiO,, Al,0; and ZnO materials [26]. Furthermore, the effect of the differ-
ences in these nanofiller particles shapes and sizes [26, 27] on the observed dielec-
tric properties cannot be ruled out because the dielectric constant of the PNC mate-
rials is significantly influenced by the particles size of the nanofillers [22]. The &”
spectra of these PNC films reveal that there is a huge contribution of the IP effect in
the dielectric loss at low frequencies due to which the &” decreases sharply with the
increase in frequency up to 1 kHz. Further, a low-intensity relaxation peak or hump
is exhibited in the intermediate-frequency region which can be noted in the enlarged
view of the " spectra given in inset of the figure, and the same can be assigned to
the PEO chain segmental motion relaxation process [35-37, 53].

Figure 4b shows the ¢’ and ¢” spectra of PEO-3 wt% SnO, film at different tem-
peratures which is studied as a representative sample of these PNC films. It can be
noted from the figure that the effect of temperature on the increase in &’ and ¢” val-
ues is relatively small in the high-frequency region, whereas below 1 kHz these val-
ues at fixed frequency sharply enhance with the increase in temperature. This find-
ing confirms the thermally activated dielectric polarization behaviour of this PNC
film which is frequently observed in the PNC materials [10, 12, 16, 30, 36, 40, 51].
Further, the increase in ¢’ values in the low-frequency region at 60 °C is relatively
very high which may be owing to the fact that this temperature value is closer to the
melting temperature of PEO (i.e. ~65 °C). This temperature has resulted in higher
free volume which further facilitates the dipole orientation and their parallel order-
ing in the PEO chains. From these results, it is also unveiled that the IP effect domi-
nating at lower frequencies is more sensitive to the temperature of the PNC film,
while the temperature is comparatively less effective on the molecular polarization
of the film at higher frequencies. Furthermore, 50 Hz, 1 kHz, and 1 MHz frequen-
cies values of ¢’ and " for the PEO-x wt% SnO, films at 30 °C and also those of
the PEO-3 wt% SnO, film at different temperatures are recorded in Table 1 for the
relative comparison and examining the changes with nanofiller content as well as
temperature variation.

The tané spectra of PEO-x wt% SnO, films exhibit the dielectric relaxation
peaks above 10 kHz at 30 °C (Fig. 4a), which may be assigned to the local chain
segmental motion of PEO (a-relaxation in the amorphous part [53]). This relaxa-
tion was also observed in the PEO matrix-based different nanofillers dispersed
PNC films studied earlier [35-37]. It can be noted from the tand plots that the
relaxation peaks of these PNC films are relatively more intense and have appeared

@ Springer



2366 Polymer Bulletin (2021) 78:2357-2373

Table 1 Values of complex dielectric permittivity &' — je” (at 50 Hz, 1 kHz, and 1 MHz), dielectric relax-
ation time 7, electric modulus relaxation time 7y;, and dc electrical conductivity (determined from low-
frequency ¢’ spectra o, and the high-frequency spectra 64, of the PEO-x wt% SnO, films at 30 °C,
and also for the PEO-3 wt% SnO, film at different temperatures 7'

PNC films  &'-je" To(us) Ty (MS) Oy Odc(iy
(x107's/  (x107s/
50 Hz 1 kHz 1 MHz cm) cm)

PEO-x wt% SnO, films

x (wt%)
0 11.1-3.75 7.3 1.77 2.6-j0.11 8.89 3.86 0.97 0.32
1 24.0-j12.41  12.4-j4.03 2.8-j0.23 4.55 1.85 1.69 0.76
3 30.5-15.57 13.9-5.36 32047 1.85 0.33 3.05 1.47
5 36.0—j22.19 15.5-4.22 335055 1.78 0.77 10.8 1.63

PEO-3 wt% SnO, film

T(°C)
30 30.5-15.57 13.9-5.36 3.2-j047 1.85 0.83 3.05 1.47
40 32.7-j19.42  14.1-5.77 32-0.53 173 0.72 4.41 1.80
50 37.3-j2547 14.6-j6.73 3.2-0.61 1.36 0.56 6.49 2.16
60 59.0-j57.48 16.6-11.43 32-0.71 1.12 0.47 21.1 2.68

at higher frequencies as compared to that of the pristine PEO film which con-
firms that the number of relaxing dipoles in the polymer chain have enhanced
in the presence of SnO, nanoparticles which also promote the chain segmental
motion. The values of dielectric relaxation time 7, (z,) for these materials were
determined from the tans peak frequency f, values from the relation 7= (27rfp)‘1.
The obtained 7, values for these PNC materials are listed in Table 1. It is noted
that the 7, values of these PNC films are lower than that of the pristine PEO
film which confirms that the SnO, nanoparticles accelerate the chain segmental
motion of PEO which is owing to the fact that the crystalline phase content of
the polymer has decreased (see inset in Fig. 1a). The increase in chain segmental
dynamics as well as the increase in the amount of amorphous phase favours the
suitability of these PNC materials as host matrices for the preparation of promis-
ing properties solid polymer electrolytes (SPEs) [28, 45].

From the enlarged view of Fig. 4b, it can be noted that the relaxation peak of tand
spectra gradually shifts towards high-frequency side along with a small increase in
its magnitude when the temperature of PEO-3 wt% SnO, film enhances from 30
to 60 °C. This result also evidences the increase in the number of relaxing dipoles
with the faster chain segmental motion which happens due to the increase in the
free volume in the material. The temperature-dependent z, values of this PNC film
were also determined using f;, values from the tané spectra and these are recorded
in Table 1. Further, from the relative changes in the shape of these tand spectra in
the low-frequency region, it seems that there is signature of low-frequency relaxa-
tion process in these materials corresponding to the MWS mechanism, but it is not
clearly distinguishable in these spectra; however, the same is clearly noticed in the
electric modulus spectra given in the following section.
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Electric modulus spectra and relaxation processes

The complex electric modulus (real part M" and imaginary part M") spectra of PEO-
x wt% SnO, films at 30 °C and also that of the PEO-3 wt% SnO, film with the tem-
perature variation are presented in Fig. 5. Because of the inverse relation between
the dielectric and electric modulus functions, the M’ and M" spectra remain free
from electrode polarization (EP) effect, adsorbed impurities, and the electrode mate-
rial of the dielectric test fixture, and therefore, these spectra are frequently analysed
for better resolution of the relaxation processes in the composite materials [7, 9, 10,
12, 17, 18, 30, 39, 51]. Figure 5a shows that there is a gradual increase in M’ values
with the increase in frequency in the lower-frequency region, and then, there is an
abrupt rise in the high-frequency region and they finally attain a steady-state near
1 MHz. This dispersion behaviour of M’ spectra is also observed for several other
PNC materials [9-12, 35-38]. The M" spectra of these materials exhibit broader
and low-intensity MWS relaxation peaks in the lower-frequency region, whereas
sharp and intense conductivity relaxation peaks associated with the chain segmental
motion in amorphous domains of PEO have appeared in the high-frequency region.

(a) T T T T T T (b) T T T T T T
L 19 4
0.4 x(wt%) 03l ]
— T 0
— 1
03F ——3 4
—v—35
N = 02f 1
= P
02} 1
o1k A | 0.1F 1
00f ¥ 1
0.0 F 1
1l 1l 1l 1l Al 1l A 1l 1l A 1l 1l
0.12
0.09
= 0.06
0.03 ]
0.00 2

Fig.5 Spectra of electric modulus (real part M" and loss part M") of a PEO-x wt% SnO, films for x=0,
1, 3, and 5, at 30 °C, and b PEO-3 wt% SnO, film at temperatures in the range 3060 °C. Insets show the
enlarged view of the low-frequency relaxation peaks
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The frequency and intensity of the relaxation peak vary with the increase in SnO,
content in these PNC films which confirm that these relaxation processes are signifi-
cantly affected by the amount of nanofiller in the PEO matrix. Further, a little shift
of intense loss peak to higher frequencies with the increase in nanofiller content is
an indication of low interactions between SnO, nanoparticles and the PEO chains,
and also weak adhesion in these composites which further favours the FTIR results
of these materials. These relaxation processes are also found temperature dependent
as can be seen from the M" spectra of PEO-3 wt% SnO, film presented in Fig. 5b.
The modulus relaxation time 7y, also known as conductivity relaxation of these
materials was determined using the intense peak frequency values and observed 7y,
values are reported in Table 1. One can read from this table that the values of 7y
are about half order of magnitude low as compared to the 7, values for these PEO-x
wt% SnO, materials. This is a common trend of variation in the relaxation times of
PNC materials when they are analysed using dielectric and electric modulus func-
tions [10, 34-36, 40].

AC and DC electrical conductivities

The alternating current (ac) electrical conductivity (real part ¢') spectra of PEO-x
wt% SnO, films at 30 °C and those of the PEO-3 wt% SnO, film with the tem-
perature variation are depicted in Fig. 6. Figure 6a shows that the ¢’ value of PEO
film is of the order of 107'" S/cm at 20 Hz and there is an increase of about one
order of magnitude at the same frequency when 5 wt% amount of SnO, was dis-
persed in the PEO matrix. The ¢’ values of PEO-3 wt% SnO, film also enhance by
about one order of magnitude with the increase in film temperature from 30 to 60 °C
(Fig. 6b). Further, the ¢' values exhibit a relatively fast increase with the increase
in frequency up to about 100 kHz, and thereafter, the rate of increase is small. This
type of conductivity dispersion behaviour of the PEO matrix-based PNC films is due

c' (S/cm)
c' (S/cm)

2

100 100 10 10
Sf(Hz) f(Hz)

1l 1l
10 100 10" 10

Fig. 6 Spectra of ac electrical conductivity (real part ¢’) of a PEO-x wt% SnO, films for x=0, 1, 3, and
5, at 30 °C and b PEO-3 wt% SnO, film at different temperatures. Insets show the power law fit of ¢’ val-
ues of high-frequency region. The solid lines show the linear behaviour of ¢’ values in the low-frequency
region
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to semicrystalline nature of the host matrix as demonstrated earlier [35-47]. The
enhancement of ¢’ values of these materials reveals that there may be an increase
in number of free charges and/or formation of some favourable charge conductive
paths due to the polymer—nanoparticle electrostatic interactions.

The direct current (dc) electrical conductivity o4, of these materials was esti-
mated by linear fit of low-frequency ¢’ data for electronic conduction (denoted by
4y and the power law fit ¢’=0,.+Aw" of high-frequency ¢’ data for probable
ionic conduction (denoted by o). These fits are shown by solid lines in Fig. 6.
The observed values of 6, and o4, for the PEO-x wt% SnO, films at 30 °C and
also for the PEO-3 wt% SnO, film with its temperature variation are recorded in
Table 1. It can be read from this table that the o4, values increase with the increase
in SnO, concentration in the PNC films and also with the increase in temperature of
the PNC film.

Relaxation times and conductivity plots

Figure 7a shows the variation of 7, 7y, Gye(e)» and o4, against x (wt%) amount of
SnO, in the PNC films at 30 °C. It can be noted from this figure that both the relax-
ation times nonlinearly decrease with the increase in SnO, concentration up to 5
wt% in the PNC films, whereas their conductivities nonlinearly increase. This find-
ing confirms that the charge conduction mechanism is associated with the structural
relaxation processes of the polymer matrix which is one of the important facts in
regard to the suitability of these materials as host matrix for the preparation of novel
SPEs.

The logarithmic scale 7, 7y, Gye) and oy versus 1000/T plots of the
PEO-3 wt% SnO, film are shown in Fig. 7b. The straight line behaviour of these
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Fig.7 Plots of a 7y, 7, G4e(e), and oy versus x (wt%) for PEO-x wt% SnO, films, and b 7y, 7, 64.(), and
G4y versus 1000/T for the PEO-3 wt% SnO, film
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plots confirms that the relaxation times and electrical conductivities obey the Arrhe-
nius relations 7=1, exp(E/kgT) (where E, is the activation energy of relaxation
time) and o4, =0, exp(—E /kgT) (where E_ is the conductivity activation energy),
respectively. The evaluated values of E, and E, are given with the respective plots
in this figure. The E, and E_ values of the PNC film are found significantly small
(0.15-0.17 eV) except E,,, which suggest that there is a low potential barrier for the
ionic charge transportation and the relaxation mechanism. This fact also confirms
the suitability of the PNC material as a nanocomposite base matrix for the prepara-
tion of high-performance solid polymer electrolytes with the doping of alkali metal
ionic salts in appropriate amount.

Conclusions

The crystallographic study of PEO-x wt% SnO, films reveals a huge alteration
in crystals phase concentration of the PEO due to polymer—nanoparticle elec-
trostatic interactions. A uniform increase in the intensities of SnO, characteris-
tic diffraction peaks with the increase in its amount in the PEO matrix confirms
the homogeneity of the nanoparticles in the nanocomposites which is also con-
cluded by their SEM images. The percentage degree of crystallinity of the host
PEO matrix nonlinearly decreases with the increase in SnO, concentration, but
there is a uniform increase in crystallinity of the bulk composite material. The
FTIR results evidence weak chemical but appreciable electrostatic interactions
of the SnO, nanoparticles with the dipolar groups of PEO chains. The dielec-
tric and electrical properties of PEO-x wt% SnO, films for x values 0, 1, 3, and
5 are reported over the frequency range 20 Hz—1 MHz, at 30 °C, and also with
temperature variation for the PEO-3 wt% SnO, film as a representative sample.
The spectra of complex dielectric permittivity, electric modulus, and ac electri-
cal conductivity for these materials were analysed, and the effect of SnO, con-
centration and the temperature on these electrical functions was explored. The
dispersion of SnO, nanoparticles produces high interfacial polarization at low
frequencies and also favours the dipole ordering at high frequencies due to which
the complex permittivity of these PNC materials significantly increases. A weak
relaxation peak was observed in the low-frequency region of the electric modulus
spectra which is corresponding to the MWS relaxation process, whereas a highly
intense relaxation peak appeared in the high-frequency region attributing to the
conductivity relaxation associated with the PEO chain segmental motion. The
presence of SnO, nanoparticles in the PEO structures increases the chain segmen-
tal dynamics and also the electrical conductivity of these nanocomposites. The
dielectric permittivity and electrical conductivity significantly enhance with the
increase in temperature of the PNC film confirming its thermally activated dielec-
tric behaviour. The relaxation time and dc electrical conductivity of the PNC film
obey Arrhenius relation with appreciably low activation energies. The enhance-
ment of dielectric permittivity with the nanofiller concentration suggests the suit-
ability of these materials as tunable nanodielectrics which could be promising
dielectric substrates and insulators in the fabrication of flexible-type advanced
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microelectronic devices including the high-density energy storing capacitors.
The increased chain segmental dynamics, lowering in degrees of crystallinity of
polymer matrix, and also the low activation energies altogether make these nano-
materials more advantageous in the preparation of nanocomposite solid polymer
electrolytes.
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