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ABSTRACT: The synthesis of Er’ " @GeO, and Er’*@SiO, nanoparticle impregnated self-standing poly(vinylidene fluoride) films by a
facile solution casting technique has been reported. The prepared films were thoroughly characterized using X-ray diffraction tech-
nique, field emission scanning electron microscopy, and transmission electron microscopy. The optical properties were evaluated
using UV-Vis spectroscopy. Detailed study on the temperature dependent dielectric properties of the composite films with different
Er’" content were also investigated to establish the electrical properties of the same, which revealed the presence of different relaxa-
tion processes, namely, o, and p. Due to the smaller size, Er’"@SiO, was found to disperse better in the PVDF matrix than
Er** @GeO,, which resulted in higher dielectric constant of the former at 300 K. At higher temperature (403 K), the behavior was
reversed due to the formation of larger sized low mobility complexes. An investigation on ac conductivity proved the conduction
mechanism for neat as well as composite PVDF films to follow the Correlated Barrier Hopping model. The loading of Er’* @GeO,
and Er’"@Si0O, nanoparticles in the PVDF matrix significantly enhances the dielectric properties without losing the flexibility of the
composite films. © 2016 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 44016.
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INTRODUCTION electrostriction for artificial muscles, magnetostriction for nano-

particles, and smart skins for drag reduction.”™ In addition to
that PVDF has its wide applications in biotechnology,® photo-
recording,” and rechargeable lithium batteries.'® Recently the
oxides of group IV materials, namely, SiO, and GeO, are gain-
ing paramount importance due to their contribution to obtain
efficient dielectric properties without sacrificing the flexibility of
the polymer nanocomposites. In this context, it is worthwhile
to mention that, several works have been done using PbS'' and
Si0,'? as nanofillers in PVDF to enhance the electrical proper-
ties. More over SiO, and GeO, nanoparticles can be used as
nanofillers for PVDF matrix due their abundance, low cost, and

Polymer nanocomposites, a new class of material has earned
tremendous popularity among the scientists and technologists
due to their unique electrical, thermal, and mechanical proper-
ties." The improved properties of nanocomposites may be
attributed to the addition and dispersion of highly anisotropic
nanofillers.” Since the size of fillers are in nano-dimension, the
interfacial interactions between the nanofillers and polymer
matrix increase significantly due to the high surface-to-volume
ratio of the nanofillers, which results in improved physicochem-
ical properties of the polymer. Hence, addition of small amount
of nanofillers is sufficient to improve the polymer properties

without significantly compromising the polymer flexibility, opti-
cal transparency, and other properties in comparison to neat
polymer. Among the polymer nanocomposites, poly(vinylidene
fluoride) (PVDF) nanocomposites have attracted much atten-
tion due to their potential use in high energy-density capacitors,

green additive nature.

PVDF ([—CH,—CF,—]) is a semicrystalline polymer exhibits
five different crystalline phases o, B, 7, 8, and £."> Out of these
phases, the a is the non-polar form of PVDF which is the most
thermodynamically stable state at ambient temperature and

This article was published online on 26 Jun 2016. An error was subsequently identified in the graphic to Figure 2. This notice is
included in the online and print versions to indicate that both have been corrected 07 July 2016.
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pressure. Most usually this a phase occurs with a dominating
fraction in the melt processed PVDF film. However, the B and vy
phases are the polar phases of PVDE, where 3 phase assumes par-
amount importance over the other phases due to its better piezo-
electric, ferroelectric, and pyro-electric properties."*'> The «
phase PVDF possess TGTG' (T-trans, G-gauche”, G'-gauche ™),
B phase has all trans (TTT) and the y phase has 3TG3TG’ con-
formations.''® As a consequence, different techniques including
incorporation of different fillers have been developed to enhance
the B phase content in PVDE. Recently, our group has shown
that by adding SiO, and GeO, nanoparticles, a notable transfor-
mation of PVDF from a phase to 8 phase can be achieved with
significant enhancement in dielectric and other electrical
properties.'”

Rare earth (R*") ions possess some unique features like special
chemical characteristics, including a relatively large size, low
capacity for covalent bond formation, and electrostatic interac-
tion with negatively charged ligands. This favors in an electronic
structure which results in ionic complex formation.'®" These
rare earth complexes have their wide applications in light emit-
ting diodes, optical fibers, laser materials, and optical signal
amplifiers. In addition, these rare earth materials have signifi-
cant effects on the physicochemical properties of polymers**>
due to their capability of interaction with the polymer chain. As
a consequence, rare earth materials/ions doped PVDF compo-
sites are being studied recently,*»** where dielectric properties
of erbium chloride, gadolinium chloride,>* and lanthanum chlo-
ride*® loaded PVDF matrix have been studied extensively.

Study on dielectric properties and related relaxation processes of
ferroelectric polymers like PVDF and its composite films**’ have
received great interest from the last decades. The objective of our
work is to have enhanced dielectric properties using relatively small
amount of rare-earth material, which will bring cost-effectiveness.
On the other hand, the use of GeO, and SiO, nanoparticles as the
primary host of erbium ions in the polymer matrix will also be of
interest to study due to their unique electronic interactions. The
analysis of the effect of rare-earth ions without any anionic part will
also have a significant role in this present work.

EXPERIMENTAL

Materials

PVDF pallets with average molecular weight M,,: 275,000 g/mol
(M,: 107,000) were obtained from Sigma Aldrich, The United
States. Erbium nitrate pentahydrate (Er(NO;);, 5H,0) (M,,:
443.35 g/mol, 99.9%) was obtained from Sigma Aldrich, the
United States. Dry N,N-dimethyl formamide (DME Mecrk,
India), germanium oxide (Alfa Aesar, 99.9%), tetraethyl orthosi-
licate (TEOS, Mecrk, Germany), ethanol (Merck, Germany),
and ammonia (strength 30%) were used in this work. All the
materials were used without further purification.

Synthesis of GeO, and SiO, Nanoparticles

GeO, nanoparticles (NPs) were synthesized using typical hydrother-
mal method®® taking GeO, powder as the starting material. The
details of synthesis of GeO, nanoparticles were given elsewhere.”’
The nanoparticles were synthesized at a temperature of 185°C and
the product was collected by evaporation of excess water.
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The SiO,NPs were synthesized by the modified Stober’s
method.?® In this typical preparation technique, initially a mix-
ture of 160 mL ethanol, 40 mL distilled water, and 5 mL of
ammonia was prepared by vigorous stirring for 30 min. Then
2 mL of TEOS was slowly added into the resulting mixture
which was stirred for 12 h by using a magnetic stirrer at room
temperature (30°C). Finally, the resulting solution was dried to
obtain SiO, NPs.

Synthesis of Erbium Doped GeO, and SiO, Nanoparticles

In order to incorporate erbium (Er’*) ions into the synthesized
GeO, and SiO, nanoparticles, the oxides were immersed into
Er(NOs3)s3, 5H,0 solution of different strengths (0.02, 0.05, and
0.1M). The solution was kept for 24 h followed by an annealing
process at a temperature of 250°C for 2 h. Then the product
was collected and washed by distilled water for several times for
the complete removal of residual Er(NO3)s;.

Synthesis of Er’T@GeO, and Er** @Si0, Loaded PVDF Films
The PVDF composite films impregnated with Er’ “@GeO, and
Er’*@SiO, were synthesized by the simple solution-casting
method. In a typical synthesis procedure, 500 mg of PVDF was
dissolved in 10 mL DMF at 60 °C by stirring until complete dis-
solution of PVDF in DMF was achieved. Then a particular
amount (15 wt %) of both type of fillers (containing different
molar concentration of erbium) were added in the solution of
PVDF and the resultant mixture was vigorously stirred for 12 h
followed by 30 min of sonication to obtain a homogenous solu-
tion. The composite films were obtained by casting the whole
mixture in a properly cleaned and dried Petri dish and evapo-
rating the solvent at 90°C in a hot air oven. Neat PVDF films
were also prepared following the same procedure to carry out
the comparative study. The thicknesses of the as synthesized
neat PVDF and composite films, were nearly about 80 * 2 um
as determined by thickness profiler (Bruker DEKTAK XT). The
schematic of the synthesis procedure is shown in Figure 1 and
the detail composition of the synthesized samples is given in
the Table I where Er’* @GeO,/PVDF composite films are named
as PGE and Er’ " @SiO,/PVDF composite films are as PSE.

Characterizations

The structural properties of the as synthesized films were stud-
ied by using X-ray diffractometer (Bruker-D8) with Cu-Ka
radiation (A=1.541 A) using Bragg-Brentano goniometer
geometry and 6-26 scanning mechanism. To study the mor-
phology of the PVDF nanocomposite films, field emission scan-
ning electron microscopy (FESEM) (INSPECT  F50,
Netherlands) was used. The Energy dispersive X-ray spectros-
copy (EDS) of the samples was performed by Bruker attach-
ment with FESEM. To have a detail idea about the structural
properties of the polymer/nanoparticles composites, transmis-
sion electron microscopy (TEM, TECNEI G2) was used. The
dielectric properties of the PVDF nanocomposite films were
studied using a digital LCR meter (Agilent, E4980A). The value
of the dielectric constant (¢'), tan 9, dielectric loss and total ac
conductivity (o,.) of the samples are calculated using the fol-
lowing equations,'”

J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.44016



http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

ARTICLE

Different molar percentage Distilled water
of erbium nitrate pentahydrate

Erbiumnitrate

Washed with distilled

@A water for several

Erbium ion dopped semiconductor  Times
oxide nanoparticles
Magnetically
stirred for 12 hrs
Followed by
sonication for 10 min
Product mixtur
Solution of PVDF eLLTREere
in DMF

viewed in the online issue, which is available at wileyonlinelibrary.com.]

C-d
‘= 1
€= o (1)
and
"
tand= — (2)
3

that is ¢”= tand X ¢
G =i0gge” where ®@=2nf (3)

where, C, d, A, tan 3, and &” are the capacitance, thickness,
effective area, tangent loss, and dielectric loss of the samples,
respectively. f is the frequency of the electric field applied across
the samples and &, is the free space permittivity (8.854 X
10 72 F/m). These electrical measurements were carried out
using silver electrodes (having area 1 cm X 1 cm), in the fre-
quency range 100 Hz to 1 MHz and within the temperature
range 300—403 K.

From the study of various electrical parameters, it has been
found that, best electrical and optical properties were exhibited
by 0.1% Er’*@GeO, and 0.1% Er’*@SiO, in PVDF films. So,
in order to avoid data redundancy, here, we have provided the
structural analyses of 0.1% infused materials.

RESULTS AND DISCUSSION

X-ray Diffraction Analysis

Figure 2(a—c) shows the XRD patterns of samples PO, PGE0.1
and PSEO0.1, respectively. The XRD pattern of neat PVDF (P0)
reveals peaks around the 26 values of 17.8°, 18.5°, 20°, and
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Figure 1. Schematic diagram of the synthesis procedure of the as synthesized Er’*@GeO, and Er’*@SiO, loaded PVDF films. [Color figure can be

26.7° corresponding to the (100), (020), (110), [(201),(310)]
planes of « phase PVDE, respectively.”® Another peak positioned
at 38.7° may be attributed to the (211) plane of the vy phase of
PVDE'” In Figure 2(b), a well recognizable peak positioned at
20 = 26.2° is clearly indexed to the (101) plane of cubic crystal-
line phase of GeO, (JCPDS File No.—43-1016), this infers the
incorporation of GeO, nanoparticles in the PVDF matrix. The
broad peak positioned around 26 = 20° for PGE0.1 is occurred
due to the presence of both o and B phases of PVDF [(110),

Table I. Details of the Composition of the as Synthesized PVDF Compos-
ite Films

Strength of the
added erbium nitrate

Type of the pentahydrate
Name of semiconductor [Er(NO3)3, 5H-0]
the sample oxides solution (molar %)
PO — 0
PGEO0.02 GeO» 0.02
nanoparticles
PGEO0.05 0.05
PGEO.1 0.1
PSE0.02 0.02
PSE0.05 SiOz 0.05
nanoparticles
PSEO.1 0.1
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Figure 2. XRD histogram of the samples (a) P0; (b) PGEO0.1; and (c)
PSE0.1. [Correction made to graphic after initial online publication. 36 to
26]. [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

(200) planes]. In Figure 2(b), broadening of the diffraction
peaks corresponding to the different phases of PVDF may be
described as the decrease in the ordering character of neat
PVDF due to the incorporation of the Er’"@GeO,in PVDE
matrix. This may be attributed to the cross-linkage formation
within the polymeric material." Similar lowering in crystallinity
has also been previously observed for different rare-earth mate-
rials loaded PVDF matrix."*® This phenomenon has been
reported by the cross-linking between the R>" and the partially
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Endothermic

1.5 1

0.5
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Figure 3. DSC cooling curves of the samples PO, PGE0.1, and PSEO.1.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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negative —CF,— group of PVDF' Figure 2(c) shows the X-ray
diffraction pattern of Er’*@Si0, loaded PVDF films (PSEO0.1).
The figure shows an amorphous hump in the lower 26 region,
positioned at 260 ~ 23° (characteristic hump of SiO, nanopar-
ticles)!” suggesting the successful inclusion of amorphous SiO,
nanoparticles in PVDF matrix. To have a clear idea about the
decrease in the ordering character of the loaded polymer sam-
ples DSC measurement of the neat PVDF and the loaded PVDF
films are carried out [temperature range: 30-200 °C with a
scanning rate 10 °C /min in nitrogen gas atmosphere using
DSC-60, Shimadzu (Asia Pacific) Pte. Ltd, Singapore]. The DSC
cooling curves for neat as well as PGE0.1 and PSE0.1 are shown
in Figure 3. The calculated values of degree of crystallinity for
these samples are tabulated in Table II. The results show a clear
decrease in the degree of crystallinity for the sample PGEO.1
and PSE0.1 in comparison to the neat PVDE. Our previous
study'” reveals the fact that incorporation of the semiconductor
oxide nanoparticles leads to the enhancement of electroactive 3
phase, which results appearing of peaks at 20.3° and 36.7° corre-
sponding to B phase. But no such prominent peaks correspond-
ing to the B phase of PVDF has been observed in our present
observation where rare earth doped semiconductor oxide nano-
particles are being used as filler. The DSC cooling curves also
support the phenomenon.'® This phenomenon may be
described by the combined and mutually opposing effects of the
positively charged rare earth Er’" ions and the negatively
charged semiconductor oxide nanoparticles on the orientation
of the polymer chain. Since the positively charged Er’* ion
which are being attached to the nanoparticles and the negatively
charged nanoparticles tries to orient the polymer chain in
opposite directions which retard the all trans or “TTT” confir-
mation of the PVDF and leads to a mixed o and B phase for
the samples. The schematic diagram shown in Figure 4 reveals
probable interaction mechanism between the PVDF chains with
the added fillers.

Structure and Morphology by TEM and FESEM

Figure 5(a—c) exhibits the FESEM micrographs of the neat
PVDF film, PGE 0.1, and PSE 0.1 films, respectively. A uniform
and highly compact morphology can be seen from the FESEM
image of the neat PVDF (P0). In Figure 5(b), the surface mor-
phology of the Er’"@GeO,/PVDF nanocomposite film reveals
the successful inclusion of cube like GeO, NPs in PVDF matrix.
A thin layer of PVDF can be seen over the embedded particles.
Relatively larger sized GeO, particles at the surface of the as
synthesized film are found due to the agglomeration of GeO,
NPs. The successful inclusion and homogeneous dispersion of

Table II. Details of the Degree of Crystallinity of the as Synthesized PVDF
Composite Films

.. _ AH,
Name of the Degree of crystallinity (X) = o
sample where AH, ;0, =104.6 J/g®*

PO 35%

PGEO.1 34.09%

PSEO0.1 22.71%

J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.44016
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Figure 4. Schematic diagram of the proposed interaction mechanism
between the filler and the polymer chain. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]

spherical Er’ “@SiO, NPs in PVDF matrix can be observed from
Figure 5(c). Er’*@Si0, NPs were found to be uniformly and
discretely distributed all over the polymer matrix without show-
ing any distinct agglomeration.

Figure 6(ab) reveals the TEM micrographs of the
Er’"@GeOs,and Er’*@SiO, NPs infused in PVDF matrix,
respectively. The cubic shape of the GeO, host particles is
clearly seen from Figure 6(a), whereas, the SiO, host particles
are found to exhibit perfect spherical profile as evident from
Figure 6(b). The particle size distribution curves from these
TEM micrographs for both the nanoparticles were obtained by
using “Image J” software. The diagonal length of a cubic GeO,
nanoparticle is found to be about 133.5 nm. On the other
hand, the average diameter of the SiO, host nanoparticles in the
PVDF matrix is found to be about 71 nm. The presence of the
polymer PVDF as the encapsulating agent is clear from the
brighter out-side rings surmounting the darker Er’*@GeO, and
Er’"@Si0, nanoparticles. However, the presence of Er’" ions is
not notable from the TEM micrographs, due to their small
quantity in the host matrix and ionic nature.
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Energy Dispersive X-ray Spectra Analysis

The results obtained from EDS analyses of the samples PGEO.1
and PSEO.1 are shown in the insets of the Figure 5(b,c), respec-
tively, which validate the successful inclusion of rare earth mate-
rial erbium in the synthesized composite films. The presence of
the GeO, and SiO, nanoparticles in the composite films can
also be seen from Figure 5(b,c). Thus, it can be concluded that,
in addition to the polymeric sole component, that is, carbon
and fluorine, only erbium and semiconductor oxides (GeO, or
Si0,) are present in the samples PGE0.1 and PSEO.1.

Optical Properties

Figure 7(a,b) reveals the UV-Visible absorption spectra of the
neat PVDF (P0), Er’*@GeO,/PVDF(PGE), and Er’"@SiO,/
PVDEF(PSE) nanocomposite films respectively at room tempera-
ture in the wavelength region 450-1000 nm. The UV-Vis absorp-
tion spectrum for neat PVDF shows almost no absorbance in the
higher wavelength region (700-1000 nm).Similar results have also
been reported for neat PVDF’® elsewhere. The UV-Visible
absorption spectra for the Er’ *@GeO,/PVDF nanocomposite and
Er’ " @SiO,/PVDF nanocomposites films show four characteristic
absorption peaks related to Er’" positioned at 485, 522, 540, and
652 nm. These peaks are attributed to the transitions from the
ground state 15 to the various excited state like *Fy/, *Hjj
S5/5, and “Fo,0fEr’ ", respectively.’® Thus the absorption peaks
also confirms the presence of Er(NOs); in the form of Er’* ion
in the host matrix.”> The optical energy band gap (Ep can be
determined on the basis of the frequency dependence of the
absorption coefficient a from the UV-VIS spectra by using Davis
and Mott formula as follows™*:

B(hv—E,)"

a(v)= —— (4)

where, B is a constant, & is the Plank’s constant (6.625 X 10~ >*
Js), v is the photon frequency, and n is an empirical index
which is equal !/ for a quantum mechanically allowed indirect
band transition.** Thus, the above relation becomes

v\ 3
E, =hv— <‘%> (5)

The Tauc plot, that is, the plot of (ahv)l/ ? versus photon energy
(hv) for neat PVDE, PGE, and PSE composite films are shown

fandan 1
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ol Sede W03 s (e 3437 M0t ket

Figure 5. FESEM micrograph of the samples (a) P0; (b) PGEO.1; and (c) PSE0.1. Insets show the EDX spectra of the composite films. [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 6. TEM micrograph of the samples (a) PGEO0.1; and (b) PSE0.1. Insets show the filler size distribution curve. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

in the Figures 8, 9(a—c), and 10(a—c), respectively. The optical
energy gap (E,) for the allowed indirect transition can be
obtained by extrapolating the linear portion of the a versus hv
curves [Figures 8-10(c)] to zero absorption value. The obtained
values of E, for the neat and composite PVDF films are tabu-
lated in Table III. The value of E, for neat PVDF is about 2 eV,
which is in a fair agreement with the E, value (~2.0 eV)
obtained by El-Sayed et al. for neat PVDE' The incorporation
of erbium doped nanoparticles of 0.02 molar % of Er’" ion
consequences significant increase in E, value; however, no such
significant variation is observed for the higher fraction of
erbium ions. This behavior may be attributed to the influence
of Er’*@GeO, and Er’"@Si0, on the varying crystallinity of
PVDE. The filler added to the polymer matrix can form charge
transfer complexes (CTCs) which may provide additional bind-
ing energy to the composites resulting in an increase in the E,
value. However, this typical behavior of the E, value may also
be assigned to the change of the induced energy states due to
the change in chilation mode up to the filling level 0.02 molar
%.> Similar result has also been reported by Abdelrazek et al.
for the LiBr and MnCl, loaded PVDF films.*

(a)

2 nm

~

== =540 nm

—— )

- - =485 nm

— PO

absorbance (a.u)
-====e (652 nm

1
500 600 700 800 900 1000

Wavelength (nm)

Dielectric Studies

Frequency and Temperature Dependence of Dielectric
Permittivity. Frequency dependence of dielectric permittivity
(¢/) at atmospheric pressure and at temperature 403 K for
neat, Er’*@GeO, and Er’*@SiO, loaded PVDF films are
shown in Figure 11(a,b). The temperature variations of dielec-
tric permittivity (¢') at a frequency 100 Hz for neat and
loaded PVDF films are shown in Figure 12(a,b). As seen, the
dielectric constant for all of the films including neat PVDF
(PO) decreases with the increasing frequency for a fixed tem-
perature value. This phenomenon can be attributed to the
decreasing number of aligned dipoles contributing toward
polarization*® with increasing frequency. However, the decrease
in dielectric constant with frequency for the loaded PVDF
films can also be attributed to the interfacial polarization
occurring between the filler and the polymer matrix. At higher
frequency the periodic reversal of the applied electric field
occurs so fast that there is no excess ion diffusion along the
direction of the field present’’ as a result the polarization due
to the charge accumulation at the interfaces decreases, leading
to the decrease of €.

- . (b)
< E g
tog o
4 n a8 &
£l 'S L
= v
St [
3 q |
BN — o
é 3 : h | —_— PSE0.02
= 3 ' —— PSE0.1
L]
1 1
1 [
-""—-!-l.______l
V- =+

T T T 4 T 7 1
500 600 700 800 900 1000
Wavelength (nm)

Figure 7. UV-Visible absorption spectra of the samples (a) P0O; PGE0.02; PGE0.1 and (b) P0; PSE0.02; PSE0.1. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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Figure 8. The plot of (ahv)'? versus photon energy (hv) for neat PVDF (P0).

The dielectric constant for all of the as synthesized PVDF com-
posite films increases significantly with the increasing tempera-
ture which is the signature behavior of the strong polar
polymer films.>” The observed significant increase in dielectric
permittivity for the filler loaded PVDF films specially at higher
temperature and lower frequency is the characteristic phenom-
enon of Maxwell-Wagner—Sillars (MWS) interfacial polarization
which occurs due to the accumulation of electric charges in the
discontinuous interfaces between the different phases of the het-
erogeneous medium having different dielectric permittivity as
well as conductivity. When an external electric field is applied
on the samples the charges are being accumulated to form space
charges which results in a short range dipole—dipole interaction
at the filler—polymer interfaces. As a consequence an effective
large interfacial polarization occurs resulting in a high dielectric
constant at low frequency and high temperature. At higher tem-
peratures, the effect of Er’"@GeO, loading in PVDF matrix
leads to higher value of €' than that of the Er’"@SiO, loaded
PVDE films and as a result, the maximum value of dielectric
constant is obtained for the sample PGE0.1 about approxi-
mately 440 at temperature 403 K. Whereas the maximum value
of dielectric constant is about approximately 308 found for the
sample PSEOQ.1 films at 403 K. It is worthwhile to mention here
that the maximum measured values of dielectric constant for
the GeO, and SiO, loaded PVDF films (15 wt % loading) at
the temperature 403 K are approximately 25.25 and approxi-
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mately 38.34, respectively. Thus it may be inferred that the Er’"
shows a predominant effect on the dielectric properties at
higher temperature.This typical temperature dependent charac-
teristic of PGE and PSE films may be explained by the com-
bined effect of the loaded fillers’ size and the complexes formed.
As evident from the TEM micrographs in Figure 6(a,b), poly-
mer shells are formed around the Er’*@GeO, and Er’*@SiO,
nanoparticles. The formation of the immobilized polymer shells
around the nanoparticles restricts the mobility of the PVDF
chains at higher temperatures.** The larger sized GeO, nanopar-
ticles may lead to the formation of larger immobile complexes
than that of the smaller sized spherical SiO, nanoparticles. As a
consequence, at higher temperature a higher value of dielectric
constant is obtained for the Er’"@GeO,/PVDF films than that
of the Er’*@SiO,/PVDF films.

Dependence  of  Dielectric  Permittivity on  Filler
Content. Figure 13(a,b) demonstrate the variation of dielectric
permittivity (¢') as a function of erbium loading for
Er’"@GeO,/PVDF composite films at frequencies 100 Hz,
1 KHz, 10 KHz, and 100 KHz at 300 and 403 K, respectively.
Similar variations for the Er’ " @SiO,/PVDF composite films are
shown in the Figure 14(a,b). It can be seen from the figures
that the value of dielectric constant increases with the increasing
molar fraction of erbium ion in GeO, and SiO, nanoparticles
which have been loaded in the PVDF matrix. This typical
behavior may be attributed to the MWS interfacial polarization
as well as increasing crosslinking density of the polymer. The
enhancement might be attributed to the presence of the rare-
earth material erbium with unique electronic structure which
helps in the formation of the immobilized polymer shells
around the Er’" ions in the host PVDF matrix.

The erbium ions added to the semiconductor oxide nanopar-
ticles namely GeO, and SiO, will reside in the nanoparticle
matrix. At lower molar fraction of erbium the interfacial polar-
ization occurs predominantly in between the negatively charged
surfaces of the semiconductor oxide nanoparticles and polymer
matrix contributing toward the enhancement of dielectric con-
stant in comparison to the neat PVDE In addition to that the
formation of complexes by the formation of immobilized poly-
mer shells around the Er’* ion by cross linkage mechanism also

contributes toward enhancing the value of dielectric
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Figure 9. The plot of (ahv)'? versus photon energy (hv) for the samples (a) PGE0.02; (b) PGE0.05; and (c) PGEO.1. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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Table III. Optical Energy Band Gap (E,) for the as Synthesized PVDF
Composite Films

Value of the optical energy

Name of the sample band gap (Eg) in eV

PO 2.00
PGEO.02 3.02
PGEO.05 2.92
PGEO.1 2.84
PSEO0.02 3.60
PSE0.05 3.62
PSEO.1 3.36

permittivity. However, the changes in dielectric constant for
Er’"@GeO,/PVDF films were most prominent for lower erbium
content at various frequencies. For higher erbium content,
namely 0.02-0.1% the increase in dielectric constant is not so
significant. On the other hand, Er’"@SiO,/PVDF films, also
shows an increment in the dielectric constant with the increas-
ing molar fraction of erbium loading at different frequencies.
When, the molar concentration of erbium ion increases the
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= \
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50 - -..___‘_‘__-_ === PGED,1
S s s S Bl ettt it
0 — — — =
10° 10° 10* 10° 10°

Frequency (Hz)

number of immobilized polymer shells around the rare-earth
ion increases leading to an increasing crosslinking density. At
higher molar fraction of erbium, this immobilized polymer
shells may be formed around the Er’" ions as well as
Er’*@GeO, or Er’T@SiO,nanoparticles. The electronegative flu-
orine atoms in the polymer chain pull away the electrons from
carbon by its —I effect (negative Inductive effect) resulting in
electropositive carbon atoms. This polar —CF, groups then
undergo a columbic interaction with the electropositive Er’*
ions, thereby forming polymer shell which encapsulates the
Er’" ion* Again, these polymer shells can also be formed
around the Er’*@GeO, or Er’ @SiO, nanoparticles depending
upon the localized charge fields of Er’* @GeO, and Er’ " @SiO,.
Similar contribution of the cross-linking mechanism toward the
endorsement of the dielectric constant for the rare-earth loaded
PVDF and PVA matrices has also been reported earlier.*®

For the PGE composites at 300 K, the sample PGE0.1 shows the
maximum value of dielectric constant (&) which is found to be
approximately 19 at 100 Hz. With increasing frequency, a
decrease in dielectric constant is observed, and the minimum
dielectric constant for the PGEO0.1 film is found to be approxi-
mately 12.6 at 100 kHz at 300 K. However the maximum value
of dielectric permittivity at 300 K has been observed for the
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Figure 11. Frequency dependence of dielectric constant at 403 K of the samples (a) PO, PGE0.02, PGE0.05, PGEO0.1; and (b) PO, PSE0.02, PSEO0.05,
PSE0.1. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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sample PSE0.1 (¢’ at 100 Hz). In this case also, a lowering in
dielectric constant value with increasing frequency is evident.
Neat PVDF is found to show the lowest dielectric constant values
at all frequencies and temperatures. It can also be seen from the
Figures 13(a) and 14(a) that the maximum value of the dielectric
constant (at 300 K) obtained for the sample PGEO(.1 is smaller
than that of PSE0.1.This observation can be readily described by
the size and the distribution of the loaded particles in the PVDF
matrix. The smaller size of the SiO, nanoparticles than that of
the GeO, leads to a more homogeneous and discrete dispersion
of Er’*@Si0, than the Er’*@GeO, in the PVDF matrix as
revealed by the Figure 6(c,b). The smaller size of the host oxide
semiconductor results in higher charge density. This also leads to
a higher surface-to-volume ratio and larger amount of effective
interfacial interactions between the added Er’* @SiO, fillers and
the host PVDF matrix resulting in a higher value of interfacial
polarization and crosslinking density.

Frequency Dependence of Tangent Loss (tan 9). Figures 15
and 16(a—c) illustrate the frequency dependence of tangent loss

20-—— 100 Hz (a)
1 kHz 300K
—— 10 kHz
184 100kHz
0
E 164
g
S 144
2
2
z 124 e N PGEO. 1
Q )
4 F
10{ PGE0.0S
000 002 004 006 008 010

Erbium content (molar %)

Dielectric constant (')

(tan ) for the samples PO, PGE0.02, PGE0.05, and PGEO0.1
respectively at different temperatures. The figures for all the
PGE films and neat PVDF reveal that, tan 8 decreases with
increasing frequency. This typical behavior of tan & may be
attributed to MWS interfacial polarization occurring between
the fillers and the PVDF matrix. Due to the low mobility of the
charge carriers,” they take a relatively longer time to reach the
filler—polymer interface and the interfacial polarization also
requires long time to take place. As a consequence, the tangent
loss possesses higher value at low frequency and decreases with
increasing field frequency.”” The frequency dependence of tan-
gent loss for neat PVDF (Figure 15) shows a relaxation region
which may be assigned to the . type of relaxation.”® This
relaxation process lies in the 10'—10° Hz frequency domain.*
This type of relaxation may be assigned to the molecular
motions in the PVDF crystalline region. In addition to that, this
process is associated with various forms of imperfections in the
composite matrix, about chain loops at the lamellar surfaces,
chain rotation, and twisting within the interior of the crystal
discontinuous defects.”® This relaxation is being confined in the
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Figure 13. Variation of dielectric constant of the PGE composite films with the loading concentration of Er*" ion considering frequency as parameter at
temperature (a) 300 K; (b) 403 K. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 14. Variation of dielectric constant of the PSE composite films with the loading concentration of Er’* ion considering frequency as parameter at

temperature (a) 300 K; (b) 403 K. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

crystalline region of PVDF as a consequence its appearance and
growth is a direct result of the development of the crystalline
phases. The relaxation peaks, attributed to the o, relaxation
process show increment in magnitude as well as shifting toward
higher frequency with the increasing temperature. This is one of
the characteristic features of this o, relaxation process.”® The
frequency dependence of tan 3 for the Er’"@GeO, loaded
PVDF films [Figure 16(a—c)] also reveal the presence of this
relaxation process similar to neat PVDE It can be clearly seen
from the Figure 16(a—c) that the «, relaxation process shows
significant peaks for the PGE composites in the frequency range
of 10'—10° Hz below the melting temperature (425 K) of the
host matrix. However, a closer observation to Figure 16(a—c)
reveal the shifting of the peaks related to the o, relaxation pro-
cess toward the higher frequency side with the increasing molar
fraction of erbium ion in the GeO, matrix. This may be attrib-
uted to the increasing amount of the immobilized polymer
shells around the fillers with the increasing molar fraction of
erbium.?* The frequency variation of the tangent losses for the
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Figure 15. Variation of tangent loss (tan 8) with frequency for the sample
PO at different selected temperatures. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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PSE composite films are shown in the Figure 17(a—c). The fig-
ures reveal a similar variation as that of the PGE composite
films, that is, the tan 8 decreases with the increasing frequency.
The humps related to the o, relaxation process also reveal a
shifting toward the high frequency region with the increasing
temperature.

Frequency and Temperature Dependence of Dielectric Loss
(€"). The temperature and frequency dependence of dielectric
loss (g”) for the samples PO, PGEO.1, and PSE 0.1 are illustrated
in a three-dimensional (3D) plot as shown in the Figure 18(a—
¢). The details variation of dielectric loss for all of the as syn-
thesized PGE and PSE composite films were carried out and
since the samples PGEO.1 and PSE0.1 showed significant dielec-
tric behavior, and all other composites showed almost similar
variations, results for only the samples PGE(.1 and PSE0.1 have
been included in the present manuscript. The frequency
dependence of all the samples including neat PVDF showed a
step like fall in dielectric loss with the increasing frequency.
This 3D plots reveal that the dielectric loss decreases with
increasing frequency on the other hand it increases with the
increasing temperature. This typical variation of dielectric loss
resembles to the power law dissipation of &%’ which may be
described by the motion of free charge carriers within the com-
posite.’” The temperature variation of the dielectric loss for all
composite films may be attributed to the MWS interfacial
polarization which occurs between the loaded fillers and the
polymer matrix.

Dependence of Dielectric Loss (¢”) on Filler Content. The
variation of dielectric loss (£”) as a function of erbium molar
percentage at different frequencies for the PGE and PSE com-
posite films at two different temperatures namely 300 and
403 K are shown in the Figures 19(a,b) and 20(a,b). The dielec-
tric loss at 300 K for the PGE films [Figure 19(a)] shows a non-
linear behavior with the filler content in the PVDF matrix. It
can be seen from the figure that the dielectric loss increases lin-
early up to 0.02 molar percentage of erbium. Beyond 0.02 molar
%, the dielectric loss is found to decrease. This decrease in the
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dielectric loss may be assigned to the phase inversion occurring
in the polymer matrix due to the addition of fillers as well as
lowering of the leak current at this molar fraction.'"® However,
the loss again increases for the higher molar fraction which
might be due to the increase in the leak current with the addi-
tion of excess erbium ions. Similar type of variation for tangent
loss was also reported by Thakur et al.'® The maximum value
of dielectric loss (~7.47) at 300 K is obtained for the sample
PGEQ.1 at the frequency 100 Hz for the PGE composite films.
The content dependence of dielectric loss at higher temperature
(403 K) for the PGE composites films is shown in the Figure
19(b), which reveals almost linear increment of dielectric loss
with increasing molar concentration of erbium ions in the
GeO, matrix with a maximum value approximately 2450 at 100
Hz. In Figure 20(a,b), the content variation of the PSE compos-
ite films at the temperatures 300 and 403 K shows almost linear
increase of the dielectric loss with increasing erbium molar frac-
tion. The maximum values of dielectric loss at the both temper-
atures are obtained for the samples PSE0.1, which are about 9.0
and 1400, respectively.

Electric Modulus

The polarization which is responsible for the high value of the
dielectric constant at lower frequency and high temperature is
the interfacial polarization. Though this polarization is almost
always occurs in polymeric composites but it is hidden by the
electrical conductivity. To overcome this difficulty to observe

the presence of interfacial polarization, the electric modulus for-
malism can be used to analyze the electrical conductivity in
such polymeric composites. In addition to that, this modulus
formalism can also suppress the signal intensity related with the
electrode polarization, emphasizing small features at high fre-
quency. Due to these advantages, this procedure can be used to
determine different charge carrier parameters like conductivity
relaxation time.** The complex electric modulus (M*) is defined
as the inverse of the complex dielectric permittivity (¢*) and
can be expressed in terms of the dielectric constant (¢') and
dielectric loss (") as follows:**

. 1 _ 8/ + 8// 6
Te orren giren (©)
M*=M'+iM" (7)

where, M' and M” are the real and imaginary part of the com-
plex electric modulus, M*.

Frequency Variation of Real Part of Electric Modulus
(M'). Figure 21(a,b) represent the variation of M’ as a function
of frequency at different fixed temperatures for samples
PGEO0.02 and PGEO.1, respectively. The same variation for the
PSE films is illustrated in Figure 22(a,b). It can be seen from
the figures that for all of the loaded PVDF films, M increases
with the increasing frequency with a typical “S” shaped pattern
which is typical for such polymeric materials like PVDE>* How-
ever, the enhancement in the value of M’ can be attributed to
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Figure 17. Variation of tangent loss (tan 8) with frequency at different selected temperatures of the samples (a) PSE0.02; (b) PSE0.05; and (c) PSEO.I.
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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the interfacial polarization effect occurring at the interfaces in
the composite films.** In addition to that the cross-linking for-
mations in the polymer matrix due to the presence of the rare-
earth ions is also responsible for such increment in M’ value.lt
can also be seen from the variations that M’ possess near zero
values at low frequency and high temperature. This indicates
the partial removal of the electrode polarization in the given
operating condition region.”* Thus the results infer that the

electrode polarization plays an important role at high tempera-
ture and low frequency.

Frequency Dependence of the Imaginary Part of Electric
Modulus (M"). The variation of M" as a function of frequency
for the neat PVDF, PVDF films loaded with Er’*@GeO, and
Er’*@SiO, NPs at different selected temperature is displayed in
Figures 23-25(a,b), respectively. The variation of M"” for the
sample PO reveals that it undergoes different relaxation proc-
esses in the experimental frequency domain. The relaxation pro-
cess occurring in the lower frequency region may be attributed
to the interfacial polarization according to Rekik et al.*® Since
PVDF is a semicrystalline polymer so the polarization is occur-
ring between the crystalline and amorphous phase of the poly-
mer.” This process is attributed to the micro-Brownian motion

in the amorphous region of the main polymer chain. This varia-
tion also reveals an enhancement of the contribution of dc con-
ductivity. The second relaxation peak at higher frequency region
is attributed to the «, relaxation process correlated to the
molecular motions in the crystalline region of main PVDF poly-
mer chain. The details about the origin of this «, relaxation
process have been discussed in the previous sections. Though
the frequency dependence of M” for neat PVDF displays the
presence of two different relaxation processes but the variation
for the loaded PVDF films [Figures 24(a,b) and 25(a,b)] show
significant enhancement only for those peaks related to the o,
relaxation process. As mentioned before, the signature behavior
of this o, relaxation process (occurring below the melting tem-
perature of the host matrix) is the shifting of the correlated
peaks to the higher frequency region with increasing tempera-
ture. Similar nature of peak shifting has also been observed for
the filler loaded PVDF films. The low frequency region of this
M" peaks signifies the range in which ions can successfully hop
to the neighboring sites, while the high frequency side illustrates
the range in which the ions are spatially confined to their
potential wells and can move only within the well." As a conse-
quence, the frequency regions where the peaks occur indicate
the transition from long range mobility to short range mobility
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Figure 19. Variation of dielectric loss of the PGE composite films with the loading concentration of Er’* ion at different frequencies for the tempera-
tures (a) 300 K; (b) 403 K. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 20. Variation of dielectric loss of the PSE composite films with the loading concentration of Er’" ion at different frequencies for the temperatures
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with increasing frequency. Again, the bell shape of these peaks
is also typical for such ionic materials." This bell shape of M”
may also infer that the conduction mechanism in this case is
the temperature dependent hopping process." The frequency
dependence of M” for the loaded PVDF films [Figures 24(a,b)
and 25(a,b)] also reveal the lowering of full width at half maxi-
mum (FWHM) of this bell shaped relaxation peaks with the
increasing temperature, which is attributed to the deviations in
the high frequency side of the peak. This electric field relaxation
due to the motions of charge carriers is generally well described
by the empirical Kohlrausch—Williams—Watts (KWW) function.!

B

an=ew |- (2)']

where, T and B (: L4 where, w is the peak value at FWHM*)
are the conductivity relaxation time and the Kohlrauch expo-
nent, respectively. The Debye-type relaxation occurs when the
value of B becomes equal to unity. Smaller the value of B, the

larger the deviation of the relaxation from the Debye-type relax-
ation (3 = 1) process.
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The conductivity relaxation time t is defined by the relation
21tf,,T = 1. Where, f,, is the frequency at which the maximum M”
occurs. Normally 1 exhibit Arrhenius behavior and defined as™:

E,
T= Ty exp T 9)

where, E, is the activation energy of the relaxation process, Ty is
the relaxation time at infinite temperature, K is the Boltzmann
constant, and T is the absolute temperature. Figure 26(a,b)
depicts the plot of In(t) versus 1000/T for pure PVDF films and
for the Er’* @GeO,, Er’ T @Si0, loaded PVDF films with different
molar concentrations of Er>*. The E, values are calculated from
the Figure 26(a,b) and tabulated in the Table IV. It is worthwhile
to mention here that the value obtained for the activation energy
E, for neat PVDF (P0) is in fair agreement with the values
reported earlier.* However, the calculated values of the activation
energy also infer that the conduction mechanism is ionic in
nature.** It can also be seen from Table IV that the value of the
activation energy (E,) decreases with the increasing molar frac-
tion of Er’" ion in the semiconductor oxide matrix. Similar vari-
ation of activation energy has been obtained by Sayed et al. for
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Figure 21. Variation of M" with frequency of the samples (a) PGE0.02; and (b) PGEO.1. [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]
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GdCl; loaded PVDF films." This decrease in the activation energy
with the increasing molar fraction of erbium infers that the addi-
tion of the erbium ions through semiconductor oxide matrix
plays role in favor of the conduction mechanism. The decrease in
the activation energy also indicates that the loading of the filler
leads to the decrement in the potential barrier height related to
the conduction mechanism.

Temperature Dependence of M". Figure 27(a,b) reveal the tem-
perature dependence of M’ at 100 Hz Er’*@GeO, and
Er’*@SiO, loaded PVDF films respectively. Figure 27(a) dis-
plays the presence of a well-defined peak around 343 K for the
PGE composite films. A similar peak positioned around 344 K
can also be seen for the PSE composite films [Figure 27(b)]. As
mentioned in the earlier section, the peak occurring at a tem-
perature below the melting temperature of the host matrix can
be ascribed by the a, relaxation process in the composite.”
Thus the temperature dependence of this imaginary part (M")
of the complex dielectric modulus (M*) is also consistent with
the behavior of M’ (f) for both type filler loaded PVDF matrix,
which also supports the presence of the «, relaxation process in

0.08

oor] ., 0P ok
005{°( — 323K
004

0.03 4
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0.00 r T T T
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Figure 23. Variation of M” with frequency of the sample P0. [Color figure

can be viewed in the online issue, which is available at wileyonlinelibrary.
com.]
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the as synthesized neat and composite films. The figures also
illustrate [Figure 27(a,b)] that the magnitude of the o, relaxa-
tion slightly decreases with the increasing molar percentage of
Er’* in GeO,and SiO, matrices. This small decrease in the
magnitude of the «, relaxation may be explained by the
decrease in the ordering pattern of the crystalline phase of
PVDF due to the filler loading as reported by Rekik et al.*® This
lowering in the degree of order of crystallinity of PVDF may be
assigned to the formation of complexes between the filler and
PVDF matrix by multiple cross-linking mechanism." In this
context, it is worthy to mention that the lowering in crystallin-
ity is also supported by XRD patterns and DSC results obtained
for the samples PO, PGEO.1, and PSEO.1.

ac Conductivity

Frequency Dependence of ac Conductivity. The energy dissipa-
tion in a dielectric medium when subjected to an external alter-
nating electric field is related to the electrical conductivity of
the medium. The frequency dependent ac conductivity 6* can
be calculated from the dielectric permittivity and dielectric loss
according to the following standard relations*°

o'=igy we'(0)=igon(e (0)—ic"(0))=cne" (®)

+igo0e’ (0)= o (w)+ic” (o) (10)

where, o(=2nf) is the angular frequency.

The above equations show that the real part of the ac conduc-
tivity is proportional to the dielectric loss which results due to
the flow of charges through the dielectric material known as the
dc conduction. However, the imaginary part of the ac conduc-
tivity is related to the dielectric permittivity, which does not
include the charges that pass through the dielectric material;
rather it is generated to compensate the charges which are
polarized within the dielectric material. This phenomenon is
known as the dielectric dispersion.*' However, the ac conductiv-
ity of the as synthesized samples can be expressed using the

standard equation as:
64 (f)= o,— og4=2nCf* (11)

where, 64 is the low-frequency conductivity or dc con-
ductivity, o, and 6, are the total conductivity and the ac part
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Figure 24. Variation of M” with frequency of the samples (a) PGE0.02; and (c) PGEO.1. [Color figure can be viewed in the online issue, which is avail-
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0.035 -
SE g a ) 5
- - 363K P T - - 363K A s
o fiiged e 383K F o . 00204 —-— 383K o~ ¢ %8
b A b . g \ ‘, o~ ... . L .
% e 403K /- ! 3 . g 403K ’ v X e
_3 0.020 2 0.015
E 3
£ 00151 E
2 o 0010+
3 0.010- 3
2 e
a 0.005 - 2 0.005
0.000 ™ T T T T 0.000 ~rrr———rr TPy
10° 10 10’ 10° 10° ' 1;3’ 1;:‘ 16‘ 16’ 10°
Frequency (Hz) Frequency (Hz)

Figure 25. Variation of M” with frequency of the samples (a) PSE0.02; and (b) PSE0.1. [Color figure can be viewed in the online issue, which is avail-
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Figure 26. Plot of In(t) versus 1000/T for the samples (a) PO, PGE0.02, PGE0.05, and PGEO.1; and (b) P0, PSE0.02, PSE0.05, and PSE0.1. [Color figure
can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Table IV. Activation Energy (E,) for the a, Relaxation Process of the as

Synthesized Samples

Name of the Activation energy Regression
sample for relaxation (Eg) (eV) factor (R?)
PO 0.878 0.9991
PGEO.02 0.819 0.9997
PGEO0.05 0.792 0.9996
PGEO.1 0.784 0.9998
PSEO0.02 0.823 0.9994
PSE0.05 0.751 0.9993
PSEO.1 0.738 0.9997

of the total conductivity, respectively. C is the pre-exponential
factor and s is the exponent factor. The above equation also
reveals that the total conductivity is the sum of the dissipative
factors, one is the ohomic conduction (o) created by free
charges and the second is the frequency dependent dielectric
dispersion (2nCf*)."* The total conductivity of the as synthe-
sized films can be divided into two different regions. The first
part is for low frequency which is mainly dominated by the dc
conductivity and the second regime is for higher frequencies,
characterized by the frequency dependent conductivity or ac
conductivity. The dc conductivity can be obtained by extrapo-
lating o,(f) to f — 0 and it can be subtracted from the total
conductivity to obtain the ac conductivity.

The study of the temperature dependent frequency variation of
the conductivity is useful to elucidate the microscopic dielectric
relaxation mechanism occurring in the as synthesized samples.
Though in the present experimental study the bell-shaped varia-
tion of M” [Figures 24(a,b) and 25(a,b)] with frequency infers
the conduction mechanism is ionic in nature, however, there
are different models which have been proposed to evaluate the
mechanism behind dielectric relaxation. One of them is the
quantum mechanical tunneling (QMT) which is related to the
tunneling of the electrons or polarons through the barriers sep-
arating the localized states. For covalent solids like PVDE, the
small polaron tunneling (SPT) model may be applied only
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Figure 28. Frequency dependence of ac conductivity (c,.) of neat PVDE
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com. ]

when the addition of a charge carrier to a site causes a large
degree of local lattice distribution. Another model, correlated
barrier hopping model (CBH) was proposed by Pike** for ionic
polymers and related to the classical hopping over the
barriers.**

The frequency dependence of the ac conductivity at different
selected temperatures for the samples PO, PGE and PSE com-
posite films are shown in the Figures 28-30(a,b), respectively.
The variations indicate that for all of the as synthesized films
including the neat PVDE, the ac conductivity increases promi-
nently with the increasing frequency as well as temperature.
This increment of G, with the frequency may be explained by
using the eq. (11) as shown above. With increasing frequency,
the mean displacement of the charge carriers is reduced and as
a consequence, the ac conductivity of the loaded PVDF films
follow the power law of f° and increases significantly with
increasing frequency. Again, this enhancement of the ac conduc-
tivity with frequency as well as temperature also is in agreement
with the MWS interfacial polarization and also with the dielec-
tric relaxation processes occurring in the composite films. The
variations of the ac conductivity for both types of composites
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Figure 27. Variation of M” with temperature for the samples (a) PGE0.02, PGE0.05, and PGEO.1; (b) PSE0.02, PSE0.05, and PSE0.1. [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 29. Frequency dependence of the ac conductivity (G,.) of the samples (a) PGE0.02; and (b) PGEO0.1. [Color figure can be viewed in the online
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show that the conductivity readily increases with the increasing  range of the o, relaxation for the samples PO, PGEO0.1, and
molar fraction of erbium ions for both the composite films at ~ PSE0.1 are shown in the Figure 31(a—c). The figures yield
low frequency. A linear behavior with the logarithmic frequency  straight lines with different slope “s.” The values of “s” obtained
was also observed. These observations suggest significant contri-  for the neat PVDF films are consistent with the values earlier

bution of fillers on the ac conductivity*® of the composite films. ~ reported by Hassen et al.”® The values of “1 — s” for the sample
PO, PGEO.1, and PSEO.1 at different temperatures are shown in

the Figure 32, which shows a decrease in the slope (s) value
with the increasing temperature for all the samples. Similar

To have an idea about the conduction mechanisms occurring in
the as synthesized neat and composite PVDF films, the fre-
quency dependence of ac conductivity within the frequency
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Figure 31. Frequency dependence of ac conductivity (c,:) in the a, relaxation region of the samples (a) P0; (b) PGEO0.1; and (c) PSE0.1. [Color figure

can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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- e . s PO perature, respectively. The calculated values of the hopping dis-

064 & e PGEO.I - tance for the neat PVDE PGEO.1, and PSE0.1 at temperature

Ao PSEO1 300 and 403 K are tabulated in Table V, which shows the hop-

% 05- 4 ping distance is shorter for the nanocomposites samples with

respect to the neat PVDE. The table also shows that the hopping

0.4 _.-m distance decreases with the increasing temperature. Similar

i L decrease in the hopping distance has already been reported ear-

a3l wet T & i lier for the GdCls loaded PVDF films." Again “s” can also be

- written in the following form considering the CBH model**:
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Figure 32. Variation of (1—s) with temperature of the samples PO,
PGEO0.1, and PSE0.1. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

Table V. Hopping Distance (R) and Binding Energy (W,,) of the as
Synthesized Samples

ey g
energy (W,
Name of
the sample 300 K (eV) 403 K (eV) (eV)
PO 0.584 0.553 0.44
PGEO.1 0.287 0.266 0.305
PSEO.1 0.324 0.281 0.267

variation of s for the rare-earth material loaded PVDF films has
been reported earlier by Kumar et al*® This typical phenom-
enon strongly suggests that the conduction mechanism is corre-
lated with barrier hopping,' that is, conduction mechanism can
be described by the CBH model for our case. Using this CBH
model, hopping distance (R) for the conduction of the carriers

where, W, is the binding energy or the maximum barrier
height which has to be overcome by the carriers to transit from
the long range mobility region to the short range mobility
region. The binding energy (W,,) is calculated from the plot of
(1 —s) versus T as shown in Figure 32 where the slopes of the
straight lines are equal to &,—1;. The as calculated values of the
barrier height for the sample PO, PGEO0.1, and PSE0.1 are
included in the Table V. The values of the binding energy for
the PGE and PSE composite films are less than the value
obtained for the sample PO. This result support the lowering of
the activation energy (E,) for the composite films in compari-
son to the neat PVDE Thus, it can be concluded that for the
nanocomposites films, the field generated by the fillers results a
decrease in the hopping barrier height and as a consequence the
activation energy decreases. A closer observation to the Table V
shows that the barrier height of the PSE composites is less than
that of the PGE composites which is in accordance with the
smaller value of activation energy for the PSE composite films
in comparison to the PGE composite films.

Content Dependence of the ac Conductivity (6,). Figure
33(a,b) depict the dependence of ac conductivity on the loading
fraction of Er’" ion at the frequency 100 Hz for the as synthe-
sized PGE and PSE composite films, respectively. In Figure

can be calculated using the universal exponent “s”, as':
-10
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Figure 33. Variation of ac conductivity (c,.) at frequency 100 Hz with the loading concentration of Er’* ion for (a) PGE composite films; (b) PSE com-

posite films. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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33(a), the variation of the ac conductivity for the PGE compos-
ite films shows a prominent increase in G, value up to 0.02
molar % of erbium ion doping. After that, 6, becomes almost
saturated for the higher loading fraction of erbium ions. The
maximum values of ac conductivity at 300 and 403 K are
obtained for the sample PGEO.1, which are found to be approx-
imately 1.77 X 1077 S/m and 1.88 X 107> S$/m, respectively. A
similar variation can also be observed for the PSE composite
films with the maximum values obtained at temperatures 300
and 403 K as 5.3 X 107 and 1.06 X 107> S/m for the sample
PSEOQ.1, respectively. This dissimilarity in the maximum value of
the ac conductivity of the PGE and PSE films may be attributed
to the interaction between the filler and the polymer matrix.
The ac conductivity for PSE0.1 possesses a higher value in com-
parison to PGEO0.1 at 300 K. On the other hand, at 403 K the
ac conductivity for PGEO.1 is higher than that of PSE0.1. Thus,
it can be concluded that Er’*@SiO, has significant effect on the
PVDF matrix at lower temperature whereas at higher tempera-
ture Er’*GeO, plays the major role. This contrasting nature
may be attributed to the less mobility of the large sized
Er’*@GeO, nanoparticles than that of the smaller sized
Er’*@SiO, nanoparticles.

CONCLUSIONS

A series of Er’" ion doped GeO, and SiO, nanoparticles
infused PVDF films were synthesized by a simple solution cast-
ing method. The mutually contrasting effect of the negatively
charged nanoparticle surface and the positive Er’" ions may
take place in the PVDF matrix which retards the orientation of
chain in TTT conformation. A lowering in the degree of crystal-
linity of the composite films with increasing filler loading is evi-
dent from the XRD results as well as DSC thermographs. This
may be attributed to the increase in formation of complexes by
the polymer chain around the Er’" ions through cross linking
mechanism. PSE composite films show higher value of dielectric
constant than that of the PGE composite films at room temper-
ature (300 K). However, at higher temperature the behavior is
reversed due to the presence of larger sized low mobility com-
plexes in PGE composite films. It can be inferred that at lower
temperature the interfacial polarization is mostly responsible for
the dielectric constant, but at higher temperature the immobi-
lized polymer shells around the Er’* ions play the key role for
the enhancement of dielectric constant. The frequency variation
of the tangent loss for the neat as well as composite films indi-
cates the presence of the o, relaxation process which is further
confirmed by the frequency variation of the imaginary part of
the dielectric modulus. Though the frequency variation of M’
reveals the existence of both the interfacial as well as o, relaxa-
tion processes but for the composite films the «. relaxation pro-
cess is predominant. Thus, it can be concluded that the
incorporation of Er’T@GeO, and Er’*@SiO, in PVDF mainly
affects the crystalline region of the polymer matrix. Further an
investigation on ac conductivity proves that the conduction
mechanism for neat as well as composite PVDF films follows
the Correlated Barrier Hopping model. As a whole, the loading
of Er’*@GeO, and Er’*@SiO, nanoparticles in the PVDE
matrix was found to significantly enhance the dielectric proper-
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ties of PVDF without losing the flexibility of the composite
films in a cost effective manner.
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