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ABSTRACT

To produce a polymer nanodielectric material with low dielectric constant for

high speed communication network cables, polymer nanodielectrics of Poly-

vinyl butyral (PVB) with (0.2, 0.4, 0.6, 0.8, and 1 wt%) of CeO2 nanoparticles are

prepared. Cerium dioxide (CeO2) nanoparticles were synthesized by

hydrothermal technique. The average size of CeO2 nanoparticles determined by

Dynamic Light Scattering studies is 60 nm. The dependence of free volume and

crystallinity on dielectric properties of PVB/CeO2 polymer nanodielectrics is

explored. The positron lifetime parameters viz., o-Ps lifetime (s3) and free vol-

ume size (Vf) show minimum value for 1.0 wt% of CeO2 nanoparticles loading.

The reduced free volume is attributed to the increased chemical interaction

between CeO2 nanoparticles and PVB side chain. The AC conductivity and

dielectric constant of PVB/CeO2 polymer nanodielectrics are also decreased for

1.0 wt% of CeO2 nanoparticle loading. The reduced free volume restricts the

ionic mobility of CeO2 nanoparticles and impedes dipoles mobility.

1 Introduction

In recent times, the prospect of using polymer

nanocomposites as dielectric materials for electrical

insulation is gaining enormous attention [1]. Polymer

nanodielectrics are basically consisted of polymers

with an adjunct of inorganic nanofillers [2]. The bulk

material properties of a polymer are very much

influenced by the incorporated nanofiller. Conse-

quently, the properties of the resulting composite

may be more likely to resemble those of the interface

zones rather than those of the original constituents

[3]. The nanodielectrics interface plays a vital role in

enhancing the bulk dielectric properties of polymer

nanodielectrics.

It was previously reported that the presence of a

polar group in the polymer matrix is more advanta-

geous to tailor dielectric properties. The polarities of

nanofillers play a significant role in the enhancement

of dielectricity of polymer nanocomposites [4]. The
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metal oxide nanoparticles are the better choice for the

enhancement of dielectricity in the polymer nanodi-

electrics. They exhibit net negative surface charge

and form strong ionic interactions with positively

charged polymeric surfaces [5]. Because of their

immense optical, thermal, and electrical properties,

nanocrystalline rare-earth metal oxides got signifi-

cant attention in the preparation of polymer nanodi-

electrics [6]. One such rare-earth metal oxide

nanoparticle is Cerium dioxide (CeO2). Cerium

dioxide can easily adjust to the surface condition and

exhibit stable structure far from the stoichiometric

proportion of oxygen [7]

PVB is a highly amorphous terpolymer containing

vinyl, butyl, and alcohol functional groups [8]. The

polar components present in the PVB polymer can

interact with dopant macromolecules [9]. In addition

to that PVB polymer exhibits excellent film-forming

ability and provides good adhesion to various sur-

faces [10]. PVB polymer is a good ceramic binder and

is widely used in the automotive industries [11]. The

studies on PVB-based polymer nanodielectrics with

different types of nanofillers can be found in the lit-

erature [12–14]. However, the dependence of free

volume on dielectric properties of PVB/CeO2 poly-

mer nanodielectrics are nowhere reported. Motivated

by this, the authors are interested to carry out studies

related to dependence of free volume and crys-

tallinity on the dielectric behavior of PVB/CeO2

polymer nanodielectrics. In the present investigation,

Cerium dioxide (CeO2) nanoparticles of about 60 nm

size were synthesized by hydrothermal technique.

The microstructural characterization of PVB/CeO2

polymer nanodielectrics are performed by employing

well-known nondestructive technique viz., Positron

annihilation lifetime spectroscopy (PALS). In addi-

tion, the studies on surface morphology and crys-

tallinity of polymer nanodielectrics have also been

performed and the results were reported here.

2 Experimental

2.1 Materials

The Polyvinyl butyral (PVB) polymer used in the

present study is purchased from Sigma-Aldrich,

USA. The average molecular weight (Mw) of PVB

polymer is 70,000 and density is 1.08 g/cm3. Cerium

dioxide (CeO2) nanoparticles prepared by

Hydrothermal method have particle diameter of

60 nm.

2.2 Synthesis of CeO2 nanoparticles
by hydrothermal method

The mixture of 0.1 mol of Cerium nitrate [Ce

(NO3)3�6H2O] and 0.3 mol of Sodium hydroxide

(NaOH) solutions was transferred to a 20 mL capac-

ity Teflon liner. The Teflon liner was fixed with

stainless steel autoclaves in the hot air oven. The

mixture was heated in a hot air oven at 180 �C for 5 h

and then cooled to room temperature. The product

was centrifuged and washed three times with

deionized water. The product was then dried at 80 �C
for 5 h inside the hot air oven. The dried product was

calcinated at 400 �C for 4 h in a muffle furnace to get

the final product.

2.3 Preparation of polymer nanodielectrics

PVB/CeO2 polymer nanodielectrics films were pre-

pared by the usual solution casting technique. Ini-

tially, 5 g of PVB polymer was dissolved in 50 ml

ethyl methyl ketone solvent and stirred well using a

magnetic stirrer until the solution attains suit-

able viscosity. In another beaker, CeO2 nanoparticles

were dissolved using the same solvent and added to

the polymeric solution. The mixture was heated at

40 �C for 2 h. The resulting mixture was then poured

onto a clean glass mold and dried for 24 h. The pre-

pared films of PVB/CeO2 polymer nanodielectrics

are about 1.0–2.0 mm thick. These films were cut into

samples of 1.5 cm 9 1.5 cm dimensions and kept in

the desiccator for one week. The same samples are

subjected to PALS, AC conductivity, dielectric, SEM,

and XRD studies.

3 Measurements

3.1 Dynamic light scattering (DLS) studies

The average particle size of Cerium dioxide (CeO2)

nanoparticles was analyzed using the DLS instru-

ment model (Microtrac-nanotrac wave-w 3231) at a

scattering angle of 90� at room temperature). The

pure solvent was used to make background correc-

tion and using zeta potential the size of dispersed

nanoparticles was estimated.
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3.2 Energy-dispersive X-ray (EDX)
spectroscopy studies

The elemental composition of CeO2 nanoparticles

was done by making use of Elemental analyzer (EA;

German Elementar Analysensysteme inc., D63452

Hanau).

3.3 Scanning electron microscopy studies

The SEM analysis of pure CeO2 nanoparticles, PVB,

and PVB/CeO2 polymer nanodielectrics was done by

making use of Scanning Electron Microscope (SEM)

(model ZEISSEVO15, Germany) with the accelerating

voltage of 15 kV. To obtain the SEM images, CeO2

nanoparticles and PVB/CeO2 polymer nanodielectric

films were kept on the aluminum stubs. The alu-

minum stubs are coated with gold to avoid electrical

charging during the examination. All SEM images

were obtained at 5KX magnification.

3.4 X-ray diffraction studies

X-ray diffractograms of pure CeO2 nanoparticles and

PVB/CeO2 polymer nanodielectric samples were

taken using Rigaku MiniFlex 11 diffractometer with

CuKa (1.5406 Å) radiation. The Ni filter and graphite

monochromator are used to absorb Kb radiation and

render the monochromatic radiation, respectively.

The X-ray diffractograms were obtained from 5� to

60� in the 2h range in steps of 0.02� with a scan speed

of 5�/min. The voltage and current were maintained

to be 0–60 kV and 0–80 mA, respectively. The crys-

tallinity and crystallite size of PVB/CeO2 polymer

nanodielectrics are evaluated by the deconvolution of

XRD spectra using PEAKFIT4.1 software.

3.5 Positron annihilation measurements

Positrons emanated from radioactive sources are very

much sensitive to material mediums like polymer. It

undergoes thermalization in the material medium,

during which all its kinetic energy gets converted

into thermal energy within a short time. Then, it finds

an electron with the opposite spin and gets annihi-

lated. Positron annihilation process involves different

positron states viz., free annihilation; this would

always correspond to a localized state (trapped state)

or form a bound state. The bound state of positron

and electron coexists with definite binding energy

collectively called positronium (Ps). Ps can exhibit

two spin states, namely para-positronium (p-Ps),

which is always associated with antiparallel spin

orientation annihilates with a lifetime of 0.125 ns. The

ortho-positronium (o-Ps) having parallel spin orien-

tation annihilates with a lifetime of 140 ns in free

space. This process is called as o-Ps pick-off annihi-

lation, in which the o-Ps lifetime gets reduced to a

few nanoseconds. The relative abundance of these

two states would be 1:3. Each of these annihilation

processes has got a characteristic lifetime. The long-

lived o-Ps has a finite probability of annihilating with

an electron in the free volume site other than its

bound partner. Therefore, o-Ps lifetime is considered

an important parameter for the determination of free

volume hole size in the polymer matrix [15].

In the present study, we have employed a fast–fast

coincidence system with conically shaped BaF2 scin-

tillators coupled to photomultiplier tubes of type

XP2020/Q with quartz windows as detectors. Two

identical pieces of the samples were placed on either

side of a 15 lCi–22Na positron source deposited on a

pure Kapton foil of 0.0127 mm thickness. This sample

source sandwich was placed between the two detec-

tors to acquire a lifetime spectrum. The coincidence

lifetime spectrometer was operated at 280 Ps and all

the lifetime measurements were performed at room

temperature. Two to three positron lifetime spectra

with more than a million counts under each spectrum

were recorded in a time of 5–7 h [16]. Consistently

reproducible spectra were analyzed into three life-

time components with the help of the computer

program PATFIT-88 [17] with proper source and

background corrections. The source correction term

and resolution function were estimated from the

lifetime of well-annealed aluminum using the pro-

gram RESOLUTION [18]. The three Gaussian reso-

lution functions were used in the present analysis of

positron lifetime spectra of as-received PVB and

PVB/CeO2 polymer nanocomposites for different

cerium dioxide concentrations. The o-Ps lifetime (s3)
is related to the free volume hole size by a simple

relation given by Nakanishi et al. [18] which was

developed based on theoretical models originally

proposed by Tao [19] for molecular liquids and later

by Eldrup et al. [20]. In this model, positronium is

assumed to be localized in a spherical potential well

having an infinite potential barrier of radius ‘R0’with

an electron layer in the region R\ r\R0. The
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relation between ‘s3’and the radius ‘R’ of the free

volume hole or cavity is as follows.

k ¼ 1

s3
¼ 2 1� R

R0

� �
þ 1

2p

� �
Sin

2pR
R0

� �� �
ns�1 ð1Þ

where R0 = R ? d R and d R is an adjustable param-

eter. By fitting Eq. (1) with ‘s3’ values for known hole

sizes in porous materials, like zeolites, a value of d
R = 0.1657 nm was obtained. With this value of d R,

free volume radius ‘R’ has been calculated from

Eq. (1) and the average size of free volume holes (Vf )

is evaluated by

Vf ¼
4

3
pR3 ð2Þ

The fractional free volume or the free volume

content (Fv) can then be estimated by

Fv ¼ CVfI3 ð3Þ

where ‘C’ is structural constant, whose value is taken

as 0.0018 Å-3 [21], ‘Vf ’ is the free volume hole size,

and ‘I3’ is the o-Ps intensity.

3.6 AC conductivity and dielectric
measurements

The AC conductivity and dielectric parameters of

PVB/CeO2 polymer nanodielectrics having different

CeO2 nanoparticle concentrations (0.2 to 1.0 wt%)

have been carried out using HIOKI 3532-50 Hi-tester

(Japan) model. Both sides of PVB/CeO2 polymer

nanodielectrics samples were coated with a silver

paste to ensure electrical contact. The PVB/CeO2

polymer nanodielectric samples of dimensions

(1.5 cm 9 1.5 cm 9 1 mm) were sandwiched

between two electrodes. The conductance, tand, and
capacitance data are recorded using an LCR meter in

the frequency range 100 Hz to 5 MHz at room tem-

perature. The AC conductivity of PVB/CeO2 polymer

nanodielectric films was evaluated using the relation

rac ¼
Gd

A
s=cm ð4Þ

where ‘G’ is the conductance, ‘d’ is the thickness, and

‘A’ is the area of cross-section of the polymer nan-

odielectric sample. The dielectric constant (e0) and

dielectric loss (e00) of the material can be evaluated by

the relations

e0 ¼ Cd

e0A
ð5Þ

and

e00 ¼ e0tand; ð6Þ

respectively, where ‘C’ is the capacitance, ‘e0’ is the

permittivity of free space, and tand is the tangential

loss.

4 Results and discussion

4.1 Dynamic light scattering (DLS) results

The advanced technique viz., DLS is used to deduce

the size profile of small particles in the suspension or

solutions in the science research [22]. The CeO2

nanoparticle’s size distribution obtained by the DLS

study is as shown in Fig. 1. The nanoparticles with

different sizes and concentrations are estimated using

the DLS instrument. The size distribution of CeO2

nanoparticles lies in the 10 to 90 nm range in the

suspension. The maximum count is observed within

(60 nm to 80 nm) range. The average size of CeO2

nanoparticles was found to be 60 nm. The stability of

CeO2 nanoparticle suspension can also be accessed

using DLS. The stability analysis of the CeO2

nanoparticles is convenient to check the nanoparticle

aggregate in the suspension.

4.2 Energy-dispersive X-ray (EDX)
spectroscopy results

Energy-dispersive X-ray spectroscopy (EDX) is used

to characterize the elemental composition of the

chemical compounds on a micro- or nanoscale [23].

The EDX spectra of CeO2 nanoparticles prepared by

the hydrothermal method are as shown in Fig. 2. The

added mass of pure ingredients and the final quantity

of the obtained CeO2 nanoparticles were compared

during the preparation of CeO2 nanoparticles. The

inset table shows the amount of Oxygen (O) and

Cerium contents in the synthesized CeO2 nanoparti-

cles. The CeO2 nanoparticles are found to have

33.33% and 66.67% of Ce and O elements, respec-

tively. The elemental composition of as-prepared

CeO2 nanoparticles determined by the EDX analysis

is in close agreement with the calculated values.
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4.3 XRD results of Cerium dioxide (CeO2)
nanoparticles

The XRD patterns of the synthesized CeO2 nanopar-

ticle measured in the 2h range from 10� to 80o are as

shown in Fig. 3. The XRD spectrum of CeO2

nanoparticle shows characteristic diffraction peaks at

2h = 28.66, 33.03, 47.96, 56.39, and 79.27� which cor-

respond to (111), (200), (220), (311), and (420) planes,

respectively. The obtained reflections correspond to

the face-centered cubic phase of the CeO2 nanopar-

ticle (JCPDS file No: 81-0792).

4.4 SEM results of cerium dioxide (CeO2)
nanoparticles

The morphology of various micro- and nanomaterials

can be assessed using Scanning electron microscopy

(SEM). The SEM images of synthesized cerium

dioxide nanoparticles shown in Fig. 4a and b exhibit

highly dense irregular structures [24]. It was reported

in the literature that CeO2 nanoparticles have a

greater tendency to undergo self-agglomeration [25].

Therefore, the formation of highly dense irregular

structure in the SEM images is attributed to the self-

Fig. 1 Particle size

distribution of CeO2

nanoparticles synthesized by

hydrothermal method

Fig. 2 EDX spectrum of CeO2 nanoparticles synthesized by

hydrothermal method

Fig. 3 XRD graph of CeO2 nanoparticles synthesized by

hydrothermal method

J Mater Sci: Mater Electron



agglomeration of CeO2 nanoparticles in the sample

holder.

4.5 Positron lifetime results of PVB/CeO2

polymer nanodielectrics

In this study, the author made an effort to evaluate

the free volume hole size (Vf) and their concentra-

tions in the pure PVB and PVB/CeO2 polymer nan-

odielectrics. The third-lifetime component (s3) and its

o-Ps intensity (I3) that have been extracted from

PATFIT-88 are tabulated in Table 1. The o-Ps lifetime

(s3) and o-Ps intensity (I3) of pure PVB obtained from

the PATFIT-88 analysis of positron lifetime spectrum

are 1.952 ± 0.009 ns and 29.04 ± 0.21%, respectively.

The corresponding free volume hole size (Vf) for pure

PVB derived using Eq. (1) is 93.13 ± 0.74 Å3. Fig-

ure 5a and b displays the graphs of an o-Ps lifetime

(s3), free volume hole size (Vf), and o-Ps intensity (I3)

as a function of CeO2 nanofiller concentration. From

Fig. 5a, it is observed that the o-Ps lifetime (s3)
decreases linearly as a function of CeO2 nanofiller

concentration. There is about a 46 Ps reduction in the

o-Ps lifetime (s3) for 0.4 wt% of CeO2 nanoparticle

loading compare to pure PVB polymer. This is

reflected in the decrement of 4.30 Å3 in the free vol-

ume size from 93.13 to 88.83 Å3. A remarkable

reduction of an o-Ps lifetime (s3) is observed for 0.8

and 1.0 wt% of CeO2 nanofiller loading. This corre-

sponds to 78 Ps and 112 Ps decrement in the o-Ps

lifetime (s3) of PVB/CeO2 polymer nanodielectrics

for 0.8 and 1.0 wt% of CeO2 nanofiller concentration,

respectively. Consequently, there are about 7.25 Å3

and 9.88 Å3 decreases in the free volume size which is

observed for 0.8 and 1.0 wt% of CeO2 nanoparticle

loading, respectively. The detailed interpretation for

these changes can be given as follows.

It was previously reported that the free volume

parameters provide better insight into the interfacial

properties of polymer and nanocomposites. In

semicrystalline polymers, o-Ps is preferentially anni-

hilated from both densely packed crystalline phase

and the holes in an amorphous phase [26]. In the case

of fully amorphous polymers o-Ps is trapped and gets

annihilated from the free volume sites [27]. However,

in the polymer nanodielectrics the o-Ps formation

predominantly takes place in the polymer–nanofiller

interface [28]. Polymers are long-chain molecules and

they can take different conformations in all possible

directions. As the nanoparticles exhibit a large sur-

face area, they can easily interact within the poly-

meric chain and impede the chain mobility of the host

polymer [29].

The formation of covalent bond between Ce2? ions

of CeO2 nanoparticles with carbonyl group of PVB

side chain takes place [30]. The hydrogen bonding

between O- ions of CeO2 nanoparticles and methyl

group of PVB side chain cannot be ruled out [5]. The

chemical interaction between Ce2? and O- ions of

CeO2 nanoparticles with PVB side chain hinders the

molecular mobility of PVB polymer and hence the

free volume [5]. The increased addition of CeO2

nanoparticles may create oxygen-rich phase and

deficient phase in the PVB matrix. This assumption is

quite reasonable as CeO2 nanoparticles possess oxy-

gen vacancy site and rapid flipping of oxidation and

reduction state (Ce3? to Ce4?) [31]. The phase with

Fig. 4 SEM micrographs of

CeO2 nanoparticles

synthesized by hydrothermal

method. a 1 lm scale and b

2 lm scale
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effluent oxygen site may quench the o-Ps lifetime (s3).
Consequently, the o-Ps lifetime (s3) of PVB/CeO2

polymer nanodielectrics monotonically decreases

upon the subsequent addition of CeO2 nanoparticles.

The o-Ps intensity (I3) conceptually represents the

concentration or number density of free volume holes

present in the polymeric system [32]. Figure 5b

shows the plot of o-Ps intensity (I3) of PVB/CeO2

polymer nanodielectrics as a function of CeO2

nanoparticle concentration. The o-Ps intensity (I3)

decreases to 22.94% from 29.04% for 0.2 wt% of CeO2

nanoparticle loading. Initially, the CeO2 nanoparti-

cles were uniformly distributed over a certain frac-

tion of the PVB polymer surface. The polar groups of

the PVB matrix may inhibit the o-Ps formation

probability. Consequently, o-Ps intensity (I3) is

reduced for 0.2 wt% of CeO2 nanofiller loading. The

o-Ps intensity (I3) value fluctuates within the error

limits and becomes constant for higher wt% of CeO2

nanoparticle loading. The polar groups of CeO2

nanoparticles in the host PVB matrix act as Ps inhi-

bitors [33]. This is due to the agglomeration of CeO2

nanoparticles in the PVB matrix [34]. The variation of

fractional free volume (Fv) as a function of CeO2

nanoparticle concentration is as shown in Fig. 5c.

From Fig. 5c, it is observed that the fractional free

volume (Fv) of PVB/CeO2 polymer nanodielectrics is

exponentially decreasing as a function of CeO2

nanoparticle concentration. This is due to hindrance

to the molecular mobility of PVB polymer due to

increased agglomeration of CeO2 nanofiller [22].

4.6 X-ray diffraction results

The extensive studies on polymer crystallization in

the presence of inorganic nanoparticles can be found

in the literature [22, 35]. The crystalline domain in

polymer nanodielectric materials may not alter much

with the addition of nanoparticles. However, the

presence of inorganic nanoparticles acts as nucleating

agents and promotes molecular ordering in the

amorphous domains of the polymer nanodielectrics

[5]. The crystallinity of many polymer nanocompos-

ites is increased with the addition of inorganic

nanoparticles [22]. However, the crystallinity of some

polymer nanocomposites shows decreasing trend [5].

In the present study the PVB/CeO2 polymer nan-

odielectrics are crystalline in nature. The X-ray

Table 1 PALS results of PVB/CeO2 polymer nanodielectrics

WWt% of CeO2 nanoparticle o-Ps lifetime s3 (ns) Free volume Vf (Å)
3 o-Ps intensity I3 (%) Fractional free volume Fv (%)

0.0 1.952 ± 0.009 93.13 ± 0.74 29.04 ± 0.21 1.88 ± 0.02

0.2 1.944 ± 0.009 92.34 ± 0.74 22.94 ± 0.17 1.47 ± 0.02

0.4 1.906 ± 0.009 88.83 ± 0.72 23.27 ± 0.18 1.43 ± 0.02

0.6 1.904 ± 0.008 88.64 ± 0.64 23.14 ± 0.16 1.42 ± 0.02

0.8 1.874 ± 0.010 85.88 ± 0.79 23.68 ± 0.22 1.41 ± 0.02

1.0 1.840 ± 0.008 83.25 ± 0.64 22.74 ± 0.15 1.39 ± 0.01
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Fig. 5 Plot of free volume parameters a o-Ps lifetime (s3) and free
volume hole size (Vf), b o-Ps intensity (I3), and c fractional free

volume (Fv) of PVB/CeO2 polymer nanodielectrics as a function

of CeO2 nanoparticle wt%
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diffraction measurements have been performed to

examine crystallinity (vc) of the PVB/CeO2 polymer

nanodielectrics. Usually, the polymer consists of both

crystalline as well as amorphous regions. The crys-

talline regions are generally represented by high-in-

tensity sharp peaks. The low intense broad peaks are

associated with the amorphous regions [36].

The deconvolution of crystalline peaks from the

XRD spectrum was done by making use of PeakFit

4.1 software. The crystalline peaks were Gaussian

fitted until the regression coefficient (R2) value

becomes 0.99. The percentage of crystallinity (vc) of
PVB/CeO2 polymer nanodielectrics are evaluated as

vc %ð Þ ¼ Ac

At
� 100 where ‘Ac’ and ‘At’ are the area of

the crystalline peaks and total area, respectively.

From Fig. 6a, it is observed that pure PVB shows a

sharp crystalline peak at 2h = 20.42�. The additional

peaks have appeared at 2h = 20.68�, 28.68�, 47.63�,
and 56.51� in the XRD spectrum of PVB/CeO2 poly-

mer nanodielectrics for 0.2 wt% of CeO2 nanofiller

loading. Numerically, the crystallinity (vc) fluctuates
within the error bar exhibiting constant values up to

0.8 wt% of CeO2 nanofiller loading. This suggests that

there is no appreciable change in the crystallinity (vc)
of PVB/CeO2 polymer nanodielectrics up to 0.8 wt%

of CeO2 nanofiller loading. The crystalline peak

intensity at 2h = 20.68� in the XRD spectrum of PVB/

CeO2 polymer nanodielectrics is relatively higher for

1.0 wt% of CeO2 nanofiller loading. This is the con-

sequence of the increased crystallinity (vc) of PVB/

CeO2 polymer nanodielectrics. The mean crystallite

size of pure PVB and PVB/CeO2 polymer nanodi-

electrics have been estimated using basic Debye–

Scherrer’s equation [37].

D ¼ Kk
bcosh

ð7Þ

where ‘D’ is the average crystallite size, ‘k’ is the

X-ray wavelength, ‘b’ is the width of the X-ray peak

on the 2h axis, normally measured as full width at

half maximum (FWHM) after the error since instru-

mental broadening has been properly corrected, ‘h’ is
the Bragg angle, and ‘K’ is the so-called Scherrer

constant. K depends on the crystallite shape and the

size distribution, indices of the diffraction line, and

the actual definition used for ‘b’whether FWHM or

integral breadth [38]. K can have values anywhere

from 0.62 and 2.08. In this paper, K = 0.94 was used.

Further, microstrain in the crystallite or nanocrystal

also affects the width ‘b’ which needs to be consid-

ered in an accurate analysis. Spatial fluctuations in

the alloy composition can also affect the width. The

discussion on the accuracy of Eq. (7) can be found in

the literature [38].

In the present study, the evaluated crystallinity (vc)
and crystallite size (D) for pure PVB is 23.92% and

2.37 nm, respectively. The variation of percentage of

crystallinity (vc) and crystallite size (D) of PVB/CeO2

polymer nanodielectrics as a function of CeO2

nanoparticle concentration is as shown in Fig. 6b and

values are tabulated in Table 2 [39]. The PVB/CeO2

polymer nanodielectrics doped with 1.0 wt% CeO2

nanofiller show maximum crystallinity (vc = 43.07%)

and crystallite size (D = 72.44 nm). The increased

crystallinity of PVB/CeO2 polymer nanodielectrics

for 1.0 wt% of CeO2 nanofiller loading can be

explained as below.
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Fig. 6 a XRD spectra of pure PVB and PVB/CeO2

nanodielectrics as a function of CeO2 nanofiller wt%. b The

variation of percentage of crystallinity (vc) and crystallite size (D)

of PVB/CeO2 polymer nanodielectrics as a function of CeO2

nanoparticle wt%
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As PVB is an admixture of polyvinyl and butyral

groups [11] the CeO2 nanoparticles may adsorb to the

side chains of PVB to block the crystallization [40].

Therefore, the crystallinity (vc) and crystallite size (D)

do not show any significant change in PVB/CeO2

polymer nanodielectrics up to 0.8 wt% of CeO2

nanofiller loading. The PVB/CeO2 polymer nanodi-

electrics show a relatively higher value of crys-

tallinity (vc) and crystallite size (D) for 1.0 wt% of

CeO2 nanofiller loading. The mobility of the PVB

chain is severely restricted in PVB/CeO2 polymer

nanodielectrics for 1.0 wt% of CeO2 nanofiller load-

ing. This would facilitate the ordered arrangement of

PVB chains. Consequently, the crystallinity (vc) and
crystallite size (D) of PVB/CeO2 polymer nanodi-

electrics show increased value for 1.0 wt% of CeO2

nanofiller loading.

4.7 AC conductivity results of PVB/CeO2

polymer nanodielectrics

The polymer–nanofiller interface and polymer

amorphous phase provide pathways for ionic con-

duction [41]. Therefore, one can get greater insight

about the polymer nanodielectrics by applying AC

electric field. The variation of AC conductivity (rac) of
PVB/CeO2 polymer nanodielectrics as a function of

frequency is as shown in Fig. 7a. The AC conduc-

tivity of PVB/CeO2 polymer nanodielectrics increa-

ses continuously as a function of frequency of the

applied field. This is due to involvement of bound

charge carriers and ionic hopping mechanism in the

conduction process [42]. The variation of AC con-

ductivity (rac) and free volume (Vf) as a function of

CeO2 nanofiller concentration is as shown in Fig. 7b.

The AC conductivity (rac) of pure PVB at 5 MHz

frequency is (9.02 9 10–6 ± 0.48 9 10–6) S/cm. The

AC conductivity (rac) of PVB/CeO2 polymer nan-

odielectrics is decreased continuously as a function of

CeO2 nanoparticle loading. The minimum AC con-

ductivity (rac) is observed for 1.0 wt% of CeO2

nanoparticle loading at 5 MHz frequency. The AC

conductivity (rac) of PVB/CeO2 polymer nanodi-

electrics decreases three orders of magnitude (from

9.02 9 10–6 ± 0.48 9 10–6 to

5.35 9 10–9 ± 0.26 9 10–9 S/cm) for 1.0 wt% of CeO2

nanoparticle loading at 5 MHz frequency. This is due

to blocking of the conduction path for the ionic

movement by the increased concentration of CeO2

nanoparticles [43]

According to Jonscher power law, the AC conduc-

tivity rac(x) of many amorphous materials is directly

proportional to the frequency of applied field and is

given by rac(x)¼ Axs. Here, ‘A’ is a pre-exponential

factor and ‘S’ is the frequency exponent. The micro-

scopic conductionmechanismofdisordered systems is

governed by two physical processes. They are classical

hopping and quantummechanical tunneling of charge

carriers and ions. The two energetically favorable

centers are in random distribution due to potential

barrier separation [44]. The hopping of charge carriers

and ions from one site to another is promoted by the

free volume available in the polymeric systems [45]

The microscopic origin of the AC conductivity

relaxation mechanism in disordered polymer nan-

odielectrics is explained by evaluating frequency

exponent ‘S’. The value of ‘S’ at room temperature for

pure PVB and PVB/CeO2 polymer nanodielectrics

are evaluated using the slope of ln (rac) vs ln (2pf)
plot as shown in Fig. 7c. At room temperature the ‘S’

value in variety of disordered materials lies between

0.5\ S\ 1 [45]. The (S) values evaluated for pure

PVB and PVB/CeO2 polymer nanodielectrics lie

between 0.54 and 0.79. This suggests that the

observed behavior of AC conductivity with fre-

quency obeys Jonscher power law for all concentra-

tion of CeO2 nanoparticles at room temperature [46].
The variation of frequency exponent (S) and free

volume (Vf) as a function of CeO2 nanoparticle con-

centration is as shown in Fig. 7d. It is clear from

Fig. 7d that frequency exponent (S) and free volume

(Vf ) exhibit exactly the opposite behavior.

Table 2 XRD results of PVB/

CeO2 polymer nanodielectrics sWt% of CeO2 nanoparticle Crystallinity (vc) (%) ± 1% Average crystallite size (D) ± 1 nm

0.0 23.92 2.37

0.2 25.82 2.33

0.4 24.32 2.58

0.6 26.08 2.01

0.8 24.15 2.58

1.0 43.07 72.44
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4.8 Dielectric results of PVB/CeO2 polymer
nanodielectrics

The dielectric constant of a polymer is mainly influ-

enced by two parameters. One is change in molecular

polarizability by modifying the type and number of

polarizable groups and secondly the free volume

associated with the polymer. Besides polarizability,

dielectric losses are also an important feature of the

dielectric material. The polarizability and dielectrics

loss are due to the motion of bound charges in

response to the applied electric field [47].

The variation of dielectric constant (e0) and free

volume size (Vf) of PVB/CeO2 polymer nanodi-

electrics as a function of CeO2 nanofiller concentration

is as shown in Fig. 8a. The dielectric constant of pure

PVB at 1 kHz frequency is 16.90 ± 0.38. The dielectric

constant (e0) is decreased to 11.36 ± 0.36 for 1.0 wt% of

CeO2 nanoparticle loading. The dielectric constant (e0)
of PVB/CeO2 polymer nanodielectrics is decreased

continuously as a function of CeO2 nanofiller loading.

The decreased dielectric constant (e0) for the increased
addition of CeO2 nanoparticles is attributed to the

hindrance to polymeric chain mobility at the bulk of

PVB/CeO2polymernanodielectrics [48]. The variation

of dielectric constant (e0) of PVB/CeO2 polymer nan-

odielectrics as a function of CeO2 nanofiller concen-

tration and frequency is as shown in Fig. 8b. In the low

frequency region, there is a tendency of dipoles to
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orient themselves in the direction of the applied elec-

tric field [49, 50]. This contributes to a higher dielectric

constant (e0) of PVB/CeO2 polymer nanodielectrics.

The dielectric constant decreases with the increasing

frequency of PVB/CeO2 nanodielectrics. The

decreased dielectric constant (e0) at the higher fre-

quency region can be attributed to the interfacial

polarization and decreased dipole mobility [51]. The

interfacial polarization occurs due to the confinement

of the charge carrier at the interface. The movement of

charge carriers and ions accumulation requires a rel-

atively long time during interfacial polarization [52].

In general, the dielectric loss in polymer nanodi-

electrics takes place due to the AC conductivity or ion

jump, dipole relaxation, and interfacial polarization

[13]. The ceramic particles normally display lower

dissipation at a given frequency [53]. The variation of

dielectric loss (e00) of PVB/CeO2 polymer nanodi-

electrics as a function of CeO2 nanofiller loading is as

shown in Fig. 8c. Both dielectric constant (e0) and

dielectric loss (e00) of PVB/CeO2 polymer nanodi-

electrics exhibit identical behavior for all concentra-

tions of CeO2 nanoparticle loading for the entire

range of frequency (from 1 kHz to 5 MHz). The

dielectric loss (e00) of pure PVB at 1 kHz frequency is

12.65. The minimum dielectric loss (e00) of 4.21 is

observed in PVB/CeO2 polymer nanodielectrics for

1.0 wt% of CeO2 nanoparticle loading. This suggests

that the influence of interface polarization on the

dielectric loss becomes less significant for 1.0 wt% of

CeO2 nanoparticle loading.

4.9 Scanning electron microscopy results

Scanning electron microscopy is a convenient tech-

nique used for the investigation of the surface mor-

phology of polymers. The dispersion and distribution

of nanoparticles in the polymer matrix play a decisive

role in predicting the bulk properties. The SEM

micrographs of pure PVB and PVB/CeO2 polymer

nanodielectrics with increased CeO2 nanoparticle

concentration are as shown in Fig. 9a–f.

From the SEM images, it is observed that pure PVB

exhibits homogeneous smooth surface, whereas in

PVB/CeO2 polymer nanodielectrics show relatively

rough. In the SEM images of PVB/CeO2 polymer

nanodielectrics for 0.2 and 0.4 wt% of CeO2

nanoparticles loading uniformly distributed CeO2

nanoparticles throughout the PVB matrix can be seen.

The SEM images of PVB/CeO2 polymer nanodi-

electrics show nanoclusters of irregular shapes for

0.6, 0.8, and 1 wt% of CeO2 nanoparticle loading. The

CeO2 nanoparticles exhibit greater tendency to

undergo self-agglomeration in the host polymer

matrix. Due to high aspect ratio, the agglomeration of

CeO2 nanoparticles leads to the formation of nan-

oclusters of irregular shapes in the PVB matrix [5].
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5 Correlation between free volume
parameters, SEM, and XRD results
with AC conductivity and dielectric
properties of PVB/CeO2 polymer
nanodielectrics

The free volume and crystallinity (vc) are the essential
parameters to investigate the microstructure of the

polymer nanodielectrics. The free volume size (Vf),

AC conductivity (rac), and dielectric properties of

PVB/CeO2 polymer nanodielectrics exhibit identical

trends. The crystallinity (vc) shows opposite behavior

with respect to free volume as a function of CeO2

nanoparticle concentration. The free volume size (Vf)

and AC conductivity of PVB/CeO2 polymer nan-

odielectrics are decreased continuously as a function

of CeO2 nanoparticle concentration. This is due to the

blocking of the conduction path for the ionic move-

ment in the PVB polymeric matrix. The mobility of

the PVB chain is much more reduced for 1.0 wt% of

CeO2 nanoparticle loading. Therefore, the free vol-

ume size (Vf) and AC conductivity show minimum

value and maximum crystallinity for 1.0 wt% of CeO2

nanoparticle loading. The increased incorporation of

Fig. 9 SEM images of a pure

PVB, b PVB ? 0.2 wt%

CeO2, c PVB ? 0.4 wt%

CeO2, d PVB ? 0.6 wt%

CeO2, e PVB ? 0.8 wt%

CeO2, and f PVB ? 1.0 wt%

CeO2 polymer nanodielectrics
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CeO2 nanoparticles promotes crystallization of PVB

matrix and hence the crystallinity (vc).
The dielectric constant of polymer nanodielectrics

solely depends on the extent of polarization of poly-

mer. The polarizable groups present in the PVB

matrix interact with incorporated nanofillers. The

alignment of these polarizable groups is restricted

due to decreased free volume. In the lower frequency

region, there is enough time for the proper alignment

of dipoles. This results in a maximum dielectric

constant of PVB/CeO2 polymer nanodielectrics at

lower frequency regions. At higher frequencies, the

response of the polar group of PVB is delayed with

respect to an oscillating electric field. This is due to

the inability of dipoles to co-operate with the electric

field. This is the reason for the gradual reduction of

the dielectric constant of PVB/CeO2 polymer nan-

odielectrics at a higher frequency region.

6 Summary and conclusion

Based on the above experimental results following

conclusions are drawn:

1. The o-Ps lifetime (s3) and free volume size (Vf) of

PVB/CeO2 polymer nanodielectrics show mini-

mum value for 1.0 wt% of CeO2 nanoparticle

loading. The chemical interaction between CeO2

nanoparticles with PVB side chains restricts the

molecular mobility of PVB polymer. The o-Ps

intensity (I3) is reduced drastically for 0.2 wt% of

CeO2 nanoparticle loading. The presence of CeO2

nanoparticles and polar groups of PVB inhibits the

o-Ps formation.

2. The ordered arrangement of PVB chains is not

much affected at lower wt% of CeO2 nanoparticle

loading. The higher concentration of CeO2

nanoparticle loading promotes crystallization of

PVB matrix and hence the crystallinity (vc) in

PVB/CeO2 polymer nanodielectrics.

3. The SEM images show uniform dispersion of

CeO2 nanoparticles for lower concentration of

CeO2 nanoparticle loading. The CeO2 nanoparti-

cles agglomeration leads to the formation of

nanoclusters of irregular shapes in the PVB

polymer matrix for higher concentration of

CeO2 nanoparticle loading.

4. The reduced free volume restricts the ionic

mobility of CeO2 nanoparticles and hence the

AC conductivity (rac) in PVB/CeO2 polymer

nanodielectrics for higher wt% of CeO2 nanopar-

ticle loading. The AC conductivity obeys Jonscher

power law for all concentration of CeO2 nanopar-

ticles loading at room temperature.

5. The decreased dielectric constant (e0) is due to

hindrance to the alignment of polarizable groups

in PVB/CeO2 polymer nanodielectrics for higher

concentration of CeO2 nanofiller loading.
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