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Abstract

Polymer-based nanocomposites are considered promising candidates for flexible modern electronic devices. ZnO-PVA
polymer nanocomposites have gained recent research interest due to excellent optical and dielectric properties. Transition
metals (Cr, Mn, Fe, Ni, Cu) oxide nanoparticles incorporated ZnO-PVA composite matrix are investigated in this work for a
comprehensive study of its structure, morphology, optical and dielectric parameters. Crystallographic information revealed
the presence of crystalline zinc oxide and transition metals oxides reflections in specific orientations in the PVA matrix.
The inter-particle distance and interfacial interaction of transition metal oxide nanoparticles in host polymer are observed as
important factors for improved dipole polarization. The nanoparticles of metal oxides in matrix induce the enhanced negative
charge carriers and exhibit robust interactions with positive carriers of the polymer surface. A sharp and substantial increment
in real dielectric permittivity from 74 for ZnO-PVA to maximum 350 for ZnO-PVA-Fe,0; composition was observed by
the addition of transition metal oxides in the PVA matrix with same loss factor value of 0.1.

Keywords Polymer nanocomposite - Optical - Dielectrics

Introduction

Polymeric matrix based on composite materials with nano-
particle fillers possesses excellent optical, mechanical, and
electrical properties for advance applications like solar cells,
biomedical sensors, and capacitors [1, 2]. Polymer compos-
ites with high dielectric constant are desirable mediums for
noble power conversion efficiency with high charge recom-
bination and exciton binding energy [3]. High dielectric and
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robustness of polyvinyl alcohol (PVA) and zinc oxide (ZnO)
composites make these excellent candidates for high per-
formance light emitting devices [4]. ZnO nano-fillers in the
PVA matrix incorporated advanced optical and electrical
properties [5]. A considerable change in the band gap of
PVA was experienced with the addition of ZnO nanopar-
ticles in its matrix [6]. Optical studies of CuO substituted
polymer/ZnO nanocomposites were carried out for a clear
demonstration of the change in transmittance and absorp-
tion coefficient [7]. Dielectric studies of ZnO-PVA poly-
mer nanocomposites synthesized through various emerg-
ing chemical techniques reported the maximum dielectric
permittivity value approximately 104 at low-frequency
regimes and retain the stability at some controlled higher
temperatures which makes these suitable candidates for flex-
ible electronic devices [8, 9]. The inter-particle distance of
metal oxide nano-filler in a polymer matrix is another impor-
tant factor for the improvement of dipole polarization. The
nanoparticles of metal oxides in matrix induce enhanced
negative charge carriers and exhibit robust interactions with
positive charge carriers of the polymer surface. Meanwhile,
transition metal oxides are considered excellent candidates
for energy storage capacity due to having good dispensabil-
ity in the polymer matrix [10-12]. ZnO is a well known
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semiconducting material with direct energy band gap of
3.37 eV having excellent optical and electronic properties
[13]. It is recently observed that only 1 wt% dispersion of
ZnO nanoparticles in polymer matrix significantly stimu-
lates the physical properties of polymer nanocomposites
[14]. The dielectric permittivity in another investigation
found to increase with the addition of ZnO nanoparticles
in PVA [15]. On the other hand, transition metals (Cr, Mn,
Fe, Ni, and Cu) oxide have incredible dielectric parameters
with low energy loss values. The enhanced values of dielec-
tric constant were reported in some transition metal oxides
(Cr,03, NiO, and CuO) incorporated PVA matrix [16-18].
Hence, a combination of ZnO and (Cr, Mn, Fe, Ni, and Cu)
oxide in flexible composites of PVA will introduce the new
optical and dielectric materials with enhanced capacitive
parameters. A brief study of ZnO-PVA matrix containing
transition metals (Cr, Mn, Fe, Ni, and Cu) oxide nano-fillers
is carried out in this work for exploring its, structural, optical
and dielectric properties. These novel polymer nanocompos-
ites are considered excellent candidates for flexible dielectric
mediums due to having excellent dielectric permittivity with
comparatively low loss factors.

Experimental Method
Chemicals

Polyvinyl alcohol (PVA) beads, zinc nitrate hexahy-
drate [Zn(NO;),-6H,0], chromium nitrate nonahy-
drate [Cr(NO;);-9H,0], manganese nitrate tet-
rahydrate [Mn(NO;),-4H,0], ferrous nitrate
nonahydrate [Fe(NO;),-9H,0], nickel nitrate hexa-
hydrate [Ni(NO;),-6H,0], copper nitrate trihy-
drate [Cu(NO3),-3H,0], zinc nitrate hexahydrate
[Zn(NO;),-6H,0], and citric acid were supplied by Sigma-
Aldrich, USA. All the precursors were of analytical grade
and used without further purification.

Synthesis of ZnO and Transition Metals (Cr, Mn, Fe,
Ni, and Cu) Oxide Nanoparticles

7ZnO and transition metals (Cr, Mn, Fe, Ni, and Cu) oxide
nanoparticles with an average diameter around 50 nm to 100
nm were prepared through a temperature-controlled citrate
pyrolysis technique. The calculated molar ratios of citric
acid and required metal nitrates were taken each time in
a 100 ml transparent beaker. These solutions were mixed
and heated constantly using a magnetic stirrer hot plate at
100 °C until obtained thick gel and afterward dry powder of
solution. These dry powder samples were then placed in a
furnace for 24 h at 400 °C to get the fine phase pure powders
of metal oxides.

Synthesis of Transition Metal Oxides Incorporated
ZnO/PVA Matrix

The required amount of beads of PVA was dissolved in dis-
tilled water under constant stirring at 40 °C until it obtained
the thick gel. The amount of ZnO nanoparticles was taken
as 0.5 wt% in all compositions. The synthesized transition
metal oxides (Cr,0O5, Mn, 03, Fe,05, NiO, and CuO) with 0.5
wt% for each were homogeneously mixed in equal amounts
with ultrasonic agitation to get the same approximate thick-
ness of 0.3 +0.01 mm. These gels were spread in flat cruci-
bles and placed in a furnace at 40 °C for 6 h. The final prod-
ucts of ZnO-PVA and transition metals oxides containing
ZnO-PVA nanocomposites were obtained in the form of dry
plain sheets. These sheets were cut into dimensions of 1 cm
in both length and width.

Characterizations

ZnO/PVA and transition metals oxides containing ZnO-PVA
nanocomposites were investigated for structural studies
using the Panalytical X’Pert Multipurpose diffractometer
(MPD) by employing Cu K, X-rays using a wavelength of
0.154 nm. Morphology of samples was examined through
FEI Nano-SEM 450 field emission scanning electron
microscopy (FESEM) using built-in high resolution through
lens detector (TLD) and scanning transmission electron
microscope (STEM) detector. The elemental composition
of synthesized nanoparticles and dispersive nanocomposite
polymer matrices were performed using the Oxford X’Act
energy dispersive X-ray spectrometer (EDS) instrument. The
optical absorbance spectra were acquired using a UV-Vis
spectrophotometer and corresponding band gap values
extracted employing Tauc plot curves. Quadtech Precision
1910 LCR meter was used for dielectric measurements with
high accuracy. The samples were placed between the Teflon
cell containing polished copper electrodes. Each electrode
was connected with the low and high current and potential
connections of LCR meter. The capacitance Cp and loss fac-
tor (tand) were recorded as a function of frequency in the
range of 100 to 1 MHz with a sweep step size of 50 Hz.

Results and Discussions

Crystallographic Studies

Figure 1 presents the XRD patterns of ZnO-PVA and transi-
tion metals (Cr, Mn, Fe, Ni, and Cu) oxide containing ZnO/

PVA polymer nanocomposites. XRD analysis was carried out
in detail using X Pert High Score software and standard JCPD
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Fig. 1 XRD patterns of transition metals oxide nanoparticles incorpo-
rated PVA-ZnO polymer nanocomposites

data set for corresponding compositions. XRD spectra were
also acquired of synthesized nanoparticles of ZnO and tran-
sition metals oxides before the dispersion in the ZnO-PVA
matrix for checking out the phase purity and crystal structure.
Rietveld refinement was performed using X’Pert High Score
Plus software for each XRD spectra and results are config-
ured in Fig. 2. The crystallographic information about cell
parameters, atomic positions, Wyckoff positions, and profile
R-factors were acquired and mention in Table 1. The least-
square approach was used for the minimization of differences

)

in structural parameters of observed and simulation diffrac-
tion patterns. The difference was optimized through profile
R-factors like R-expected (R,,,), weighted R-profile (R,,),
R-profile (R,), and R-Bragg (Rp) [19]. These parameters can
be defined as:
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where I and I are the calculated and observed integrated
intensities, while N and P denote for the number of observed
profile points and the number of refined parameters, respec-
tively. Further, the goodness of fit GOF (Xz) can be calcu-
lated using the following relation;
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Fig.2 Rietveld refined XRD spectra of synthesized nanoparticles present the accurate matching of points of plane reflections with standard crys-

tallographic data
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Table 1 Cell parameters,

. . Samples  Cell parameters ~ Atoms  Atomic positions Wyckoft  Profile R-Factor
atOI:n.IC positions, Wyckoff positions
positions and Profile R-factors X y z
of synthesized nanoparticles -
crysta] structures after Rietveld ZnO a=3.231A Zn 0.333 0.667 0 2b Rexp =5.203, Rp =12.974
refinement c=5.181 A o 0333 0.667 0381 2b R,,=16.237, Ry =7.360
x>=3.121, Dy = 0.110
Cr,04 a=4952 A Cr 0 0 0.152  12c¢ R,,,=4.402,R,=3.453
b=4952 A o 0305 O 0250 18e R,,=4.569, Ry =4.627
c=13.581 A x>=1.038, Dy = 1.403
Mn,0, a=9.400 A Mn, 0 0 0.500 4b R,,,=3.329, R, =2.469
b=9.396 A Mn, 0 0 0 4a R,,=3.164, Ry =2.073
¢=9.400 A Mnj, 0.006 0253 0215 8¢ x>=0.950, D\ = 1.962
Mn, 0254 0285 0.005 8¢
Mng 0214 0.001 0253 8¢
O 0.150 0415 0.132 8¢
O, 0.085 0.129 0356 8¢
Oq 0375 0353 0419 8¢
Oy 0355 0082 0374 8¢
Oy 0419 0372 0.149 8¢
(o) 0.134 0.147 0.086 8¢
Fe,0; a=5013 A Fe 0 0 0.145 12c R, =1.694,R,=1335
b=5.013 A (0] 0305 O 0250 18e R,,=1.737,Ry=1.045
c=13.736 A x>=1.025, Dys = 1.661
NiO a=4.192 A Ni, 0.500 0.500 0.500 4b R, =27.79, R, =23.083
b=4.192 A O1 0 0 0 4a R,,=31370, Ry =17.487
c=4.192 A x2=1.128, Dy, = 1.305
CuO a=4.677 A Cul 0250 0250 O 4c R,,=6.978,R,=6.094
b=3419 A 0, 0 0.084 0250 4e R,,=7.634, Ry =2.854
c=5.137 A x2=1.094, D\, = 1.480

XRD spectra of ZnO-PVA polymer nanocomposite
compositions were indexed using the JCPD card number
00-001-1136 of the wurtzite ZnO standard pattern for obser-
vation of detected plane reflections. XRD pattern of PVA/
ZnO contains three prominent peaks at 26 values of 31.51,
34.26 and 35.71 associated with the most intense 110, 002,
and 101 plane reflections of ZnO, respectively. These peaks
have low intensities due to the amorphous host PVA matrix.
Transition metal oxides containing ZnO/PVA compositions
comprise some additional peaks along various specific ori-
entations with ZnO reflections attributed to the presence of
other crystalline nanoparticles in the matrix. These XRD
peaks appeared at 26 values of 33.51 and 50.08 (indexed
with 104 and 024) of rhombohedral Cr,0;, 32.28 and 55.61
(indexed with 222 and 440) of cubic Mn,0,, 33.11, 35.71,
49.35 and 54.04 (indexed with 104, 110, 024 and 116) of
rhombohedral Fe,05;, 43.42 and 63.10 (indexed with 200
and 220) of cubic NiO, 35.50 and 75.12 (indexed with 111
and 004) of monoclinic CuO phases matched with standard
XRD spectra of corresponding compositions. This crystallo-
graphic information along with standard JCPD data set num-
bers are given in Table 2. A significant change in peak shift,

d-spacing, and full width at half maximum (FWHM) were
observed in the most intense diffraction peak with the incor-
poration of transition metal oxide nanoparticles in structure.
Crystallite size for each composition was measured using
well known Scherrer’s formula [20], by considering these
parameters and calculated values along with cell volume,
and atomic packing fraction (APF) mentioned in Table 3.

Morphological Analysis

The morphology of synthesized nanoparticles and polymer
nanocomposites was studied with field emission scanning
electron microscopy using a TLD and STEM detector.
FESEM and STEM micrographs were obtained with 10 kV
beam energy at a working distance of approximately 5 mm.
Figure 3 presents the micrographs of synthesized ZnO and
transition metals oxide nanoparticles. The size of ZnO nano-
particles was observed in the range of 25-100 nm while the
size of transition metals oxide nanoparticles found slightly
smaller in the range of 15-60 nm. Average particle sizes for
Zn0, Cr,0;, Mn,0;, Fe,05, NiO, and CuO nanoparticles
are estimated approximately as 45 nm, 35 nm, 25 nm, 35
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Table 2 Crystallographic
parameters of polymer
nanocomposites with standard
JCPD data set

Sample Structure type 26 Miller indices Qypacing (A) JCPD Ref. #

ZnO-PVA Waurtzite hexagonal 31.51 100 2.81 00-001-1136
34.26 002 2.61
3571 101 2.46

ZnO-PVA-Cr,0, Rhombohedral 3351 104 2.61 00-001-1294
36.33 110 2.47
50.08 024 1.81

ZnO-PVA-Mn,0; Cubic 32.28 222 2.68 00-001-1061
55.6 440 1.66

ZnO-PVA-Fe,0; Rhombohedral 33.11 104 2.69 00-001-1053
35.71 110 2.51
49.35 024 1.84
54.04 116 1.69

ZnO-PVA-NiO Cubic 43.42 200 2.08 00-001-1239
63.10 220 1..47

ZnO-PVA-CuO Monoclinic 35.50 111 2.51 00-001-1117
75.12 004 1.26

Table 3 Different parameters of polymer nanocomposites (a) ZnO-PVA, (b) ZnO-PVA—Cr,0;, (¢) ZnO-PVA-Mn,0;, (d) ZnO-PVA-Fe,0;,
(e) ZnO-PVA-NiO, and (f) ZnO-PVA-CuO

Parameters ZnO/PVA  ZnO/PVA/Cr,0; ZnO/PVA/Mn,O; ZnO/PVA/Fe,0; ZnO/PVA/NiO  ZnO/PVA/CuO
Crystallite size (nm) 7.20 5.69 11.44 5.83 7.54 7.88

Lattice strain (%) 0.170 0.209 0.111 0.211 0.159 0.154

APF (g/em?) 0.753 0.440 1.208 0.440 1.208 1.100

Cell volume (A)? 46.80 288.15 719.28 299.45 63.80 96.00

Band gap (eV) 5.34 4.89 5.02 4.68 4.81 5.16
AC-conductivity (S/em x 107 1.1 1.8 4.1 4.6 1.7 5.15

Real part (E€) 74 85 275 350 80 275

Imaginary part (€”) 0.1 0.24 250 375 225 250

Loss factor (tand) 0.10 0.25 0.90 0.10 2.90 0.90
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Fig. 3 FESEM micrographs of synthesized transition metals oxide nanoparticles a ZnO, b Cr,03, ¢ Mn,03, d Fe,05, e NiO, and f CuO
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nm, and 30 nm, respectively. Most of the nanoparticles con-
tain spherical or distorted spherical uniform distributions.
Iron oxide nanoparticles are observed comparatively smaller
and more uniform concerning shape, size, and distribution.

FESEM and STEM micrographs of transition metals oxide
nanoparticles incorporated ZnO-PVA matrices are pre-
sented in Figs. 4 and 5, respectively. It can be observed
from all micrographs that ZnO and transition metal oxide

Fig.4 FESEM micrographs of synthesized transition metals oxide nanoparticles incorporated ZnO—PVA polymer nanocomposite a ZnO-PVA,
b ZnO-PVA-Cr,03, ¢ ZnO-PVA-Mn,05, d ZnO-PVA-Fe,0;, e ZnO-PVA-NiO, and f ZnO-PVA-CuO

N

10kV x300k TLD/CNT

Fig.5 FESEM micrographs of synthesized transition metals oxide nanoparticles incorporated ZnO—PVA polymer nanocomposite a ZnO-PVA,
b ZnO-PVA-Cr,0;, ¢ ZnO-PVA-Mn,0;, d ZnO-PVA-Fe,0;, e ZnO-PVA-NiO, and f ZnO-PVA-CuO
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nanoparticles distributed evenly in the host matrix. Most
of the nanoparticles have retained the original shape after
dispersion in the matrix. FESEM and STEM micrographs
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Fig.6 EDX spectra of synthesized transition metals oxide nanoparti-
cles (a) ZnO, (b) Cr,03, (c) Mn,03, (d) Fe, 03, (e) NiO, and (f) CuO

of iron oxide containing composition again show a more
uniform distribution.

Elemental Composition Analysis

Elemental compositions of synthesized nanoparticles and
polymer nanocomposites were confirmed using EDX analy-
sis. EDX spectra were obtained with 15 kV beam energy
for obtaining maximum X-ray counts. Figure 6 presents the
EDX spectra of ZnO and transition metals oxide nanopar-
ticles revealed the presence of expected nominal elemen-
tal contents in each composition without the detection of
any un-necessary impurities. Gold (Au) and palladium (Pd)
traces were appeared due to the implication of Au/Pd coat-
ing on samples using sputter coater before FESEM analysis.
EDX spectra of polymer nanocomposites are given in Fig. 7
with zoomed insets for smaller peaks showing the intense
carbon content in all compositions associated with the car-
bon chain of host PVA polymeric matrix. EDS spectra of
transition metal oxides containing compositions reveal the
presence of Cr, Mn, Fe, Ni and Cu contents with expected
approximate amounts in respective polymer nanocomposites.

Optical Properties

UV-Vis spectrophotometry was employed to evaluate the
optical properties of synthesized polymer nano-composites.
The absorption spectra and band gap estimation using the
Tauc plot for pure and transition metal oxide nanoparticles
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I s | B SR
s ] (o]
3 o S s
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o |
2 UZCLM
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)
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Fig.7 EDX spectra of transition metals incorporated ZnO-PVA polymer nanocomposites
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incorporated PVA—ZnO is presented in Fig. 8a, b. These
composites seem active in the ultraviolet region in the
wavelength range of 200-700 nm. The absorbance spectra
of polymer nanocomposites were found to decrease in the
energy range up to 5.5 eV and then increase exponentially
in the energy range of 5.5-6.35 eV. Again a sharp decrease
in absorbance was observed at higher energy ranges after
6.5 eV in all compositions. The analysis of the optical band
gap is the most important parameter especially for crystal-
line materials to investigate the conduction mechanism in
structure. The optical band gap of synthesized polymer com-
posites were translated by Tauc’s plot [21] through following
equation using frequency dependent absorption spectra.

(o )" = B(hv - E,), ©)

where a, hv, B and E, denote for absorption coefficient,
photon energy, interband transition probability parameter,

—
Q)
~—

T
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Fig.8 Absorbance spectra and band gap estimation using Tauc plot
of polymer nanocomposites

and optical band gap, respectively. While n presents the type
of electronic transition which value can take as 1/2, 3/2, 2,
or 3 for direct or indirect allowed and forbidden transitions,
respectively. The absorption coefficient “a”, can be acquired
using the following Beer—Lambert’s equation [22].

2.303A
x= s
d

@)

where ‘A’ and ‘d’ presents the absorbance and thickness of
the sample, respectively. The optical band gap of polymer
composites were estimated using the direct electronic transi-
tion (ahv)? due to the presence of ZnO and transition metal
oxide nanoparticles in matrix. The corresponding values of
optical band gap were extracted by extra plotting the tan-
gent on x-axis as shown in Fig. 8b. The energy band gap
of ZnO-PVA was observed as 5.34 eV which is in a close
approximation of already reported results [23—25]. The band
gap was found to decrease with the addition of transition
metal oxide nanoparticles in the ZnO-PVA polymer matrix.
It was reported that nanoparticles act as conductive intersec-
tions between the polymer chains that caused an increase
of the electrical conductance of the nano-composites and
hence lead to a diminution in their optical band gap [26, 27].
This decrease was observed consistent with the band gap
values of corresponding transition metal oxide compositions
and found associated with the induction of new levels in the
energy gaps that lead up the movement of electrons from the
valence band to the interesting levels of the conduction band,
consequently increase the conductivity. The minimum band
gap value of 4.68 eV was estimated in iron oxide nanoparti-
cles incorporated composition attributed to the availability
of more carriers in the matrix for conduction mechanism.

Dielectric Measurements

Polymer nanocomposite matrix needs an excellent dielec-
tric medium for applications in a wide range of flexible
capacitive devices. Dielectric permittivity measurements
were performed using a precise LCR meter with the varia-
tion of frequency. Figure 9 shows the response of dielectric
permittivity and loss factor variations with the change in
frequency while the overlay for each presents in Fig. 10.
The capacitance of dielectric medium and loss factor (tan d)
can be easily measured by LCR meter with the variation of
frequency. The values of real (¢) and imaginary (e") parts
are considered an effective presentation for energy storage
capacity in a dielectric medium. These can be calculated
using the following relations [28, 29].

, _Cd
e ®)

@ Springer



2430

Journal of Polymers and the Environment (2020) 28:2422-2432

3 4 5
|ogfIHZ

3
|ogfIHZ

3 4 5
*log 1 Hz

Fig. 9 Real part of dielectric permittivity and loss factor variation with frequency of transition metals incorporated ZnO-PVA polymer nano-
composites a ZnO-PVA, b ZnO-PVA-Cr,0;, ¢ ZnO-PVA-Mn,0;, d ZnO-PVA-Fe,0;, e ZnO-PVA-NiO, and f ZnO-PVA-CuO

€' = €'tand, )

where ‘C’ presents the capacitance (F), ‘d’ is the thick-
ness of the sample (m), ‘g, is the permittivity of free space
(8.85x 1072 F/m) and A is the area of the sample (m?). Tt
can be seen that real and imaginary parts of dielectric per-
mittivity decreased with the increase in frequency and turn
out to be minimum at higher values of frequencies for all
polymeric nanocomposite compositions. The highest val-
ues of dielectric permittivity at lower frequencies can be
clarified by a well-known model of Maxwell-Wagner [30].
ZnO particles make semiconducting nanostructures in an
insulating matrix of host PVA that assists in the formation of
dipoles due to mismatch at interfaces. These dipoles become
polarized in response to an externally applied field makes a
significant contribution in inducing dielectric permittivity.
The lower values of dipole relaxation time at higher fre-
quencies attributed to the slight decrease in dielectric per-
mittivity. On the other hand, relaxation time increases at
higher frequencies and dipoles become no longer follow the
external field. The value of real part of dielectric constant for
ZnO/PVA was found as 74 which significantly enhanced up
to 350 with the incorporation of transition metals oxide nan-
oparticles in matrix with the slight variation of loss factor.
There are many reports on dielectric studies of ZnO/PVA
and individual composites of transition metals incorporated

@ Springer

PVA matrix. The maximum reported approximate value of
dielectric constant for relevant compositions yet found is 150
by El Sayed and El-Gamal [33] for Cr,0; incorporated PVA
composites. The comparison of findings of this work with
previously reported values of dielectric permittivity and loss
factor for similar type of compositions in literature is given
in Table 4. The increase in dielectric permittivity with the
incorporation of TM oxide nanoparticles might associate
with the increment of charge carriers and interface areas.
The quality of the dispersion of nanoparticles is another
important factor affecting the dielectric permittivity of poly-
mer nanocomposites. More agglomerations may provide a
large hindrance in polarization in response to the external
field and consequently induce lower dielectric permittivity
with higher losses.

Figure 10b represents the variation of loss factor with
frequency for all synthesized compositions. The loss fac-
tor shows the highest values at lower frequency regimes
and decreases exponentially with the increase in frequency.
The large values of loss factor at low frequencies follow the
Maxwell-Wagner—Sillars polarization model [31], which
associates it with the orientation of dipoles at interfaces for
extremely low values of frequencies. The loss factor sub-
stantially decreases at higher frequencies due to a decrease
in charge accumulation related to the fast periodic reversal
of the external field which consequently lowers the oriented
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Fig. 10 Imaginary part of dielectric permittivity of transition metals
incorporated ZnO-PVA polymer nanocomposites (a) ZnO-PVA, (b)
ZnO-PVA-Cr,03, (¢) ZnO-PVA-Mn,0;, (d) ZnO-PVA-Fe,0;, (e)
ZnO-PVA-NiO, and (f) ZnO-PVA-CuO

charge diffusion. AC conductivity of polymer nanocompos-
ite samples was calculated using the following equation;

oc = 2nfe”. ®

The variation of 6, was observed to increase with fre-
quency followed the universal dielectric response law as
presented in Fig. 11. The conductivity trend was found
independent of the applied field at lower frequency regimes
due to higher dispersion in the matrix while exponentially
followed the field at higher frequencies. The lower values
of band gap and higher AC conductivity of TM oxides

Table 4 Literature and reported values of dielectric parameters (g’
and tand) of different similar compositions and comparison with our
findings

Authors Materials studied tand e
Hassen et al. [16] PVA—Cr,0; NA 58
Roy et al. [10] PVA-ZnO 0.13 145
Hemalatha et al. [32] PVA-ZnO 0.25 10
Rao et al. [18] PVA-CuO NA 8.5
El Sayed and El-Gamal [33] PVA—Co50, NA 150
Ambrosio et al. [8] PVA-ZnO 1 80
Ningaraju et al. [17] PVA-NiO 5 20
This work PVA-ZnO 0.10 74

PVA-ZnO-Cr,0; 025 85
PVA-ZnO-Mn,0; 090 275
PVA-ZnO-Fe,0;  0.10 350
PVA-ZnO-NiO 290 80

PVA-ZnO-CuO 090 275

containing polymer matrix leads to the availability of more
charge carriers for polarization hence provide enhanced
dielectric permittivity with relatively low loss factors.

Conclusion

ZnO-PVA matrices were uniformly dispersed with synthe-
sized TM oxide nanoparticles. Structural information reveals
the presence of crystalline traces of corresponding nanopar-
ticles with specific orientations in the polymer matrix. The
energy band gap of ZnO-PVA was observed as 5.34 eV and
found to decrease with the addition of TM oxide nanoparti-
cles in the matrix. The least value of band gap 4.68 eV was
estimated in iron oxide nanoparticles containing composition
demonstrating the availability of more carriers for polariza-
tion in polymer nanocomposite. A sharp increase in dielectric
permittivity was observed from 74 to 350 with comparatively
low losses. The highest value of dielectric permittivity was
observed in iron oxide nanoparticles incorporated ZnO-PVA
polymer composite with a loss factor of 0.1. The lower values
of band gap and higher AC conductivity of TM oxides con-
taining polymer matrix lead to the availability of more charge
carriers for polarization.

@ Springer



2432

Journal of Polymers and the Environment (2020) 28:2422-2432

(b)
Yo 5 | —=—a
‘; —e—Db
r—y —A—C
5 Al
4
& —4e
3 ——f
2
>
° 2r
=
2
o '
(&]
Q
© 0 -_l' T T T T
2 3 4 5 6
log f
(a) 400
350
300
250
200
® 150
100
50
0 T T T T T
2 3 4 5 6
log f

Fig. 11 Imaginary part and AC conductivity variation with frequency
for transition metals incorporated ZnO-PVA polymer nanocompos-
ites (a) ZnO-PVA, (b) ZnO-PVA-Cr,03, (c) ZnO-PVA-Mn,0;, (d)
ZnO-PVA-Fe,0;, (¢) ZnO-PVA-NIO, and (f) ZnO-PVA-CuO
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