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ABSTRACT: A facile and low cost synthesis of Ni(OH). nanobelts (NBs) modified
electroactive poly(vinylidene fluoride) (PVDF) thin films with excellent dielectric properties
has been prepared via in situ formation of Ni(OH)2 NBs in PVDF matrix. Formation and
morphology of the NBs are confirmed by UV-Visible spectroscopy and Field emission
scanning electron microscopy respectively. A remarkable improvement in electroactive
phase nucleation (~82%) and dielectric constant (¢ ~ 3.1 x 10° at 20 Hz) have been observed
in the nanocomposites (NCs). The interface between the NBs and the polymer matrix plays a
crucial role in the enhancement of electroactive B phase and the dielectric properties of the
thin films. Strong interaction via hydrogen bond between Ni(OH)2 NBs and PVDF matrix is
the main reason for enhancement 3 phase crystallization and improved dielectric properties.

The NC thin films can be utilized for potential applications as high energy storage devices
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like supercapacitors, solid electrolyte batteries, self-charging power cells, piezoelectric
nanogenerator, thin film transistors and sensors.

KEYWORDS: In situ, Ni(OH)., nanobelt, PVVDF, interfacial polarization, dielectric constant

1. INTRODUCTION

Electroactive polymer nanocomposites (NCs) with colossal dielectric properties have drawn
tremendous interest due to their diverse applications including high energy density arrays of
capacitors, light switches or displays, piezoelectric or pyroelectric sensors, thin film

transistors, non-volatile memories and most recently in biomedical and electronic fields.!”

Studies on spontaneously polarized or ferroelectric polymers are increasingly gaining
importance due to their excellent dielectric, piezoelectric, pyroelectric, ferroelectric and
electro-optic properties. The basic key element of electrical and electromechanical responses
of these electroactive polymers is the storage and movement of electrical charges in the
polymer matrix. Hence, the development of electroactive polymer NCs with high electric
energy densities, which are dependent on dielectric constant and applied electric field

strength have gained tremendous interest worldwide.*®

Poly(vinylidene fluoride) (PVDF) is a well known electroactive semicrystalline polymer with
five different crystalline phases a, B, vy, 6 and €. Among these nonpolar o phase with TGTG’
(T-trans, G-gauche®, G’-gauche) dihedral conformation is thermodynamically more stable at
room temperature and pressure than the other phases. Polar or electroactive B phase with
TTTT conformation exhibits highest piezoelectric, pyroelectric and ferroelectric property
than other phases. On the other hand, polar y phase with TTTGTTG' conformation exhibits
moderate piezoelectricity.”® Thus, improving the electroactive p phase nucleation in PVDF

may lead to diverse application of the polymer.
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Although many research works have been reported to develop the electroactive B phase
crystallization in PVDF and consequently to achieve improved dielectric properties in
polymer NCs by introducing different fillers like clays,®!? ceramic filler,®® metal
nanoparticles (NPs),**%° ferrites,’®” hydrated inorganic salts,® carbon nanotubes,!%%
graphene,?! metal oxide NPs?*2* etc. However, very few have reported on the interfacial
effects of transition metal hydroxide NPs in PVDF matrix on the electroactive B phase
nucleation and the dielectric performance of the NCs. Dielectric properties and electroactive
B phase of PVDF based NCs filled with surface hydroxylated BaTiOz (h-BT) and crude
BaTiOs (c-BT) NPs have been reported by Zhou et al.?® The h-BT/PVDF NCs have showed
lower tangent loss and higher dielectric strength as well as more electroactive B phase
nucleation than the c-BT/PVDF NCs. Later, improvement in 3 phase nucleation in PVDF has
been observed in the surface hydroxylated nickel NPs-PVDF composite by Mandal et al.°

In our present work, we report a simple and effective approach to develop electroactive
polymer NC thin films with significantly high dielectric constant via in situ synthesis of
Ni(OH)2 nanobelts (NBs) in PVDF matrix. The effect of the interfaces between the Ni(OH):
NBs and the polymer matrix on the electroactive  phase crystallization and dielectric

properties have been thoroughly studied.
2. EXPERIMENTAL

2.1. Materials

The materials used in the synthesis of NC thin films are poly(vinylidene fluoride) (Aldrich,
Germany. Mw: 275000 (hpc), Mn: 107000), nickel chloride hexahydrate (NiCl2, 6H20)
(Merck, India), sodium borohydrate (NaBHz) (Merck, India), dimethyl sulfoxide (DMSO)

(Merck, India).
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2.2. In situ synthesis of Ni(OH)2 NBs modified PVDF thin films

Initially, PVDF was dissolved in DMSO (3.33 mass %) at 60°C under vigorous stirring.
Then, different molar concentrations (0.01-0.30 (M)) of NiCl, 6H20 salt was dissolved in the
previously prepared PVDF-DMSO solution under constant magnetic stirring followed by
slow addition of appropriate amount of 1 (M) NaBH4 solution in DMSO under ambient
condition. The addition of NaBH4 reduced the metal to its corresponding hydroxide NPs in
air. The colour changes from homogeneous green to blackish finally pale green indicated the
formation of Ni(OH). NPs in the PVDF matrix. The thin films were obtained by casting the
Ni(OH). NBs loaded PVDF solutions in clean Petri dishes and evaporating the solvent in a
dust free oven at 80 °C for 24 hours. Pure PVDF film was also prepared under same
condition. All the samples were dried in vacuum for 24 hours and stored in vacuum
desiccator for further studies. The thickness of as-prepared films were in the range of 70-80

pm. The sample designations have been represented in Table 1.

Table 1 Sample Designation.

Name of the Amount of Amount of Ni  Corresponding
Samples PVDF taken in salt percentage of
15 ml DMSO added the NBs
(mg) (M) (volume %)
PNi 0.01 0.01 1.2
PNi 0.05 0.05 5.7
PNi 0.10 0.10 10.7
PNi 0.15 500 0.15 15.5
PNi 0.20 0.20 19.4
PNi 0.25 0.25 23.1
PNi 0.30 0.30 26.5

PVDF 500 0 0
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2.3. Characterizations

The formation of Ni(OH)2 NBs in NCs thin films was investigated using UV-Visible
spectrophotometer (UV-3101PC, Shimadzu) in the wavelength range 300-800 nm. The
morphology and microstructures of the fractured surfaces of the NC thin films were observed

using Field emission scanning electron microscope (FESEM) ((INSPECT F50, Netherlands).

Electroactive B phase nucleation in the films were investigated using X-ray diffractometer
(Model-D8, Bruker AXS Inc., Madison, WI) with scan speed of 0.5 s/step and an operating
voltage of 40 kV with 20 range from 15° to 60° using Cu-K, radiation. Then the samples were
further characterized using Fourier transform infrared spectroscopy (FTIR-8400S, Shimadzu)
to determine the effect of NBs on phase crystallization. The absorbance data of the films were
noted in the wavenumber range from 400 cm™ to 1100 cm™ with a resolution of 4 cm™. 50
scans were carried out for each sample. The fraction of B-phase (F(f)) in the films were
calculated from IR spectra using Lambert-Beer law as follows,
Ag

F(B) = myt— 1
& 2 )

o at A'g

Where, A, and Asare the absorbance at 764 cm™ and 840 cm™, respectively and Ky (7.7 x 10*
cm? mol?) and K, (6.1 x 10* cm? mol?) are the absorption coefficients at the respective

wavenumber.® 16:24

The Micro-Raman spectra of the samples were investigated using a Jobin Labram HR

spectrometer (Horiba Jobin Yvon Tech., France). A He-Ne laser of wavelength 785 nm was
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used to excite the samples and the data were recorded in the wavenumber range from 400 cm”
! to 1000 cm™.

The crystallization and melting behaviour of the pure PVDF and NBs modified PVDF thin
films were analysed using a Differential scanning calorimeter (DSC-60, Shimadzu (Asia
Pacific) Pte. Ltd.,Singapore) under N. gas atmosphere. All the samples were heated from
80°C to 200°C at a heating rate of 5°C/min. The degree of crystallinity (Xc) of the films was

calculated from DSC thermographs using the following equation:

Xe= AHm / AH100% 2)

Where, 4Hn is the melting enthalpy of the films and 4H100% is the melting enthalpy of 100%

crystalline PVDF with value 104.6 J/gm. 24

The capacitance (C) and tangent loss (tano) were studied using digital LCR meter (Agilent,
E4980A) at 1 V signal for the frequency range from 20 Hz to 1 MHz in a sample holder
contained circular Ag electrodes at ambient condition. The dielectric constant (¢) and the ac

conductivity (oac) of the samples were calculated using following equations respectively,

e=C.d/&A (3) and Oac= 2mféoe tano (@))]
where, d and A are the thickness and area of the samples respectively and f is the frequency in

Hz applied across the films and o is permittivity of free space with value 8.854 x 102 F.m™.

9,24
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3. RESULTS AND DISCUSSIONS

3.1. UV-Visible spectroscopy

The UV-Visible absorbance of pure PVDF and the Ni(OH)> NBs modified PVDF thin films
(PNi 0.01, PNi 0.05, PNi 0.10, PNi 0.15, PNi 0.20, PNi 0.25 and PNi 0.30) are shown in

Figure 1. For pure PVDF film no characteristic absorption peak was observed.

510 =
) — PVDF
18- — PNi 0.01

] —PNi0.05
16 - ——PNi0.10
. ——PNi0.15
1.4 5 —PNi 0.20
: —PNi0.25
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Figure 1: UV-Visible absorption spectra of pure PVDF and Ni(OH). NBs modified PVDF thin films.
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But for Ni(OH). NBs modified PVDF thin films two wide absorption peaks centred at 375-
440 nm (~3.1 eV) and 650-750 nm (~1.77 eV) were observed which confirms the formation
of Ni(OH)> NBs in PVDF matrix. It was also observed that the absorption intensity of two
absorptions peaks is increased with the Ni(OH). content confirming the completion of the
reaction between salt and NaBH4 to Ni(OH).. The two absorption peaks are due to the
transitions of Ni%* in oxygen octahedral sites from the ground state 3Azg to 3T14(P) and 3T14(F)

states.?’%9
3.2. Morphology and Microstructure of the Ni(OH)2 NBs modified PVDF thin films

The morphology and microstructures of pure PVDF and Ni(OH)2 NBs-PVDF thin films as
well as formation of NBs were investigated using field emission scanning electron
microscopy (FESEM). Figure 2 and 3 show the FESEM images of the samples. Formation of
well define uniformly distributed belt like Ni(OH). nanostructures (about 200 nm width) have
been observed up to 23.1 volume% doped films (PNi 0.01, PNi 0.05, PNi 0.10, PNi 0.15, PNi

0.20 and PNi 0.25) but for PNi 0.30 sample the Ni(OH)2 is agglomerated in the P\VDF matrix.

Page 8 of 27
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Figure 2: FESEM images of (a) pure PVDF and the fractured surface of (b) PNi 0.01, (c) PNi 0.05

and (d) PNi 0.10 samples.
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Figure 3: FESEM images of the fractured surface of (a) PNI 0.15, (b) PNi 0.20, (¢) PNi 0.25 and (d)

PNi 0.30 samples.

3.3. Formation of electroactive p phase in PVDF

3.3.1. X-ray diffraction analysis

The crystal structures of pure PVDF and the Ni(OH)2 NBs modified PVDF thin films were
studied using X-ray diffractometer. Figure 4a shows the X-ray diffraction (XRD) patterns of
pure PVDF and Ni(OH)./PVDF films. The peaks corresponding to Ni(OH)2 NBs and any
other possible impurity phases were not observed in any of these XRD patterns. Thus XRD
pattern also confirmed formation of non-crystalline or amorphous Ni(OH)2 NBs and uniform
distribution of the NBs in PVDF matrix. The diffraction pattern of pure PVDF shows peaks at
26 values of 17.4° (100), 18.0° (020), 19.7° (021) and 26.3° ((201), (310)) corresponding to o

phase and 38.5° (211) for y phase. But in the Ni(OH)./PVDF films, all peaks corresponding
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to o or y phases disappeared indicating phase transformation. Only two characteristic peaks

of electroactive B phase appear at 20.5° ((110), (200)) and 36.4° ((020), (101)) confirming [

phase nucleation in the nanocomposite samples.”°
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Figure 4: (a) XRD patterns of pure PVDF and Ni(OH). NBs modified PVDF thin films and (b) Ratio

of o5 and ligo Of the thin films.

However on a closer observation of the XRD patterns show that the intensity and sharpness

of the main peak of B-phase (20 =20.5°) have been increased up to 10.7 volume % loaded

samples and then decreased for higher NBs concentrations. The ratio of the intensity of the

peak at 20.5° and 18.0° (l2o5 / l1s.0) yields an measure of o and B phase content in samples.

26

In pure PVDF, the ratio is found to be 0.95, which increases with Ni(OH)> NBs content and

attains maximum value 12.7 for PNi 0.10 (Figure 4b). Thus, XRD results suggest that the

electroactive B phase crystallization in PVDF is significantly improved due to nucleating

action of the Ni(OH)2 NBs.

3.3.2. Fourier transform infrared spectroscopy
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Fourier transform infrared (FTIR) spectroscopy is one of the finest techniques for
determining a, B, and y phases of PVDEF. FTIR study have been performed to investigate
different crystalline polymorphs present in pure PVDF and Ni(OH)2/PVDF thin films which
is shown in Figure 5. The FTIR spectrum of pure PVDF exhibits absorbance bands at 489
cm™? (CF, waging) 533 cm™ (CF; bending), 615 and 764 cm™ (CF, bending and skeletal
bending), 796 and 975 cm™ (CH: rocking) corresponding to o-phase and tiny absorbance
band at 840 cm™ (CH; rocking, CF: stretching and skeletal C-C stretching) which is due to B

phase (Figure 5a).

(b) ]

PNi 0.15
PNi 0.20

PNi 0.25
PNi 0.30

60 PNI0O1

PVDF

r T = T T T T ! T T T T T T 1
400 500 600 700 800 900 1000 1100 0 5 10 15 20 25 30

-1
e Ni(OH), content (vol %)

Figure 5: (a) FTIR spectra of pure PVDF and Ni(OH), NBs modified PVDF thin films and (b) F(5)
of the thin films. Error bars represent the standard deviation of the experiment conducted in triplicate

and were assessed by one way ANOVA using graph pad Instat version 5.0 software.

But, for Ni(OH). NBs loaded PVDF films all characteristic absorbance bands corresponding
to o phase are almost absent. Only the band at 615 cm™ is still present for sample PNi 0.01,
PNi 0.05 and PNi 0.10 but for other samples the absorbance bands corresponding to o phase
are totally diminished. The characteristic absorbance bands due to electroactive  phase at
476 cm™ (CF, deformation) 510 cm™ (CF; stretching), 600 cm™ (CF. wag) and 840 cm?
(CH2 rocking, CF» stretching and skeletal C-C stretching) are appeared prominently for all

NBs modified polymer samples.” ® % The intensity of B-PVDF characteristic bands is
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significantly increased up to 10.7 volume% Ni(OH), NB loaded PVDF films and then
decreases at higher NB concentrations. The decrease in B-PVDF characteristic bands may be
attributed to the confinement of the movements of polymer chains to longer TTTT

conformation due to high doping of the NBs.

The fraction of electroactive  phase content ( F(5) ) in pure PVDF and Ni(OH)2 NBs loaded
PVDF thin films have been calculated from FTIR spectra using equation 1. Variation of F(5)
(%) with the NBs content (volume%) is graphically presented in Figure 5b. For pure PVDF
F(p) is found to be 38 % which increases with NI(OH)> NBs content. The F(f) is attained a
maximum value of 82 % at 10.7 volume% loading of Ni(OH)2 NBs in PVDF matrix. Thus, it
is also confirmed from FTIR spectroscopy that the electroactive p phase stabilization and

nucleation is accelerated by the Ni(OH)2 NBs.
3.3.3. Raman spectroscopy

Figure 6 represents the micro-Raman spectra of the samples which also confirmed the

formation of electroactive 3 phase in the Ni(OH)2 NBs modified PVDF thin films.

In pure PVDF film, only one Raman band at 796 cm™ (CH. rocking) corresponding to
nonpolar a phase is observed. But for Ni(OH)2/PVDF thin films the Raman intensity of the
band 796 cm™ is decreased. Four new Raman bands at 510 cm™ (CF; stretching) (PNi 0.05
and PNi 0.10) and 840 cm™ (CH2 rocking, CF. stretching and skeletal C-C stretching)
corresponding to electroactive B phase, 812 cm™ (CH, out-of plane wag) corresponding to
polar y phase have been appeared. ® ** Once again, the Raman intensity of the main B-PVDF
bands at 510 cm™ and 840 cm™ attained maximum for PNi 0.10 sample which is consistent

with XRD and FTIR data.
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Figure 6: Micro-Raman spectra of pure PVDF and Ni(OH). NBs modified PVDF thin films.

3.3.4. Differential scanning calorimetry

Differential scanning calorimetry (DSC) was also used to complement XRD, FTIR and
Raman spectroscopy data for the identification of different crystalline phases of PVDF.
Figure 7 shows the DSC thermographs of the samples. A strong melting peak at 163.62°C
suggested a phase crystallization and a tiny side peak at 166.3°C refers to some presence of
electroactive B phase content in pure PVDF thermograph. However, the melting temperature
(Tm) of the NBs loaded films was found to increase by almost 5°C. This is suggested due to
more B-phase nucleation in the Ni(OH). NBs modified PVDF films than the pure PVDF film

which is consistent with XRD, FTIR and Raman spectroscopy results.® 1220
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DSC thermographs give the information about the enthalpies of fusion or melting enthalpies
as well as the degree of crystallinity of the samples. The melting enthalpies (4Hm (J/g)) of
pure PVDF and the Ni(OH). NBs modified PVDF films are evaluated from the DSC
thermographs. Therefore, the degree of crystallinity ( Xc ) of the thin films are calculated
using equation 2. An increase in melting enthalpies is observed up to 10.7 volume% Ni(OH)>

NBs loaded samples compared to pure PVDF and then decreases for higher loading of the

Physical Chemistry Chemical Physics

NBs in PVVDF matrix implying an increase in X values also (Figure 7b and c).

(a)

<«+—— Endothermic

Figure 7: (a) DSC thermographs of pure PVDF and Ni(OH). NBs modified PVDF thin films and
Evaluation of (b) enthalpy of fusion and (c) degree of crystallinity of pure PVDF and Ni(OH), NBs
modified PVDF thin films with increasing NPs content from DSC thermographs. Error bars represent

the standard deviation of the experiment conducted in triplicate and were assessed by one way
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The X values increase with the NBs content and achieve maximum about 53.75% for 10.7
volume% loading (PNi 0.10) (Figure 7c). Increase in crystallinity than pure PVDF for lower
loading of the Ni(OH). NBs (up to 10.7 volume%) is due to the nucleating action of the
NBs.® 2 Higher doping of the NBs in PVDF leads to confinement of the movements of the
polymer chains and deceleration of the nucleating or catalytic action of the NBs as the
number of nucleation points grows so much that the § spherulites i.e. grains cannot be formed

resulting decrease in X values. %2+ 31
3.4. Mechanism of electroactive § phase crystallization

Though the nucleation of electroactive p phase in the samples is observed by XRD, FTIR,
Raman spectroscopy and DSC data and the interfacial interaction has been observed by
FESEM micrographs. It is necessary to investigate the possible interaction between the
Ni(OH)2 NBs and the polymer which promotes the electroactive B phase crystallization in the
NCs. Our previous work on clay mineral-PVDF and Fe;O3 or Co3O4 NPs-PVDF thin films
suggest that the strong interaction between the positive CH> dipoles of the polymer chain and
the negatively charged surfaces of the clay minerals or the NPs leads to stabilized longer

TTTT conformation on the clay mineral surfaces.® 2

In present study, the formation of electroactive B-phase may be discussed in terms of
hydrogen bonds development in the NC films which leads stronger interaction between
Ni(OH), NBs and the PVDF matrix.?> 2 When the Ni(OH), NBs are formed by in situ
process in PVDF matrix, the hydrogen bonds are formed between the fluorine (F) atoms of
PVDF and the -OH groups of the Ni(OH)> NBs. During the films formation at 80 °C, the
surfaces of NBs act as substrates of B-phase crystallization. Thus, strong interaction between
the F atoms of PVDF and the -OH groups Ni(OH)2 NBs leads to the alignment of stabilized

PVDF chains on the surfaces of NBs in longer all trans or TTTT conformation i.e.

Page 16 of 27
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electroactive  phase. Similar type of interactions between the fluorine (F) atoms of PVDF
and the -OH groups via hydrogen bonds were reported in dielectric study of hydroxylated
BaTiOs- PVDF composites® and magneto-dielectric study of hydroxylated Ni-PVDF

composites.?®

TTTT conformation

TTTT conformation

Figure 8: Schematic diagram of proposed P phase transformation mechanism.

The existence of small amount of TTTGTTTG' conformation i.e. y phase (Figure 6) in some
films is due to gauge effect developed due to easier local internal chain rotation. Figure 8
shows the schematic diagram of possible interaction mechanism between the NBs and PVDF

chains during the formation of electroactive f-phase.

3.5. Dielectric properties of the thin films

3.5.1. Ni(OH)2 content dependence of the dielectric properties
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Figure 9 shows the variation of dielectric constant and tangent loss of the Ni(OH). NB
modified PVDF films as a function of NB content at 20 Hz, 10 KHz, 100 KHz and 1 MHz.
Increase in dielectric constants with Ni(OH). NBs loading have been observed up to 23.1
volume% loading of NBs and decreases for further loading. Tangent losses of Ni(OH)2> NBs
loaded PVDF films increase in a nonlinear fashion with NB content due to occurrence of
different Debye like relaxations i.e. tangent loss peak at different frequency for different
loading of the NBs. Closer observation shows that for higher frequencies (100 KHz and 1
MHz) the dielectric constants of the NCs have been increased almost linearly with Ni(OH)>
NBs content up to 23.1 volume% loading of the NB, suggesting that the high frequency

dielectric constant of the NCs are influenced by the dipolar polarization of Ni(OH). NB itself.
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Figure 9: Ni(OH), NBs content dependence of dielectric constants and tangent losses at (a) 20 Hz, (b)

10 KHz, (c) 100 KHz and (d) 1 MHz. Error bars represent the standard deviation of the experiment
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conducted in triplicate and were assessed by one way ANOVA using graph pad Instat version 5.0

software.

At low frequencies (20 Hz and 10 KHz) dielectric constant improves linearly up to 10.7
volume% loading of the NBs but a dramatic improvement of dielectric constant in a nonlinear
fashion has been observed for higher loading of the NBs up to 23.1 volume% which may be

due to reaching the percolation threshold.

Figure 10 shows the dependence of ac conductivities of the samples on NBs loading
concentrations at 20 Hz, 10 KHz, 100 KHz and 1 MHz. Like dielectric constant, a sharp
increase in ac conductivity at 23.1 volume% loading Ni(OH)2 NBs is also observed for lower
frequencies (20 Hz and 10 KHz) and linear increment for higher frequencies (100 KHz and 1

MH2z).

The tremendous improvement in dielectric constant at lower frequencies upon reaching
percolation threshold is mainly from the interaction between polymer chain and NBs is
because of two facts: firstly, due to the occurrence of the synergetic effect between the PVDF
matrix and the Ni(OH). NBs fillers, mainly at lower concentration of the NBs (23.1
volume%).2° There are still no report about the dielectric constant of Ni(OH)2 NPs. So, to
verify the synergetic effect, we have prepared Ni(OH). NPs under same condition and found
the dielectric constant of Ni(OH). to be about ~ 3500 at 20 Hz. It is to be noted that the
dielectric constant (~3.1 x 10° at 20 Hz) of the NC is larger than PVDF and Ni(OH) alone.
Secondly, due to the Maxwell-Wagner-Sillars (MWS) interfacial polarization effect which
appears in heterogeneous medium consisting of phases with different dielectric constant and
conductivity i.e. with different relaxation time due to accumulation of the charges at the
interfaces of the two dielectric materials.® 25 %3¢ Thus, due to difference in dielectric

properties or difference in relaxation time the charge carriers are confined significantly at the
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interfaces of the PVDF and Ni(OH). NBs (Figure 8) resulting in strong MWS interfacial
polarization and huge improvement of the dielectric constant of modified PVDF thin films.
The effective interfacial areas between the NBs and polymer matrix i.e. the MWS interfacial
polarization effect is also intensified greatly due to the formation of donor-acceptor
complexes or the hydrogen bonds between the F atoms of PVDF chains and the -OH groups
of the Ni(OH)2 NB at Ni(OH).-PVDF interfaces.?> *” The NBs are well separated from each
other with no such effective interaction between them at low concentration. But, with
increase in Ni(OH)2 NB content, the interfacial area per unit volume increases while the inter
particle distance decreases. This raises the average polarization linked with the NBs and
coupling between neighboring grains of polymer resulting in colossal dielectric improvement
of the thin films. Homogeneous distribution of the NBs in PVDF matrix up to 23.1 volume%
loading (Figure 2 and 3) results in large interfacial area per unit volume of the NBs which

significantly enhances the MWS interfacial polarization in the films.*®
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Figure 10: Ni(OH). NBs content dependence of ac conductivities at 20 Hz, 10 KHz, 100 KHz and 1
MHz. Error bars represent the standard deviation of the experiment conducted in triplicate and were

assessed by one way ANOVA using graph pad Instat version 5.0 software.

Further loading of the NBs reduces the interfacial area per unit volume as well as the

dielectric constant and ac conductivity due to agglomeration of the NBs (Figure 3b).
3.5.2. Frequency dependence of the dielectric properties

Figure 11 shows the frequency dependence of the dielectric constant and tangent loss of the
Ni(OH)2 NBs modified PVDF thin films at room temperature and atmospheric pressure.
Noticeable steplike decrease in dielectric constant towards high frequencies (Figure 11a)
associated with tangent loss peaks at different frequencies (Figure 11b) have been observed.

This step like reduction in dielectric constant with frequency is readily explained by MWS
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interfacial polarization mechanism.*>% At lower frequencies the space charge accumulation
and short-range dipole-dipole interactions at the semiconducting Ni(OH)2> NBs-insulating
PVDF interfaces result in strong interfacial polarization as well as giant dielectric constant.
Though with increasing frequency, the MWS interfacial polarization in the NCs is restricted
due to the confinement of the charge carriers and molecular movement but a weak frequency
dependency has been observed in the NC samples due to strong interfacial interaction via the
formation of hydrogen bonds between the F atoms of polymer matrix and the —OH group of
the NBs.?> 37 The Debye like dipolar relaxations or tangent loss peaks are mainly for large
dielectric response. Interesting fact is that with increasing doping concentration of Ni(OH):
NBs, the tangent loss peaks are shifted towards higher frequencies.® 3¢ This shifting in
relaxation peaks are attributed to the strong dipolar relaxation effect caused by the Ni(OH)2
NBs which is bonded to PVDF matrix via hydrogen bond between the F atom of polymer and

-OH group in NBs schematically shown in Figure 8.2°
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Figure 11: Frequency dependence of dielectric properties of pure PVDF and Ni(OH), NBs modified

PVDF thin films: (a) dielectric constant and (b) tangent loss.
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Figure 12: Frequency dependence ac conductivity of pure PVDF and Ni(OH), NBs modified PVDF

thin films.

Figure 12 shows the dependence of the ac conductivity of pure PVDF and the Ni(OH)> NBs
modified PVDF thin films with frequency. The ac conductivity of pure PVDF thin film
increases with frequency. But the ac conductivity of Ni(OH)2> NBs modified PVDF thin films
increases slowly than pure PVDF with increasing frequency (PNi 0.01, PNi 0.05 and PNi
0.10) and almost no change in ac conductivity for higher doping of the NBs in PVDF (PNi
0.15, PNi 0.20, PNi 0.25 and PNi 0.30) though the ac conductivity of the samples increases
with doping concentration up to 23.1 volume% of NBs. The results suggest that the ac
conductivities of the Ni(OH)> NBs modified PVDF thin films shows good frequency
stability. The conductivity at low frequency region is mainly controlled by dc conductivity
and at higher frequencies, it is distinguished by frequency dependent conductivity which

confirms the ac conductivity with dipolar polarization effects and dipolar relaxations.® The
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molecules of the Ni(OH)2> NBs modified PVDF thin films are much abstained due to strong
hydrogen bond between the F atom of polymer and -OH group in NBs and at high frequency
dipolar polarization does not happen due to no availability of time for alignment of the
molecules to the applied electric field.?> 2® Thus, the Ni(OH)2 NBs modified PVDF thin films
exhibit poor dependence of ac conductivity on frequency. Highest ac conductivity is found

for PNi 0.25 about 1.384 x 102 S/cm.

4. CONCLUSIONS

Ni(OH)2 NBs modified PVDF NC thin films have been prepared by a simple soft chemical
approach. About 82 % electroactive  phase nucleation is achieved by loading 10.7 volume%
Ni(OH)2 NBs in PVDF matrix. Strong interfacial interaction via hydrogen bonds between the
F atoms of the polymer chains and —OH groups of Ni(OH). NBs leads to formation long

TTTT conformation on the surfaces of the NBs.

Colossal dielectric constant about 3.1 x 106 at 20 Hz is achieved by loading 23.1 volume% in
situ Ni(OH)2 NBs in PVDF matrix and weaker frequency dependency of the ac conductivity
is also observed due to the formation of hydrogen bonds in Ni(OH). NBs modified PVDF
thin films. So, the highly improved electroactive and dielectric thin films may find use in
developing diverse film based energy storage devices, high performance electromechanical

devices, piezoelectric nanogenerator, thin film transistors, sensors and actuators.
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