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Abstract 

The casting method is employed to produce the nanocomposite samples of ZnO/poly (vinylidene fluoride-

trifluoroethylene) PVDF-TrFE with various contents of ZnONPs. Various techniques such as FTIR, XRD, DSC, 

UV-Vis and TGA are used to advance appreciation of the microstructure of PVDF-TrFE after embedding of ZnO 

nanoparticles.  XRD showed that the electroactive b-phase fraction is enhanced and other parameters describe the 

crystalline structure like size of crystals, internal strain of lattice and density of dislocation are estimated. 

Analysis of FTIR spectra showed an interaction between PVDF-TrFE and ZnONPs and this explained the 

enhancement and growth of the electroactive b-phase fraction.  DSC measurements showed that the temperature 

of ferroelectric to paraelectric phase transition is reduced from 404 K for PVDF-TrFE to 377 K for 1.25 wt% 

ZnO/PVDF-TrFE nanocomposite sample. TGA analysis of PVDF-TrFE revealed that with rising the content of 

ZnO NPs, the thermal stability enhanced. The impact of ZnO NPs on the behavior of the optical properties like 

absorbance, refractive index (n), extinction coefficient (k), indirect and direct optical band gap energy (Eig and 

Edg), oscillator and dispersion energies (Eo and Ed), oscillator strength (f) and parameters of nonlinear and linear 

optical (NLO) of ZnO/PVDF-TrFE nanocomposites are investigated in more details. The improvement of 

nonlinear optical parameters recommends them to be applied in various applications of nonlinear optical devices 

and optoelectronics. 

KeyWords: PVDF-TrFE, β-polar phase, Band gap, harvesting energy, Piezoelectric coefficient. 

1. Introduction 

PVDF and their copolymers are electroactive 

fluoropolymers and this family is known for its 

unique piezoelectric and ferroelectric properties.  

Ability of these materials to convert mechanical 

stress into electrical charge and vice versa makes 

them suitable for many applications in soft and 

flexible electronics [1-3]. PVDF is a semi-crystalline 

polymer and crystallizes in various phases, i.e. α, β, 

γ, δ and ε-phase.  α-phase has a chain conformation 

of TGTG/ and γ phase has a TTTGTTG/ 

conformational pattern with lower piezoelectricity 

than β phase.  β-phase has a higher piezoelectric 

activity since the polymer chain containing monomer 

of (CH2-CF2) units align as all-trans (TTTT) 

conformation. Also, owing to large difference in 

electronegativity between hydrogen and fluorine 

atoms and carbon atoms, a strong dipole moment will 

arise, resulting in macroscopic polarization within the 

material [4, 5]. After the synthesis process PVDF is 

obtained in mainly non-polar α-phase. However, it 

can be converted into β phase under high pressure 

through many complex treatments like 
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crystallization, mechanical deformation or doping 

with other materials [6]. In order to avoid such 

procedures, PVDF-TrFE copolymer is used which 

crystallizes to a crystalline structure often similar to 

β-phase facilitating the preparation of the 

electroactive polymer thin film.  The addition of the 

co-monomer of trifluoroethylene (TrFE) into the 

VDF directly show enhancement of PVDF-TrFE 

copolymer crystallinity inβ-phase without the need 

for mechanical pretreatment.  The ratio of TrFE in 

the copolymer will determine the crystal structure 

while VDF content controls the electrical structure 

stability. At molar concentrations above 11% of 

TrFE, defects due to the existence of bulky fluorine 

will prevent trans-gauche formation of paraelectric α-

phase (hexagonal conformation) phase under Curie 

temperature (Tc) [7, 8]. 

Currently, nanocomposite materials are attracting 

a lot of attention because of its noteworthy optical 

and piezoelectric properties [9-11]. Nanocomposites 

with novel and unique properties can be obtained by 

successfully combining the properties of the main 

components of these materials in one material.  These 

materials, whether pure organic polymers or 

inorganic nanoparticles (INPs), differ with certain 

optical and electronic properties, are therefore widely 

used in optical applications such as light-emitting 

diodes (LEDs), optical guides, lenses, optical 

switches, and nonlinear optical instruments [12]. 

Incorporation of INPs into an organic polymer 

exhibits unique properties that enhance several 

physical properties of nanocomposites, which are 

different from those of ordinary materials [13, 14].  

Significant and obvious changes in these properties 

can be observed even for a very small nanoparticles 

(NPs) fraction. 

Some reports in a literature revealed that by 

adding of ZnO NPs to an organic polymer improved 

the electronic and optical behavior of the polymer 

due to the interfacial interaction between organic 

polymer and INPs [15-17]. As well known, ZnO is a 

semiconductor nonlinear optical nanomaterial with 

energy bandgap of 3.3 eV having a Wurtzite 

hexagonal structure with exciting applications in the 

field of optoelectronics technology such as solar 

cells, light-emitting diodes (LEDs), sensors, 

transparent conductors and piezoelectricity [12, 18]. 

Hence nanocomposite of ZnO/PVDF-TrFE can be 

used as UV shielding due to its superior absorption 

capacity.   

Our present study aimed to investigate the 

influence of ZnONPs on the structural, optical and 

piezoelectricity properties of ZnO/PVDF-TrFE 

nanocomposite samples with different ZnO NPs 

content. This study is mainly focused on the analysis 

of XRD pattern, FTIR spectra, absorption spectrum, 

optical bandgap, nonlinear optical parameters, 

thermal degradation and piezoelectric activity of 

PVDF-TrFE doped with different ZnO 

concentrations. 

2. Experimental Work 

 

2.1 Materials 

 

PVDF-TrFE copolymer powder with 65 mol% of 

VDF and 35 mol% of TrFE is supplied from Solvay 

(Belgium).  ZnO nanoparticles is supplied and 

synthesized in polymer laboratory, physics 

department, Mansoura University with crystal size of 

32 nm [19].  Dimethyl formamide (DMF) is supplied 

from El Nasr pharmaceutical chemical co. (Egypt). 

 

2.2 Preparation method 

 

PVDF-TrFE and ZnO NPs are dissolved 

separately at 323 K under continuous stirring in DMF 

until completely dissolved. Then both solutions are 

mixed and stirred for 2 hours, then sonicated for 30 

min. The resulting mixture is then poured at 373 K 

on a glass petri dish for three hours in an oven until 

the solvent volatilized, then the film was ready for 

measurements.  The obtained samples have a circular 

shape with a diameter of 1cm and a thickness in the 

range of 30-50 mm,  

 

2.3 Characterization tools 

 

Measurements of XRD pattern are performed by a 

Bruker D8 advance powder XRD with a Cu Kα 

radiation source (λ = 1.5418 Ǻ) at a current of 50 mA 

and voltage of 40 kV. The rate of scan is 3°/min in 

the range of 2θ from 50 to 70o.  ATR-FTIR spectra 

carried out at room temperature in ambient air in the 

wavenumber range from 4000 to 400 cm-1 using 

Thermo Scientific iD5 ATR spectrometer with a 

spectral resolution of 1 cm-1.  Measurements of 

differential scanning calorimetry (DSC) are 

performed by NETZSCH STA 409C/CD instrument 

in a range of temperature from 300K to 500K with 

rate of heating of ~ 10 K/min. Measurements of 

thermogravimetric analysis (TGA) are obtained using 

TGA-50 SHIMADZU thermogravimetric analyzer 

with temperature range from 303 K to 1073 K. UV- 
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Vis spectra are measured with wavelength range 

extends from 200 to 1100 nm using an ATI Unicam 

UV-Vis spectrophotometer (Mattson Co.).  

Piezoelectric activity measurements are performed 

at various stresses from 2.45 x 105 to 6.24 x 105 Pa 

by applying different loads at different measuring 

temperature Tm from 313K to 353K on the samples 

which are polarized by a fixed electric polarizing 

field Ep= 1x107 V/m at polarized temperature Tp=353 

K for polarized time tp= 20 min. Using Keithley 610c 

electrometer, the piezoelectric current is measured.  

The sample temperature is controlled and measured 

by a temperature controller system (Digi-Sence, 

Cole-Parmer Co., USA) 

3. Results and Discussion 

3.1  XRD 

 

 

 

 

 

 

Fig. 1: XRD patteren of a) pure PVDF-TrFE and 

ZnO/PVDF-TrFE with several contents of ZnONPs  

b) 0.5 wt%, c)0.75 wt%, d)1 wt% and e) 1.25 wt%. 

 

XRD measurements are performed to identify b-

phase crystal structure in the nanocomposite samples. 

Fig. 1 illustrates XRD pattern of pure PVDF-TrFE 

and ZnO/PVDF-TrFE nanocomposite samples.  

The diffraction peaks at 2θ=19.68° and 34.82o of β-

phase in PVDF-TrFE with (110)/(200) and (020) 

planes are observed, as shown in Fig. 1a, confirming 

the semicrystalline nature of PVDF-TrFE[20].  

 

The diffraction peak at 34.82o corresponds to the 

orthorhombic b-phase crystal, confirming the 

existence of the ferroelectric b-phase [21].  Upon 

doping with ZnO NPs a slight change in the intensity 

and position of β-phase diffraction peaks in the 

highly doped sample of ZnO/PVDF-TrFE 

nanocomposites is observed [22] , as shown in Fig. 

1e. These results indicate that the polar b-phase of 

PVDF-TrFE enhanced successively after doping with 

ZnO NPs. This means that these nanocomposites 

may show a better piezoelectric response [23].  The 

crystal size (D), internal lattice strain (e) and 

intercrystallite distance (R) values of the investigated 

samples are computed using Debye-Scherrer 

equation as follows [24, 25]: 

   

 

                                 (1a)                                              

 

                                 (1b) 

 

 

(1c) 

where β, λ,  are the wavelength, FWHM and 

diffraction angle, respectively. Various another 

structural parameters such as the number of 

crystallites per unit area (Nc) and the density of 

dislocation (δ) are estimated using the following 

expression [26,27]: 

 

 

(2a) 

 

 

 

(2c) 

 

 

where d is the sample thickness.  The parameters of 

the structure calculated and listed in Table 1.     

 

Table 1: Structural parameters of ZnO/PVDF-

TrFEnanocomposites 

 

 

Structural 
parameters 

PVDF-TrFE 0.5 wt%ZnO/ 
PVDF-TrFE 

0.75 wt% ZnO/ 
PVDF-TrFE 

1 wt% ZnO/ 
PVDF-TrFE 

1.25 wt% ZnO/ 
PVDF-TrFE 

D(nm) 12.97 11.68 12.71 12.55 13.10 

ɛ 1.64x10-3 1.78x10-3 1.63x10-3 1.67x10-3 1.59x10-3 
R(Å) 5.66 5.56 5.54 5.58 5.56 

Nc(nm-2) 22.86 31.32 24.29 25.29 22.22 
δ(nm-2) 5.93x10-4 7.32x10-4 6.18x10-4 6.34x10-4 5.82x10-4 

SF 0.030 0.033 0.030 0.031 0.029 

(2b) 
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3.2  FTIR Spectroscopy  

 

FTIR spectra of PVDF-TrFE and ZnO/PVDF-

TrFE nanocomposites with various concentrations of 

ZnONPs in the region 1600-400 cm-1 are given in 

Fig. 2. FTIR spectrum of pure PVDF-TrFE showed 

many absorption bands such as 1426, 1402, 1184, 

1122, 1079, 884, 846, 506 and 478 cm-1. The 

absorption bands at 1426 1122, 884 and 846 cm-1 are 

related to β-phase. These vibration bands confirmed 

the existence of ferroelectric β-phase in the PVDF-

TrFE copolymer [28].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Band at 1402 cm-1 is related to the combination 

between , andphases [29].  The band of 

absorption at 1079 cm-1 is ascribed to combination 

ofandphasesThe band at 478 cm-1 is 

attributed to phase [20]. Upon doping with ZnO 

NPs the intensity of vibration bands  characterizing 

the -phase are increased in comparison to the bands 

of -phase with increasing ZnO NPs content. The 

electroactive β-phase fraction F(β) in the 

nanocomposites is computed with follows 

[31]:  

 

𝐹(𝛽) =
𝐴𝛽

(𝐾𝛽/𝐾α)𝐴α+𝐴𝛽
   (3) 

 

where Aα  is the intensity of absorption peak of α-

phase at 772 cm-1 and  Aβ is the intensity of  β phase 

at 846 cm−1. Also, Kα  and Kβ are the absorption 

coefficients of these respective bands and equal 

 6.1 × 104 and 7.7 × 104 cm2 mol−1, respectively [30].  

 

It is found that, the electroactive β-phase fraction 

has been enhanced and increased from 87.22% of 

pure PVDF-TrFE to 91.3 % for 1 wt% ZnO/PVDF-

TrFE nanocomposite sample. 

 

 

 

 

 

 

 

 

3.3 Differential scanning calorimetry (DSC) 

analysis 

 

DSC measurements of ZnO/PVDF-TrFE 

nanocomposites are carried out in the temperature 

range from 300 to 490 K with rate of heating of 10 

K/min as given in Fig. 3.  The ferroelectric to 

paraelectric transition (Tc) peak of the pure PVDF-

TrFE is observed at 404 K and reduced to be 377 K 

for 1.25 wt% ZnO/PVDF-TrFE nanocomposite 

sample. The endothermic peak at 423 K is related to 

the melting temperature (Tm) of the crystalline phase 

of PVDF-TrFE[7].  As illustrated in Fig. 3, a 

noticeable decreasing in the melting point of PVDF-

TrFE than that of ZnO/PVDF-TrFE nanocomposite 

Fig. 2: FTIR spectra of a) pure PVDF-TrFE and ZnO/PVDF-TrFE with different concentrations of 

ZnONPs  b) 0.5 wt%, c)0.75 wt%, d)1 wt% and e) 1.25 wt%. 
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samples is observed.  The broader endothermic peak 

of pure PVDF-TrFE which is observed at around 423 

K shifted towards lower (Tm) values for ZnO/PVDF-

TrFE nanocomposites. The lowest Tm value is 

obtained at around 417 K for the highly doped 

sample. The increase of ZnO NPs content will 

decrease the intermolecular interaction between 

chains of PVDF-TrFE and thus the crystal structure 

of the PVDF-TrFE will disturb [33].  A significant 

reduction in the transition point of ferroelectric to 

paraelectric is observed with increasing the content 

of ZnO nanoparticles.  The values of Tc and Tm of 

pure PVDF-TrFE and ZnO/PVDF-TrFE 

nanocomposites are given in Table 2.  

Table 2:  Values of Tc and Tm of ZnO/PVDF-

TrFEnanocomposites. 

 

 
 

 

3.4 TGA/DTG analysis 

 

Fig. 4 illustrates variation of weight losses and the 

first derivative (DTG) curves of ZnO/PVDF-TrFE 

nanocomposite samples.  It is observed that pure 

PVDF-TrFE is very stable till temperature as high as 

716 K. After that temperature, the degradation occurs 

in one stage with a weight loss of 98.42% at a 

maximum temperature of 762.5 K, as shown in Fig. 

4a. 

The process of thermal decomposition of 

PVDF-TrFE  is described by scissions of C-F and C-

H of the polymer main-chain, the scission of C-H is 

occurred in a first step as a result of C-F bond 

strength (460 kJ/mol) unlike C-H bond of (410 

kJ/mol) [34]. The combination between fluorine and 

hydrogen atoms through the thermal decomposition 

process will promote the hydrogen fluorine (HF) 

formation. As a result of the loss of HF in the first 

stage, polyenic sequences are formed along the main 

polymer chain. Since these compounds are unstable, 

more scission reactions will occur leading to the 

aromatic volatile molecules are formed [35].  Also in 

the same vein some authors suggested the occurrence 

of backbone scission and small amount of C4H3F3 is 

formed [36].  Fig. 4(b-e) displays TGA/DTG curves 

of ZnO/PVDF-TrFE nanocomposite samples.  It is 

observed that the thermal degradation of these 

nanocomposites is occurred through two stages with 

higher value of maximum temperature compared to 

PVDF-TrFE. The values of weight loss and 

maximum temperature of each degradation stage is 

given in Table 3. Our data in Table 3 revealed that 

the thermal stability PVDF-TrFE has been enhanced 

due to the presence of ZnO NPs. 

 

 

Table 3: Peak temperature (Tm) and mass 

loss (%) for PVDF-TrFE and ZnO/PVDF-TrFE 

nanocomposite samples. 

 

Sample Tc (K) Tm (K) 

           PVDF-TrFE 404 423 

0.5 wt% ZnO/PVDF-TrFE 380 418 

0.75 wt% ZnO/PVDF-TrFE 380 418 

1.0 wt% ZnO/PVDF-TrFE 378 418 

1.25 wt% ZnO/PVDF-TrFE 377 417 

Sample Stage I Stage II Residual mass 
(%) Tm (K) Mass loss (%) Tm (K) Mass loss (%) 

       PVDF-TrFE 762.5 98.16 -- -- 1.84 

0.5 wt% ZnO/PVDF-TrFE 769.8 82.65 834.6 14.28 3.065 

0.75 wt% ZnO/PVDF-TrFE 758.1 63.10 813.1 12.75 24.15 

1.0wt% ZnO/PVDF-TrFE 767.9 76.11 830.0 17.39 6.5 

1.25 wt% ZnO/PVDF-TrFE 764.0 77.65 828.0 17.735 4.61 

Fig. 3: DSC of a) PVDF-TrFEand  ZnO/PVDF-TrFE with 

different concentration of ZnO NPs  b) 0.5 wt%, c)0.75 

wt%, d)1 wt% and e) 1.25 wt%. 
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Thermogravimetric analysis (TGA) is widely used 

to investigate the kinetics of thermal degradation of 

polymer. In this context, the mass loss is recorded 

continuously as a function of increasing the 

temperature of the material. To give insight into the 

mechanism of the thermal degradation, various 

models are used.  TGA provides the sample weight 

loss over time, which is converted to the fractional 

conversion (g) as follows [37]: 

 

 

 

 

 

 

 

 

 

 

 

 

fi

ti

mm

mm
g






 
Where mi is the primary sample mass, mt is the 

mass at certain time (isothermal analysis) during the 

reaction and mf is the final mass at the end of 

reaction, respectively. For polymer thermal 

degradation, a general solid-state reaction rate form 

Fig. 4: TGA curve of a) PVDF-TrFEand ZnO/PVDF-TrFE with different concentration of ZnO NPs  

b) 0.5 wt%,   c)0.75 wt%   d)1 wt%   and e) 1.25 wt%. 
 

(4) 
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is expressed by fractional conversion related to time, 

rate constant and reaction model f(α).  Kinetics of 

polymer degradation is expressed as follows [38]: 

)()( gfTk
dT

dg

dt

dg


                    (5) 

where β is the heating rate, f(α) is the conversion 

function and k(T) is the rate constant.  The rate 

constant, k(T) in case of thermally stimulated process 

is expressed using Arrhenius equation as follow: 

)(exp gf
RT

E
f

dt

dg a










                     (6) 

where Ea, Rand f are the activation energy, gas 

constant and frequency factor, respectively.  The 

frequency factor (f) can be described as follow [39]: 








 


R

S

h

Tke
f B exp


                (7) 

where  is the transmission coefficient and equals the 

unity for the monomolecular reaction, e is the Neper 

number (e= 2.7183), h is the Planck's constant and 

S is the entropy activation, respectively.  Therefore, 

the rate constant is described as follow: 

















 


RT
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R

S

h

Tek
Tk aB expexp)(



     (8) 

 

The values of entropy activation (S) can be 

calculated from eqn. (8) as follow: 
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B
log303.2

          (9) 

and 

RTHEa 
                     (10) 

where, H is the enthalpy activation and Gibbs 

free energy (G) can be computed as follows 

 

STHG                  (11) 

 

The thermodynamic parameters (f, Ea, S, H, 

G) of ZnO/PVDF-TrFE nanocomposite samples are 

calculated by using the Coats-Redfern approach, 

using the reaction order n=1, according to the 

following equation [40]: 

 

 
RT

E

E

RT

E

fR

T

g a

aa 303.2

2
1log

1log
log

2

















 



 

(12) 

In case of aERT /2
<<1, the eq. (12) will be in 

the following form [38] 

 

 
RT

E

E

fR

T

g a

a 303.2
log

1log
log

2








 



     (13) 

 

 

 

 

 

 

 

 

Fig. 5:  Log [-log(1-g)/T2] versus 1/T for a) pure PVDF-TrFE, b) 0.5 wt% ZnO/PVDF-TrFE 

and c) 1 wt% ZnO/PVDF-TrFE NCs. 
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Fig. 5(a-c) displays log[- log(1-g)/T2] versus 1/T for 

the investigated samples in the first stage of thermal 

decomposition.  The plots result in straight lines with 

slope of -Ea/2.303R from which values of Ea are 

estimated and the intercept of log (fR/βEa) from 

which the frequency factor values are evaluated.  The 

kinetic parameters of ZnO/PVDF-TrFE 

nanocomposites in the first and second stages are 

determined and given in Table 4.  The higher values 

of Ea may be attributed to the reaction of the 

macromolecules with radicals and/or small molecular 

that present in the polymer [41]. 

Table 4:  Thermodynamic parameters of 

ZnO/PVDF-TrFE with various concentration of 

ZnO NPs (0.5, 0.75, 1 and 1.25 wt %). 

 

The correlation between isokinetic rate constant 

(kiso), isokinetic temperature (Tiso) and activation 
energy (Ea) is expressed as follows [40] 

iso

a
iso

RT

E
kf  lnln

                                    (14) 

 

 

Fig. 6a illustrates the variation of ln f versus 

Ea.  The kiso and Tiso values are calculated from the 

intercept of (ln kiso) and slope of (1/RTiso), as shown 

in Fig. 6a.  It is found that, the isokinetic rate 

constant (kiso) in the order of 1.69x10-10 Hz and the 

isokinetic temperature (Tiso) in the order of 703.38 

K.  Also, a linear behavior between entropy and 

enthalpy is observed, as shown in Fig. 6b. Such 

behavior is called enthalpy-entropy compensation 

(EEC) effect.  EEC effect has been reported 

previously using TGA/DTG analysis or thermally 

stimulated depolarization current technique for many 

polymers [43-45]. 

 

 

 

 

 

 

 

 

 

 
Stage I 

Samples Tm (K) E (kJ) f (Hz) 
S (kJ/mol 

K) 
H (kJ/mol ) G (kJ/mol ) 

PVDF-TrFE 488.0 382.06 1.22x1024 0.21 378.01 277.75 

0.5 wt% ZnO/PVDF-

TrFE 769.8 405.04 2.52 x1025 0.23 398.65 221.14 

0.75 wt% 

ZnO/PVDF-TrFE 758.0 396.82 2.39 x1025 0.23 390.52 216.08 

1 wt% ZnO/PVDF-

TrFE 767.9 367.39 9.39 x1022 0.18 361.01 219.66 

1.25 wt% 

ZnO/PVDF-TrFE 762.5 343.68 2.51 x1021 0.15 337.35 219.95 

 Stage II 

0.5 wt% ZnO/PVDF-

TrFE 834.63 53.982 11.32032005 -0.24 47.04 243.68 

0.75 wt% 

ZnO/PVDF-TrFE 813.12 216.75 7.03374E+12 -0.01 210.00 217.96 

1 wt% ZnO/PVDF-

TrFE 830.0 54.041 10.37965431 -0.24 47.14 243.29 

1.25 wt% 

ZnO/PVDF-TrFE 828.0 59.030 11.33780227 -0.24 52.15 247.21 
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 3.5 UV-Vis Spectroscopy  

3.5.1 Band gap energy 

Fig. 7a illustrates the absorption spectra of PVDF-

TrFE and ZnO/PVDF-TrFE nanocomposites in the 

range from 200 nm to 1100 nm. Spectrum of pure 

PVDF-TrFE displayed an absorption peak at 210 nm 

and shifted to 235 nm with increasing the content of 

ZnO nanoparticles.   These bands are attributed to 

the -* transition and the sharp absorption edge 

at 210 nm indicated the semicrystalline nature of 

PVDF-TrFE[46].  The spectrum of ZnO/PVDF-TrFE 

nanocompositesshowed another absorption peak at 

393 nm and related to ZnO[47]. 

 

 

 

 

 

 

 

Furthermore, it is observed that the absorbance of the 

nanocomposite samples changes and increases 

smoothly with increasing ZnO doping content 

because the combined filling of doping ions with 

PVDF-TrFE chains absorbs the incident radiation by 

free electrons at the shortest wavelengths. Therefore, 

from a chemical point of view, a significant change is 

occurred in the polymer structure.  Fig. 7b displays 

the absorption coefficient  (Ad,where A 

and d is the absorbance and sample thickness) 

variation of all samples versus the photon energy.   

 

 

It is found that the absorption edge is shifted 

towards higher wavelength/low energy and decreased 

 

Fig. 6:  a) ln f versus Ea    and    b) ΔS versus ΔH in the first stage. 

 

Fig. 7: a) The absorption versus     b)  versus h and c) Ln  versus h (■) PVDF-TrFE, (●)0.5 wt% ZnO/PVDF-

TrFE, (▲) 0.75 wt% ZnO/PVDF-TrFE, (▼)1 wt% ZnO/PVDF-TrFEand  (◄) 1.25 wt% ZnO/PVDF-TrFE. 
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from 4.69 eV for pure PVDF-TrFE to 2.63 for 1.25 

wt% ZnO/PVDF-TrFE nanocomposite sample.  The 

absorption edge shift to the higher wavelengths 

reflects the change of the optical energy band gap, 

which may be due to the modification in the crystal 

phase of PVDF-TrFE matrix. The values of the 

absorption edge of all samples are given in Table 5. 

Near the absorption edge, the absorption coefficient 

(α) displays an exponential dependence on the energy 

of incident photons (hυ) and this dependence is 

defined as Urbach rule. The Urbach energy (EU) is 

computed as follows [48]: 

 









UE

h exp0

                        (15) 

 

where 0 is a pre-exponential factor.  The Urbach 

energy values will provide more details about the 

optical behavior of ZnO/PVDF-TrFE nanocomposite 

samples. Fig. 7c depicts the relation between photon 

energy (h) and ln (α).  The values of Urbach energy 

are estimated by knowing the slope of the fitted 

straight lines and given in Table 5. It is show that EU 

values of composites increased with ZnO NPs 

content increased. This increase in Urbach energy 

values is indicative to the structure modification of 

PVDF-TrFE matrix,  

 

 

 

 

 

 

which in turn will lead to an increasing in the 

disorder of the nanocomposites. These defects will 

create lower energy states leading to higher charge 

carrier concentration in the conduction band[12]. 

The nature of optical transitions in ZnO/PVDF-TrFE 

nanocomposites is investigated by Tauc equation as 

follows [47]: 

 mgEhBh  
                         (16) 

where B is a constant and m is an exponent describes 

the electronic transitions nature, i.e., for the direct 

allowed transition (m=1/2), indirect allowed 

transition (m=2), direct forbidden transition (m=1/3) 

and indirect forbidden transition (m=3), respectively.  

Fig. 8 illustrates the dependence of (αhυ)0.5 and 

(αhυ)2 on hυfor all samples.  The values of direct 

(Edg) and indirect (Eig) optical band gap energy are 

calculated by extrapolate the linear portions of the 

curves of Figs. 8(a&b) to (αhυ)0.5= 0 and (αhυ)2= 0 

on the x-axis and given in Table 5.   It is noted that 

both the indirect and direct energies are decreased 

with increasing content of ZnO, which contributes to 

the localized states near the band edge, which in turn 

reduces the Fermi level and hence affects the energy 

gap.  The indirect and direct energies are reduced 

from 2.89 eV and 4.82 eV for pure PVDF-TrFE to 

1.69 eV and 3.85 eV for 1.25 wt% ZnO/PVDF-TrFE, 

respectively.  The reduction in the band gap is related 

to the structure modification after doping with ZnO 

nanoparticles [50].   

 

 

 

Fig. 8:  a) (h)0.5vs  h   and   b) (h)2 vs h(■) PVDF-TrFE,(●)0.5 wt% ZnO/PVDF-TrFE, (▲)0.75 wt% 

ZnO/PVDF-TrFE, (▼)1 wt% ZnO/PVDF-TrFEand (◄)1.25 wt% ZnO/PVDF-TrFE. 
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The decrease in the values of optical energy is related 

to the defect’s formation and thus the optical 

behavior of the material will be affected. The optical 

bandgap reduction can strongly nominate 

ZnO/PVDF-TrFE nanocomposites for use as 

absorbent layer in the solar cell to enhance the 

photovoltaic devices efficiency. 

 

 

 
 

 

 

 

 

 

The absorption index measures of the fraction of 

light lost within a material owing to the processes of 

absorption and scattering and can be calculated as 

follows: 





4
k

                                               (17) 

 

Fig. 9a displays the variation of k against wavelength 

for PVDF-TrFE and ZnO/PVDF-TrFE 

nanocomposites.  It is clear that in the UV region the 

absorption index is decreased with increasing 

wavelength, while in the visible region it starts to 

increase again with increasing wavelength and it also 

increases with increasing ZnO NPs content.  The 

incident photons have enough energy in the UV 

region for exciting the electrons to overcome the 

band gap, so the k values will reduce. This reduction 

in the values of k confirmed that the electromagnetic 

wave is allowed to pass in this region through 

ZnO/PVDF-TrFE nanocomposites without any 

damping.  On the other hand, the raise of the values 

of k with the increasing of ZnO NPs content in the 

visible region because energy of photon cannot 

produce an excitation of the electrons to transit from 

lower state to upper. Hence this energy will be lost 

due to collisions and scattering, i.e., more scattering 

of photons with increasing ZnO NPs content in the 

matrix of PVDF-TrFE is taking place.  

 

 

 Similar behavior has been reported previously for 

various polymeric composite materials  [11, 44, 51]. 

Fig. 9b shows the variation of the transmittance 

(%) against the wavelength ZnO/PVDF-TrFE 

nanocomposites.  It is found that in the visible region, 

the pure PVDF-TrFE is strongly transparent with 

transmittance of ~ 95%.  PVDF-TrFE 

nanocomposites showed similar behavior of PVDF-

TrFE, however, with lower transmittance values of ~ 

82%.  The reduction in the transmittance of 

nanocomposite samples may be attributed to the fact 

that ZnO nanoparticles act as scattering centers in the 

matrix of PVDF-TrFE. On the other side, the 

reflectance (R%) displays an opposite trend to 

transmittance behavior, as shown in Fig. 9c.  

Moreover, it increases with increasing the 

concentration of ZnO NPs in the visible region. The 

variations of transmittance and reflectance with 

increasing content of ZnO NPs in the 

nanocomposites may be explained based on the 

Fig.9: a) The absorption index against bT (%) against  c) R (%) against  and d) n against (■) PVDF-

TrFE,(●)0.5 wt% ZnO/PVDF-TrFE, (▲)0.75 wt% ZnO/PVDF-TrFE, (▼)1 wt% ZnO/PVDF-TrFEand (◄)1.25 wt% 

ZnO/PVDF-TrFE 
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proportional relationship between number of carriers 

and absorption of free carrier in the polymer matrix. 

the greater of absorption in the UV and visible 

regions with increasing of carriers number [44]. 

The refractive index (n) is an important parameter 

of the polymeric material that has a potential role in 

most applications of the optical devices.  The 

refractive index depends mainly on the bond’s 

strength, molecular weight, density of sample and is 

calculated using the following equation: 
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           (18) 

where R is the reflectance, A is the absorbance and T 

is the transmittance [52].  Fig. 9d illustrates the 

change of n with ZnO/PVDF-TrFE 

nanocomposites.  It is found that n is decreased with 

increasing  (dispersion behavior) for all investigated 

samples and tends to be constant at higher 

wavelength.  Furthermore, therefractive index of 

PVDF-TrFE is enhanced with increasing the content 

of ZnO NPs and in the visible range reached to a 

highest value. The increase of n from 1.43 for PVDF-

TrFE to 1.88 for 1.25 wt% ZnO/PVDF-TrFE at = 

700 nm, can be interpreted with higher density of the 

nanocomposite samples with increasing the content 

of ZnO NPs. 

 

 

 

 

 

3.5.2 Single Oscillator Model (SOM) 

 

Dispersion of the refractive index is 

interpreted based on single oscillator model (SOM) 

which is introduced by Wemple and Domenico[53].  

The correlation between refractive index and energy 

of the incident photon is expressed as follows: 

  2
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1

1 h
EEE

E
n

dd




 (18) 

Where Eo is the oscillator energy and expresses the 

average excitation energy of the electronic transition 

and Ed is the dispersion energy which is a determine 

of the interband optical transitionsstrength. The 

dispersion parameters (E0 and Ed) of ZnO/PVDF-

TrFE nanocomposites are estimated easily by 

plotting (n2-1)-1 versus (h)2, as shown in Fig. 10a.  

Values of E0 and Ed are calculated from the intercept 

(E0/Ed) and slope of (E0Ed)-1 of the fitted lines of Fig. 

10a, and given in Table 5.  The values E0 and Ed are 

found to be ranged from 4.80 to 2.78 eV and 4.63 to 

7.80 eV.  The change in E0 values is ascribed to the 

electronic transitions between valance and 

conduction bands.  Furthermore, other optical 

parameters can be computed by the values of E0 and 

Ed as follows: 

 

 

 
Fig. 10: a) (n2-1)-1 against (h)2     b) (n2-1)-1 against -2and      c) n2 against 2. (■) PVDF-TrFE,(●)0.5 wt% 

ZnO/PVDF-TrFE, (▲)0.75 wt% ZnO/PVDF-TrFE, (▼)1 wt% ZnO/PVDF-TrFEand (◄)1.25 wt% ZnO/PVDF-TrFE. 
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where f represents the strength of the interaction 

between the material and electromagnetic radiation 

[53], n0  is the static refractive index and s is the 

static dielectric constant, respectively.  All the 

parameters are estimated and listed in Table 5.  It is 

noted that the (n0) and (s) values are enhanced and 

changed from 1.40 to 1.61 and from 1.97 to 2.59 with 

increasing ZnO NPs content.   

 

The first and third order of the transition 

moment (M−1 and M−3) of the optical spectrum of 

ZnO/PVDF-TrFE nanocomposite samples are 

calculated and listed in Table 5 as follows [53]: 
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Based on the Clausius-Mossotti concept, the 

molecular polarizability () and polarizability 

volume (/) of ZnO/PVDF-TrFE nanocomposites are 

computed and listed in Table 5 using the following 

equations [44, 54] 
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     (21) 

where Mw is the molecular weight, ρ  is the density 

and NA is Avogadro's number, respectively.  It is 
noted that μ and μ/ values are enhanced and increased 

with increasing ZnO content. Since the electronic 

polarization is correlated to the molecular size, i.e., 

the increase in the molecular volume will lead to an 

increase of the polarizability volume [55].  

 

Table 5: Optical and dispersion parameters values 

of ZnO/PVDF-TrFE nanocomposites 

 

The embedding of ZnO NPs into the matrix of 
PVDF-TrFE with various concentrations increases 

the molecular size and consequently the 

polarizability volume (μ/) will increase. 

The values of average oscillator strength (so)  and 

average interband oscillator wavelength (λo) of 

ZnO/PVDF-TrFE nanocomposites can be determined 

by the following equations [56], 

Optical 

Parameters 

PVDF-

TrFE 

0.5 wt% 

ZnO/PVDF-TrFE 

0.75 wt% 

ZnO/PVDF-TrFE 

1.0 wt% 

ZnO/PVDF-TrFE 

1.25 wt% 

ZnO/PVDF-TrFE 

Eed (eV) 3.84 3.42 3.14 2.80 2.42 

EU (eV) 1.34 1.16 1.22 1.29 1.67 

Eig (eV) 2.89 2.33 2.16 1.97 1.69 

Edg (eV) 4.82 4.35 4.24 4.05 3.85 

M 44 61 63 66 74 

Dispersion 

Parameters 

     

E0 (eV) 4.80 2.85 2.79 2.78 3.15 

Ed (eV) 4.63 3.57 7.80 4.04 5.03 

f (eV)2 22.22 10.20 21.73 11.23 15.87 

n0 1.40 1.50 1.95 1.57 1.61 

ɛs 1.97 2.25 3.80 2.45 2.59 

M-1 0.982 1.118 1.673 1.206 1.262 

M-3, (eV)-2 0.042 0.136 0.215 0.156 0.126 

μ (x10-37Cm2V-1) 3.97x10-38 4.79x10-38 7.88x10-38 5.33x10-38 5.66x10-38 

μ’ (x10-27m3) 3.57x10-28 4.31x10-28 7.08x10-28 4.79x10-28 5.09x10-28 

ɛL 4.22 10.43 9.73 9.13 9.34 

N/m*( m-3 kg-1) 1.83x1058 4.47x1058 5.17x1058 2.62x1058 3.43x1058 

ωp(Hz) 7.27x1015 1.13x1016 1.22x1016 8.72x1015 9.96x1015 

s0 (x1013 m-2) 2.00x1013 2.17x1013 1.92x1013 2.00x1013 2.71x1013 

λ0 (x10-7m) 1.93x10-07 1.93x10-07 1.94x10-07 1.93x10-07 1.90x10-07 

(19) 
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where 
2

0

2

00 /)1(  ns .  Fig.10b illustrates the 

variation of (n2-1)-1 versus -2.  Values of 0 and s0 

are estimated from the intercept (1/s00
2) and slope (-

1/s0) of the curves of Fig. 10b and given in Table 5.   

It is found that, 0 and s0values are of the typical 

order as those found for various materials based on 

SOM [44, 56]. 

3.5.3 Dielectric properties 

The concentration of carriers to its effective 

mass (N/m*) ratio and the lattice dielectric constant 

(L) are estimated by using an equation contains the 

refractive index (n) depend on the wavelength () as 

follows [57]: 
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Fig. 10c depicts the dependence of n2 on 2.  

Values of L and N/m* are calculated from the slope 

and intercept of the fitted lines, as presented in Fig. 

10c.  It is found that the ZnO/PVDF-TrFE 

nanocomposites have higher values of L than of pure 

PVDF-TrFE.Since the parameters L and N/m* 

contribute to the polarization process of materials, 

the observed variation in the values of these 

parameters with increasing the content of ZnO NPs 

support promising results for the nonlinear optical 

(NLO) properties [58].  Furthermore, L values are 

found to be higher than the values of s, and this 

difference may be due to the change in the carrier 

concentrations [11, 51, 59]. Moreover, the values of 

plasma frequency (ωp) are computed for all samples 

and given in Table 5 using the following formula: 
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              (25) 

The higher values of (ωp) as given in Table 5is 

attributed to the higher values of (N/m*) due to the 

increase in ZnO NPs content. 

The optical dielectric constant is correlated with the 

density of states (DOS) in the band gap, and 

consequently it gives valuable information regarding 

the structure of bands in the material. 

 

 

 

Fig. 11: a) ' versus  and   b) '' versus (■) PVDF-TrFE,(●)0.5 wt% ZnO/PVDF-TrFE, (▲)0.75 wt% ZnO/PVDF-

TrFE, (▼)1 wt% ZnO/PVDF-TrFEand (◄)1.25 wt% ZnO/PVDF-TrFE. 
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The complex dielectric constant ε*(ω) is expressed as 

follows: 

''')(*  i
                 (26) 

where ε' is the dielectric constant and ε'' is the 

dielectric loss, respectively and can be estimated 

using the following equations[51, 60]: 

nk

kn

2''

22'









                                      (27) 

Fig. 11 shows the dependence of ε' and ε'' 

on the wavelength.  It is found ε' and ε'' changed 

with the same trend versus the wavelength, with 

much higher values of ε' than ε'' values. 

Generally, values of ε' of ZnO/PVDF-TrFE 

nanocomposites are found to be larger than that 

of pure PVDF-TrFE. This confirms the 

existence of more density of states (DOS) 

which, in turn, enhances the polarization and 

consequently the dielectric constant of the 

nanocomposite samples will increase.  It is 

observed at =300 nm (heV) the values 

of ε' and ε'' are changed from 2.9 and 5.29x10-4 

of pure PVDF-TrFE to 6.97 and 6.49x10-4 for 

ZnO/PVDF-TrFE nanocomposite, as shown in 

Fig. 11a.  The attitude of ε' exhibited a 

dispersion region below  =400 nm (3.1 eV).  

This dispersion may be ascribed to the polar 

nature of PVDF-TrFE after enhancing the 

electroactive -phase faction with increasing the 

content of ZnO. This region of dispersion has a major 

role in the optical communications and optical 

devices design [61].  Furthermore, the molecules at 

higher wavelengths cannot follow the incident field 

fluctuations and hence ε' tends to be constant [62]. 

  Fig. 11b illustrates the variation of dielectric 

loss (ε'') against wavelength.  

 

 It is evident that values of ε'' of ZnO/PVDF-

TrFE nanocomposites are larger than those of pure 

PVDF-TrFE.  In fact, the dielectric loss describes the 

energy absorbed within the material owing to the 

dipolar motion and its higher values at lower 

wavelength (higher photon energy) may be related to 

the formation of the dipoles that are produced after 

incorporating ZnO NPs in the matrix of PVDF-TrFE. 

 

 

3.5.4 Nonlinear optical (NLO) properties  

 The study of nonlinear optical (NLO) 

parameters of ZnO/PVDF-TrFE nanocomposites is 

important for different applications such as 

optoelectronic circuits, optical switching devices 

optical modulators and processors [58, 63].  When 

the material is exposed to an intense light beam, the 

phenomenon of nonlinearity will arise because of the 

net polarization that has been developed in the 

material. The dipole moment (P) and the 

susceptibility (χ) are correlated to each other, i.e., P= 

0 χ E, where E is the strength of the electric field.  

The susceptibility contains nonlinear and linear 

susceptibilities, i.e., χ= χL + χNL, where χL = χ1 

represents the linear portion of the susceptibility and 

χNL = χ2 + χ3 represents the nonlinear portions of the 

susceptibility.  

EEEP 321  
           (28) 

where the significant terms are linear (χ1) and 

nonlinear cubic order (χ3) susceptibilities and can 

expressed in terms of the linear refractive index (n0) 

as follows; 

 

 

Table 6. Linear and nonlinear optical parameters 

values of ZnO/PVDF-TrFE nanocomposites. 
 

Optical Parameter PVDF-TrFE 0.5 wt% ZnO/PVDF-

TrFE 

0.75 wt% 

ZnO/PVDF-

TrFE 

1.0 wt% 

ZnO/PVDF-

TrFE 

1.25 wt% 

ZnO/PVD

F-TrFE 

χ1 0.076 0.099 0.223 0.116 0.127 

χ 3 (esu) 6.24x10-15 1.76x10-14 4.43x10-13 3.23x10-14 4.65x10-14 

n2 1.67x10-13 4.41x10-13 8.56x10-12 7.76x10-13 1.09x10-12 
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where A is a constant = 1.79x10-10esu. Also, the 

nonlinear refractive index (n2) is estimated using χ3 as 

follows [64]: 
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(30) 

 
χ1,  χ3 and n2 values are determined and given in 

Table 6.   

 

It is noted that all the linear and nonlinear optical 

parameters are enhanced and increased with 

increasing the concentration of ZnO NPs indicating a 

structure modification in the matrix of PVDF-TrFE 

has been occurred. 

 

3.5.5 Optical and electrical conductivity 

 

 

 

 

 

The optical and electrical conductivity 

(optandelec) of ZnO/PVDF-TrFE nanocomposites 

are estimated by the following formula [65]: 
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  (31) 

Fig. 12 shows the dependence of optical and 

electrical conductivity on wavelength for all samples. 

It is observed that the samples have a maximum 

optical conductivity value in UV region (high 

absorption region), followed by a decrease in 

conductivity with increasing wavelength, and the 

conductivity tends to saturate at high wavelengths, as 

shown in Fig. 12a.  High values of the optical 

conductivity are ascribed to the excited electrons by 

the photon energy, while the decrease in σopt is due to 

the reduction of the excited electrons.  Furthermore, 

values of σopt are found to be ZnO NPs content 

dependent, i.e., it increased with increasing ZnO 

NPs.  This variation in the optical conductivity can 

be interpreted in terms of the defects present in the 

nanocomposite samples. After adding ZnO NPs into 

the matrix of PVDF-TrFE some defects will form 

therefore, such defects will produce localized states 

in the band gap of the samples.  

 

 

 

The band gap will reduce due to the higher 

concentration of localized states and thus increase the 

optical conductivity. On the other hand, the electrical 

conductivity displayed an opposite trend to the 

optical conductivity, as shown in Fig. 12b.  It is 

found that the elec is increased with increasing the 

Fig. :12 a) opt versus    and b) elec versus . (■) PVDF-TrFE,(●)0.5 wt% ZnO/PVDF-TrFE, (▲)0.75 wt% 

ZnO/PVDF-TrFE, (▼)1 wt% ZnO/PVDF-TrFEand (◄)1.25 wt% ZnO/PVDF-TrFE. 
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wavelength and as well as the content of ZnO NPs 

and changed from 23 S/cm for PVDF-TrFE to 89 

S/cm for 1.25 wt% ZnO/PVDF-TrFE NCs composite 

sample, revealing the semiconducting nature of the 

ZnO/PVDF-TrFE nanocomposites.      

3.6 Piezoelectric activity  

The PVDF and its copolymerscrystal 

structure showing strong impact in the study of the 

piezoelectric behavior. It is known that owing to the 

parallel arrangement of the molecular chains, the unit 

cell of -phase does not have a net dipole moment. 

On the other hand, the unit cell in -phase has a net 

dipole moment, because the dipoles in this phase are 

perpendicular to the molecular chain axis and parallel 

to each other hence it can be spontaneously 

polarized.  Since the  phase is the most ideal phase 

structure, the  phase content has the most obvious 

influence on the piezoelectric activity of PVDF-

TrFEcopolymer [66]. The electric polarizationvalue 

(P) is proportional to the applied stress σ as follows 

𝑃 = 𝑑 σ     (32)                      

Where d is the piezoelectric parameter coefficient 

and due to the unit cell symmetry can be expressed as 

follows [67]: 

𝑑𝑖𝑗 =  [
0 0 0
0 0 𝑑24

𝑑31 𝑑32 𝑑33

𝑑15 0
0 0
0 0

]       (33) 

 

 

 

 

 

 

 

Where, the subscript “i” refers to the electric field 

direction, while, “j” refers to the stress or strain 

direction. The piezoelectric coefficient (d33) can be 

estimated as follows:  

d33 =  
1

A
(

𝜕𝑄

𝜕𝜎
)

    (34) 

Where A and Q are the area of the sample and 

released charge, respectively.  Fig. 13(a&b) displays 

the piezoelectric coefficient (d33) dependence on the 

applied stress at various measuring temperatures for 

PVDF-TrFE and 1.25 wt% ZnO/PVDF-TrFE 

nanocomposite sample.   

In general, the data of piezoelectric 

coefficient of PVDF-TrFE and ZnO/PVDF-TrFE 

nanocomposites are dependance on stress and 

temperature dependent. The piezoelectric coefficient 

is found to increase nonlinearly with the applied 

stress increasing.  It is found that the piezoelectric 

coefficient d33 of PVDF-TrFE is enhanced from 9.94 

PC/N to 19.03 PC/N for ZnO/PVDF-TrFE 

nanocomposite sample at =6.24x105 Pa.  Similar 

behavior of stress-dependent piezoelectric coefficient 

has been reported previously[68].   Based on the 

dimensional effect model, the inter-chain distance 

could be changed more easily than the length of the 

covalently bonded chain by an external stress. As a 

consequence, d33 is likely to have a stronger 

dependence on the applied stress[69].  

 

 

 

 

 

 

 

Fig. 13: The piezoelectric coefficient (d33) against the stress at different measuring temperatures for a) pure PVDF-

TrFE b) 1.25 wt% ZnO/PVDF-TrFE  and c) d33 versus ZnO NPs ratio. The samples are poled with Ep= 1x107 V/m at 

Tp=353 K for tp= 20 min and the applied stress is 6.24x105 Pa. 
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When a stress is applied to the sample, an 

instantaneous in-plane strain is induced and the 

center of positive ions and negative ions charges will 

be changed. Hence, more dipoles will be rotated 

upward, causing an increase in polarization, P, 

resulting in an effective electric field in the sample 

plane. This electromechanical interaction is actually 

the cause of the high piezoelectricity of the samples 

[70].   

 

Also, the d33 values increase with increasing 

measurement temperatures (Tm) for all samples. For 

higher temperature the mobility of the molecular 

chain will increase, making the dipoles moments 

align better with the applied electric field, thus 

increasing the piezoelectric [71]. 

 

 

Fig. 13c depicts the piezoelectric coefficient 

d33 dependance on the content of ZnO NPs at various 

maximum temperatures and stress value of 6.24x105 

Pa.  It is observed that the values of d33 enhanced 

nonlinearly and tends to saturate at higher 

concentration of ZnO NPs.   

 

This may be because the saturation of the 

ferroelectric domains in the ZnO/PVDF-TrFE 

nanocomposites.  PVDF is a semi-crystalline 

polymer and is synthesized by the polymerization 

process of CF2=CH2 monomers. Defects will occur in 

the polymer main chain when two CF2 or CH2 groups 

are connected.  

 

The addition of fillers such as nanoparticles 

(NPs), graphene oxide (GO), dyes and CNTs for 

obtaining PVDF copolymer composites is an 

important practical method for show good 

improvement of the piezoelectric properties of 

PVDF[72]. Therefore, the increased defects in the 

polymeric chain of the ZnO/PVDF-TrFE 

nanocomposite samples after embedding ZnO NPs 

will increase the polarization of the semi-crystalline 

polymer film, which in turn will increase the 

piezoelectric response. 

 

 It can be said that increasing the ZnO 

content increased the -phase content in the 

nanocomposite samples and thus enhanced the 

piezoelectric response [73]. The defects in the 

polymer matrix due to introduce ZnO nanoparticles 

that produce good polarity and polarization in the 

simi crystalline copolymer and enhance the 

piezoelectric response [74- 75].  

 

 

4. Conclusion 

Nonocomposites of PVDF-TrFE and ZnO are 

prepared by the casting method.  The interaction 

between PVDF-TrFE and ZnO is investigated by 

various techniques. Data analysis of XRD pattern 

showed that the electroactive -phase fraction is 

enhanced and the structural parameters such as 

crystal size, lattice internal strain and dislocation 

density are affected by the increasing the content of 

ZnO NPs.  Analysis of FTIR data showed that the 

electroactive -phase fraction is enhanced according 

to the interactivity between the ZnONPs and PVDF-

TrFE matrix. DSC measurements showed that the 

temperature of ferroelectric-paraelectric phase 

transition is decreased from 404 K to 377 K and the 

melting temperature from 423 to 417 K for PVDF-

TrFE to 1.25 wt% ZnO/PVDF-TrFE nanocomposite, 

respectively.  TGA analysis revealed that the thermal 

stability of PVDF-TrFE has been enhanced with 

increasing the content of ZnO NPs and the enthalpy-

entropy compensation (EEC) influence has been 

verified. Measurements of UV showedthat with 

increasing ZnONPs content the EU values increase 

while both Eig and Edg values decrease from 2.89 eV 

and 4.82 eV for pure PVDF-TrFE to 1.69 eV and 

3.85 eV for 1.25 wt% ZnO/PVDF-TrFE, 

respectively.  The variations of EU, Eig and Edg values 

are attributed to the structure modification.  

Parameters of nonlinear and linear optical of PVDF-

TrFE are computed and interpreted according to the 

single-oscillator model.  It is noted that the values of 

these parameters are enhanced with increasing 

ZnONPs content. These advantages make 

ZnO/PVDF-TrFE nanocomposites are strong 

candidates for potential applications such as 

nonlinear optics (NLO). The piezoelectric activity 

data revealed that the coefficient d33 of PVDF-TrFE 

is enhanced and increased from 9.94 PC/N to 19.03 

PC/N for ZnO/PVDF-TrFE nanocomposites. The 

enhancement and improvement of the d33 values with 

ZnO NPs content increase can be attributed to the 

high polarization. Thus, ZnO/PVDF-TrFE 

nanocomposites can be candidate for high energy 

storage systems.  
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