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บทคัดย่อ 

ในปัจจุบันการเพ่ิมประสิทธิภาพของแบตเตอร่ี ตวักกัเก็บพลงังานโดยไดอิเล็กทริกพอลิเมอร์ไดรั้บ

ความนิยมในการศึกษาเป็นอย่างมาก พอลิเมอร์กลุ่ม PVDFเป็นพอลิเมอร์ท่ีได้รับความนิยมน ามาศึกษา 

ปรับเปล่ียนโครงสร้างเพ่ือเพ่ิมประสิทธิภาพส าหรับคุณสมบติักกัเก็บพลงังาน Poly(vinylidene fluoride-

co-hexafluoropropylene), PVDF-HFP เป็นโคพอลิเมอร์ในกลุ่มPVDF มีลกัษณะเป็นพอลิเมอร์ก่ึงผลึก

ประกอบด้วยส่วนท่ีจดัเรียงตัวเป็นระเบียบ (crystal phase) และไม่เป็นระเบียบ (amorphous phase)  

PVDF-HFP มีค่าความคงทนของการฉนวนต่อความเครียดสนามไฟฟ้าเบรกดาวน์  หรือ Electrical 

breakdown strength สูง การเพ่ิมคุณสมบัติการกักเก็บพลังงานของ PVDF-HFP ท าได้โดยเจือกับ 

PVDF-TrFE-CTFE ซ่ึงเป็นพอลิเมอร์ท่ีมีความเป็นผลึกสูง ช่วยในการจัดระเบียบ PVDF-HFP ให้มี

ความเป็นผลึกมากขึ้น และการเจือด้วยตัวเจือท่ีน าไฟฟ้า Graphene nanoplatelet (GPN) เพ่ิม space 

charge ให้กบัวสัดุคอมโพสิธ โดยวสัดุคอมโพสิธถูกขึ้นรูปแบบฟิลม์บางและศึกษาลกัษณะทางกายภาพของ

ฟิลม์บางดว้ย FTIR, XRD และ SEM ส่วนคุณสมบติัทางไฟฟ้า ศึกษาโดยคุณสมบติัไดอิเลก็ทริก, คุณสมบติั

กักเก็บพลังงาน และค่าความคงทนของการฉนวนต่อความเครียดสนามไฟฟ้าเบรกดาวน์  วสัดุคอมโพสิธ 

PVDF-HFP/PVDF-TrFE-CTFE ส่งผลต่อการเปล่ียนแปลงขนาดและความหนาแน่นของรูพรุน , 

ลกัษณะและความหนาแน่นของผลึกPVDF ของฟิลม์บาง อีกทั้งยงัพบว่า การเจือดว้ย GPN ยงัสามารถเพ่ิมค่า

ไดอิเลก็ทริก และคุณสมบติักกัเก็บพลงังาน ความสัมพนัธ์ระดบันาโนในวสัดุคอมโพสิธส่งผลต่อโครงสร้างและ

คุณสมบติัทางไฟฟ้าสามารถเพ่ิมประสิทธิภาพให้กบัเทคโนโลยีทางไฟฟ้า และกกัเก็บพลงังาน ในการศึกษาคร้ังน้ี

น าเสนอการขึ้นรูปฟิล์มแบบคอมโพสิธเพ่ือเพ่ิมประสิทธิภาพในคุณสมบัติไดอิเล็กทริกส าหรับวสัดุกักเก็บ

พลงังาน 
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ABSTRACT 

 

The need of self-powered, flexible battery and capacitance energy storage 

applications is at the origin of intense research activity on dielectric polymer 

composites. PVDF family fluoropolymers are potential candidate for capacitance 

energy storage applications due to their high dielectric constant and breakdown 

strength (Eb). This work, semi-crystalline copolymer Poly(vinylidene fluoride-co 

hexafluoropropylene), PVDF-HFP, was fabricated as two phases and three phases 

with Poly(vinylidenefluoride-trifluoroethylenechlorotrifuoroethylene), PVDF-TrFE-

CTFE and Graphene nanoplatelet (GPN).  The blend composite films with addition at 

different filler loading was prepared by using the tape casting solution method.  The 

electrical properties and energy storage capability of two phases and three phases 

composites was investigated by LCR meter and ferroelectric setup, respectively.  

Weibull model was used to fitting and characterized Eb, which was measured by the 

dielectric breakdown test system. The combination between PVDF-HFP and  

PVDF-TrFE-CTFE induced changing of morphology, Eb, and percentage of 

crystallinity of composite films. Moreover, GNP fillers increase the interfacial 

polarization within blend polymer when filler content was increased. At T2C4 blend 

composite film increase the energy storage density from 14.47 to 29.11 J/cm3 (at 

40kV/mm) by GPN loading. The improvement in energy storage capability and Eb 

might be ascribed to interaction between blend polymer and GPN loading that relate 

to their energy loss, material homogeneity, and crystalline size. This work provides 

new designing and promising in high performance dielectric materials for capacitance 

energy storage applications. 
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Chapter 1 Introduction 
 

1.1. Motivation of the research and scientific background 

Polymer dielectric properties are wildly used in various Electroactive Polymer 

(EAP, sensor and actuators), Energy storage (capacitor and batteries) (Yang et al. 

2020). Modern electronic capacitor applied the dielectric material to use as separator 

between negative and positive electrodes. It uses the charge behavior of dielectric 

capacitor under charging to store charge in capacitor. The dielectric material so it is 

very important to enhance the energy storage properties and dielectric properties to 

generate the high-performance dielectric capacitor. 

Ferroelectric properties are the remarkable electrical properties which is  

a subset of pyroelectricity, piezoelectricity and dielectric properties. It is defined by 

polarization of asymmetric crystal structure. These properties have the unique 

performance, high dielectric constant and energy storage when this material  

was applied by electric field (E) it provided the relation between E and polarization 

(P) like the loop behavior (Hysteresis loop). It can exhibit in anti-ferroelectric and 

relaxor -ferroelectric depend on position of dipole moment in crystal structure (T. F. 

Zhang et al. 2018). It is at the origin of various applications, especially in the field of 

dielectric capacitor, batteries and storage devices. However, the keys to maximizing 

the efficiency of those devices are fast charge/discharge rate and high energy density 

which regard to highly coupled dipole interactions, dielectric constant of material and 

high electrical breakdown strength (Y. Zhu, Jiang, and Huang 2019).  

Polymers are the key element to enhance material to be the high performances 

storage devices because of their flexibility, low thermal conductivity, inexpensive and 

excellent processability. Generally, there is two region crystalline region and 

amorphous region from this properties polymers    usually contains with organic, 

ceramic and carbon filler to improve the crystallinity and the interfacial polarization 

of nanocomposite (Luo et al. 2019).  

Nanofiller was separated in a range of dimensions. Firstly, zero-dimension 

(0D) consist of  nanoparticles, nanocubes and spherical nanoparticles, one-dimension 

(1D) which include nanowire, nanofiber and nanotubes, two-dimension (2D)  
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nanosheets and nanoplatelet. Nevertheless, the single component failed to respond the 

require of dielectric capacitors (higher energy density, lower leakage current, and 

flexibility) (Chu et al. 2020).  Therefore, the development of heterostructure more 

interested. Dielectric and energy storage properties of 2D filler  higher than 0D which 

is attributed to their larger dipole moments and smaller specific surface (Tang and 

Sodano 2013). In this work prepared the composite film, was mixed by copolymer, 

terpolymer, and nanofiller. It was studied and consider on behavior of heterostructure 

affect to the interfacial polarization between and energy storage density.  

The high conductivity of composite film induces electrical breakdown which 

was a limitation to investigating electrical properties. Treat composite film with  

3-Aminopropyltriethoxysilane for avoiding agglomeration and decrease the risk of 

short circuits from conductive filler that causes by covering conductive filler with 

silane (A. Salea, Saputra, and Putson 2020). 

1.2. Objectives of the research 

To study influence of blending between PVDF-HFP and PVDF-TrFE-CTFE 

on microstructure, dielectric properties and energy storage. Improvement of the 

dielectric breakdown strength and energy storage density was investigated by  

2 strategies.  

Strategy 1: blending between composite film with terpolymer and 2D 

nanofiller (graphene nanoplatelets) to enhance the energy storage properties. 

Strategy 2: enhanced performance on breakdown strength with 3-

Aminopropyltriethoxysilane in different percentage.  

1.3. Thesis Organization 

Chapter 1 explains the motivation and purpose of this thesis, presents 

literature reviews for overall concept (polymer composite, nanofiller, energy storage 

properties and EAP applications) of thesis. 

Chapter 2 explains the preparation steps of the PVDF-HFP/PVDF-TrFE-

CTFE and PVDF-HFP/PVDF-TrFE-CTFE/GPN1% composite thin films. 

Chapter 3 shows the characterization of composite film related to their 

morphology and microstructure. It provides the electrical properties (dielectric 

properties and AC conductivity) 
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Chapter 4 explains ferroelectricity P-E loop behavior of blending between 2 

and 3 components film, considers in energy storage density, energy loss and energy 

efficiency. There is the electrical breakdown strength (Eb) of composite film. 

Chapter 5 exhibits the silane loading that prevent electrical breakdown of 

conductive filler, considers in TEM, electrical properties, energy density and Eb. 

The last, chapter 6 concludes all the result in 3 pasts ( 2, 3 - phasescomposites 

film and silane loading) of the thesis as well as proposes the suggestions of the future 

work.  

1.4. Concept of energy storage 

The dielectric capacitor uses the dielectric material to use as separator between 

negative and positive electrodes. It uses the charge behavior of dielectric capacitor 

under charging to store charge in capacitor.  

 

 

Figure 1.1. The component schematic of capacitor (X. Li and Wei 2013). 

 

Under charging, charge separate in two electrodes until the result in positives 

and negative charges with equal on two plates (Hao 2013), charge inside separate in 

to two sides by separate with dielectric material so it is very important to enhance the 

energy storage properties and dielectric properties to generate the high performance 

dielectric capacitor (figure 1.1). 

C= 𝑟
𝐴

4𝑑
 (1.1) 

 

From equation 1.1 provide the parameter of efficiency of capacitor (C), The 

separator wants the high dielectric constant (r), large surface area for storing charge, 

and high energy storage that the ferroelectric properties subset of dielectric properties, 

the different between dielectric and ferroelectric properties is the behavior P-E loop 
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that is the linear graph for dielectric material and exhibit loop behavior for 

ferroelectric material, is the unique performance of ferroelectric materials to store 

charge when without electric field (E). 

The previous reviews show polarization (P) is the important with dielectric 

and ferroelectric application, is ability of material to respond with electric filed. It 

means material out of electric field (E), it is insulator but when we apply E the charge 

inside material response E by polarization (P) that has relation between dielectric 

constant (r) and P show in equation 1.2. Normally, enhance polarization was 

modified by realignment structure, poling structure and blending with ceramic and 

conductive filler. 

P = 0 (r

 

-1) E (1.2) 

The different polarization of dielectric and ferroelectric properties, for 

dielectric material exhibited from dipole under E, provides the linear relation with E 

(E=0 and P=0) but ferroelectric properties there is additional polarization generated 

from asymmetry structure. Therefore, the relation between polarization and electric 

field provided different behavior show on figure 1.2. Ferroelectric properties, there is 

loop behavior (P-E loop or Hysteresis loop) that depended on amount and size of 

dipoles and domain in material (L. Zhu 2014). 

 

Figure 1.2. P-E loop behavior with the different amount of dipole and domain 

structure (Y. Zhu et al. 2017). 

Figure 1.3 shows the dipole behavior of ferroelectric material under E, start at 

E=0 and P=0, P increase with rising E and the direction of dipole has changing in the 
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same way with E direction at the point maximum E (Emax), maximum polarization 

(Pmax) or spontaneous polarization (Ps). On the other hand, when decreasing E=0 and 

P is not equal 0 because of some of dipole moment changing direction from start 

point, calling this polarization is remnant polarization (Pr). For applies E in the 

opposite direction P provides in the opposite direction too, so we can call this 

behavior is Hysteresis loop. 

 

Figure 1.3. P-E loop or Hysteresis loop of ferroelectric material  

(Acosta et al. 2017). 

 

 

Figure 1.4. schematic unipolar of hysteresis loop (Y. Zhu et al. 2017) 

Figure 1.4. showed unipolar of hysteresis loop caused by the highest 

maximum polarization (Pmax) when deceased E to be zero but P not zero so can call 
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this point is the remnant polarization (Pr). The red color or inside loop area is energy 

loss (Ul) cause by rotation of dipole under E and the green color provides energy 

storage (Ue) from this graph can calculate the value of energy storage (Ue), energy 

loss (Ul) and efficiency ()  by equation 1.4, 1.5 and 1.6, respectively. For linear 

dielectric material. 

Ue = 
1

2
PE = 

1

2
 0rEb

2   (1.3) 

For hysteresis loop  

Ue = ∫ EdP
Pr

Pmax
 (1.4) 

Ul  =  


2
0rE

2 
(1.5) 

   = (
Ue

Ue+Ul
)  100% (1.6) 

where E is the applied electric field, P is polarization  and the vacuum 

permittivity,  0 = 8.85410-12 F/m (Y. Zhu et al. 2017). 

Energy storage properties improve by the 2 mains keywords, shows relation in 

equation 1.3. Firstly, dielectric constant can enhance by blending with nanofiller and 

modify shape of material. Moreover, structure directly affect to unipolar hysteresis 

loop as figure 1.5a. Secondly, electrical breakdown strength (Eb) was the main 

parameter to develop EAP applications. Eb is the electrical durability of material that 

depend on the structure and dipole arrangement affect to speed ion transportation 

pathway (figure 1.5b). 
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(a) 

 

 

(b) 

 

Figure 1.5. schematic (a) unipolar behaviour (b) ion transportation pathway in the 

different structure (Chen et al. 2018)  . 

 

1.5. Conclusion 

Dielectric capacitor includes with dielectric separator that use energy storge 

material to enhances ability of that. The arrangement of element inside material is 

important affect to dielectric constant, energy storage density and electrical 

breakdown strength. High energy storge efficiency want the low Pr and high Pmax 

that low Pr is generated by realignment to the orderly structure for rotation loss 

decrement. High Pmax can enhance with charge addition processes and increase 

surface area by conductive nanofiller. All of processes can reach to improve the high 

permeance of energy storage devices. 

 

Linear dielectric Paraelectric Anti-ferroelectric 
Relaxor 

ferroelectric 

Ferroelectric 
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Chapter 2 Preparation of 2 and 3 phases composite film 

2.1.Introduction 

Since the structure of material is important to enhance energy storage 

properties, so polymer and nanofiller are the main part to consider. The arrangement 

of polymer, type, and shape of nanofiller are the main factors reach to increase 

polarization. Moreover, many techniques to form composite polymer such as 

nanofiber, single and multilayer composite film that represent in this chapter. 

2.2.Literature reviews of PVDF-polymer and conductive filler 

2.2.1. PVDF-polymer 

Poly (vinylidene fluoride, PVDF) is the one of ferroelectric polymer. It is 

semi –crystalline consist of crystalline region and amorphous region, includes 

PVDF, PVDF copolymers and PVDF terpolymers provides the  high dielectric 

constant about 50 at 1 kHz (Y. Zhu, Jiang, and Huang 2019). PVDF has three 

phases -phase (non-polar phase), -phase and -phase (polar phase) show in 

Figure 2.1. The yellow arrow represented the direction of dipole in material 

under E,  -phase is the highest the net dipole moment per unit cell, reaches to 

810-30Cm affects to possess the highest spontaneous polarization(Ps) or the 

maximum polarization (Pmax) (Y. Zhu et al. 2017).  

 

 

Figure 2.1. The structural in each phase of PVDF and the yellow arrow is the 

direction of dipole in material under E (Y. Zhu et al. 2017). 
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PVDF and its PVDF-family (copolymer and terpolymer) are the high 

dielectric constant and electroactive response. Blending PVDF to be the 

copolymer and terpolymer is the one of processes to PVDF-CTFE, PVDF-TrFE, 

PVDF-HFP and PVDF-TrFE-CTFE are the most studied in PVDF-family. 

PVDF-CTFE is the grouping between PVDF and chloride trifluoride ethylene 

(CTFE) on the polymer chain (figure 2.2a.), this copolymer provides higher 

dielectric constant than PVDF, enhances piezoelectric properties because of 

CTFE blending that make structure loose reach to easier orientation of dipole 

moment under E, indicates d33 at 140 pCN-1 (Z. Li, Wang, and Cheng 2006). 

PVDF-TrFE has the specific molar ration. The main phases is the  crystalline 

phases, addition third F position in the TrFE monomer (figure 2.2b)  favors 

induces all trans (TTTT structure) rearrangement  and supports the ferroelectric 

properties to increase polarization by the high degree of crystallinity and well 

orientation of dipole moment(Koga and Ohigashi 1986). 

PVDF-CTFE PVDF-TrFE 

 

 

(a) (b) 

 

PVDF-HFP 

 

PVDF-TrFE-CTFE 

(c) (d) 

Figure 2.2. Schematic structure of (a) PVDF-CTFE (b) PVDF-TrFE  

(c) PVDF-HFP (d) PVDF-TrFE-CTFE (Martins, Lopes, and Lanceros-

Mendez 2014) 
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PVDF-HFP (figure 2.2c) has the high amorphous phases, groups with 

PVDF were interested in term of the surface area for charge storing. The strongly 

ferroelectric properties in this copolymer were founded in the film casting 

preparation that provides the high Pr at 80 mCm-2. PVDF-HFP was develop in 

some piezo and ferroelectric application areas (Neese et al. 2007). PVDF-TrFE-

CTFE is grouping between PVDF-TrFE and CTFE provide the low curie 

temperature that good for electrocaloric properties. Moreover, CTFE induces 

PVDF-TrFE to ferroelectric structure (figure2.2d) and reaches to relaxor 

ferroelectric behavior (Bauer 2012; Bauer et al. 2011). 

PVDF is developed in many processes to enhance to be  crystalline 

phases. The form processing PVDF is important that has electrospinning, solvent 

casting (single and multilayer film). For casting film in solvent annealing 

processes induced to b rearrangement and the multilayer that affects to the 

breakdown strength, dielectric constant and energy storge (Figure 2.3a) (Sun et 

al. 2019). 

 

  

(a) (b) 

Figure 2.3. Schematics represent (a)single and multilayer of film 

(b)Electrospinning method  (Guan et al. 2018). 

 

Figure 2.3b represents electrospinning method that uses high voltage  

to change polymer form from solution to fiber. PVDF-fiber was controlled the 

crystal phases and diameter fiber by adjust voltage, pump rate, needle diameter 
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and distance between needle and collector. The produced from electrospinning is  

2D-shape nanofiber (Ribeiro et al. 2010).  

 

2.2.2. Nanofiller 

Nanofiller was blended in the polymer to increase the crystallinity, 

decrease agglomerate of particles, and decrease amorphous phase. Moreover, 

blending with nanofiller was widely investigated in term of polarization and 

strong dipole interaction. There are three dimensions of single nanofiller zero-

dimension (0D) consist of nanoparticles, nanocubes and spherical nanoparticles, 

one-dimension (1D) which include nanowire, nanofiber and nanotubes, two-

dimension (2D) nanosheets and nanoplatelet. From figure 2.4, showed surface 

modifies of nanofiller with design and control the heterostructure which 

generated by single nanofiller by grafting method. 

 

Figure 2.4. Single nanofiller and simple methods to produce  

them the heterostructure nanofiller (Luo et al. 2019). 

 

 Researchers devoted to improving the energy storage performance in 

polymer-based, separated into two main groups. There are blending polymer with 

high dielectric constant material that was copolymer and nanofiller (ceramic, 

conductive filler). Researchers devoted to improving the energy storage 

performance in polymer-based, separated into two main groups. There are 
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blending polymer with high dielectric constant material that was copolymer and 

nanofiller (ceramic, conductive filler). 

Table 2.1. Comparison of energy storage properties of nanocomposites developed 

with copolymer, conductive nanofiller and ceramic. 
 

 
 

Matrix Fillers r Ue (J/cm3) Eb (MV/m) Reference 

PVDF-TrFE-CFE - - 5.4 270 (Y. Zhu, Jiang, 

and Huang 

2019) 

PVDF-TrFE-CFE 15 wt% PMMA  9.3 520 (Y. Zhu, Jiang, 

and Huang 

2019) 

PVDF-TrFE-CTFE 10%vol PVDF-TrFE 30 6 270 (Shehzad and 

Malik 2018) 

PVDF-HFP 1%vol TiO2/C NFs 17.5 7.63 160 (Chu et al. 2020) 

PVDF-HFP 4%volAg-OMMT - 10.51 400 (Wang et al. 

2018) 

PVDF-TrFE-CTFE 5 vol% BaTiO3 55 16.18 514 (Chen et al. 

2018) 

PVDF-TrFE 5 wt% 2D Ni(OH)2 16.3 17.3 421 (Ji et al. 2019) 

PVDF-TrFE-CTFE 50wt % PVDF-HFP 28 21.9 600 (Ren et al. 2019) 

      

From table 2.1 showed the interested research in energy storage and 

electrical breakdown with polymer - based. Normally, the high -phase or crystal 

phase found in PVDF-terpolymer including with PVDF-TrFE-CFE and PVDF-

TrFE-CTFE that were relaxor ferroelectric but there is low Eb. Therefore, many 

investigates want to resolve by blending with the other polymer based to improve 

energy storage density. In 2019, The blend PVDF-TrFE-CFE composite with 

four different weight ratios PMMA (5, 10, 15 and 20 wt%). 15 wt% PMMA/ 

PVDF-TrFE-CFE film exhibited a high charge-discharge efficiency of 73% and a 

high Ue of 9.3 J/cm3 at 520 MV/m in figure 2.5, which is 172% higher than 

P(VDF-TrFE-CFE (5.4 J/cm3 at 270 MV/m). This improvement be ascribed to 

the huge interaction between PMMA and PVDF-TrFE-CFE polymer chains, 

which leads to suppressed dielectric loss, small grain size, restricted leakage 
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current density, and superior breakdown strength (Y. Zhu, Jiang, and Huang 

2019). 

 

 

Figure 2.5. The energy storage and electrical breakdown strength of PMMA/ 

PVDF-TrFE-CFE composite films (Y. Zhu, Jiang, and Huang 2019). 

The study in 2018 about blending between PVDF-TrFE-CTFE and 

PVDF-TrFE were relaxor ferroelectric and ferroelectric polymer, respectively 

that interested to induce -phase (crystalline phase) of polymer in table 2.2. 

PVDF-TrFE showed high polarization and electromechanical response. The 

result when blending with copolymer had the increasing trend and the highest 

reported the rising of Ue (  6 J/cm3) and Eb (270 MV/m) at 10% of copolymer 

blended, compared with neat PVDF-TrFE-CTFE provided 4 J/cm3 and 240 

MV/m. Blending with copolymer in this study provided the antiferroelectric 

(AFE) behavior because of increment of crystallinity and crystalline size that 

generated by the increasing of polarization (Shehzad and Malik 2018) but the 

Eb has just small changing so enhance of Eb is also investigated.  
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Table 2.2. different phases and structure of PVDF-based polymer and their 

polarization (Shehzad and Malik 2018). 

 

 

In 2020, Huiying chu reported blending between PVDF-HFP and 1D 

heterostructure, nanofiller, TiO2 carbon-doped nanofibers (TiO2/C NFs), could 

improve the interfacial polarization of matrix and filler. TiO2 is high dielectric 

ceramic, controlled carbon content by calcinated temperature, used 

electrospinning to construct nanofibers and blended in PVDF-HFP made film by 

normal solution casting in different vol% (1, 5, and 10 vol%) of nanofibers. 

Resultantly, 1% TiO2/C NFs/PVDF-HFP nanocomposite film exhibited the 

maximum Ue and Eb value of 7.63 J/cm3 and 160 MV/m, respectively. Figure 5 

provided apply external E to material the heterostructure nanofiller enhanced the 

Ue because of increased of dipole size and interfacial polarization generated by 

nanofiber-matrix and carbon-TiO2 in nanofiber which had behavior like micro 

capacitor (Chu et al. 2020) but this study has limit of content nanofiber since the 

quantity of nanofiber or carbon increase effect to high leakage current so 

blending with carbon particle should obtain in low loading content. 
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Figure 2.6. Polarization of neat PVDF-HFP film and  

TiO2/C NFs/PVDF-HFP film (Chu et al. 2020). 

 

In 2018 Huan Wang focuses on blending polymer with conductive 

nanofillers including carbon nanotube, graphene, metal into polymer matrix to 

achieve percolative dielectric composites this is always accompanied by high 

dielectric loss, low Eb and low Ue. Reducing dielectric loss affect with insulate 

layer such as amorphous carbon and polyaniline (PANI) have been introduced to 

prevent the direct contact of conductive fillers in polymer matrix, consequently 

reducing the dielectric loss and maintaining a relatively high breakdown strength 

so in this study interested to combine PVDF-HFP with Ag-OMMT nanoplatelets 

(conductive nanofiller). The Ag nanoparticles were deposited on the surfaces and 

in between the galleries of the OMMT nanoplatelets via in-situ reduction in 

exfoliated OMMT dispersions. The 4 vol.% Ag-OMMT/PVDF-HFP film 

represented energy density of 10.51 J/cm3 at 400 MV/m, which is ~2.25 times 

that of the pure PVDF-HFP film because of the electric barrier effect on OMMT 

nanoplatelets, as well as the nanocapacitors effect of the Ag-OMMT 

nanoplatelets, inducing more interfacial polarization at high electric field (Wang 

et al. 2018). This work provides a simple and effective way to increase the 

energy storage density of polymer dielectric films by adding a small number of 

fillers. 

The combination between PVDF-TrFE-CTFE and ceramic BaTiO3 which 

had core-shell structure (heterostructure nanofiller). In this study modified by a 
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surface-initiated RAFT method produced the three different interfacial layer 

thickness of BaTiO3 showed in Figure 2.7. The 5vol% BaTiO3-3F3 (the thickest 

shell) provided the highest Eb and Ue at 514 MV/m and 16.18 J/cm3 compared 

with the neat terpolymer film had Eb at 200 MV/m. The dielectric and energy 

storage properties were significantly affected by shell thickness. Due to 

unmodified BaTiO3/ PVDF-TrFE-CTFE had strong interfacial polarization 

arising from the presence of voids and aggregation provided high r but low Eb. 

In the other hand, the thickest shell of BaTiO3/ PVDF-TrFE-CTFE exhibited the 

low r and high Eb because of the increasing of the thickness shells, the interfacial 

polarization is weakened due to a decrement of space charge carrier migration, 

originating from the insulating nature of the shell. Moreover, the increment of 

compatibility between BaTiO3-3F3 and PVDF-TrFE-CTFE destroys the order of 

the polymer matrix effected to the downward r (Chen et al. 2018). 

 

 

Figure 2.7. Schematic of BaTiO3 shell and BaTiO3/PVDF-TrFE-CTFE  

nanocomposite film (Chen et al. 2018). 

 

In 2019, Blending between PVDF-TrFE with ceramic Ni(OH)2 which has 

the abundant -OH groups on the surface affect to good interfacial interaction 

between nanofiller and polymer matrix could be achieved without additional 

surface modification (Ji et al. 2019). Comparison the difference dimension of 

Ni(OH)2  0D (sphere, SP), 2D (platelet, PL) and 3D (flower, 3D). There is the 

different morphology showed in figure 2.8a, 2.8b, and 2.8c, respectively.   
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The 5 wt% Ni(OH)2/PVDF composite film provided the highest dielectric 

constant (16.3 at 1kHz), electrical breakdown strength (Eb 421 MV/m) and 

energy density (17.3 J/m3). Moreover, containing Ni(OH)2 can improve the -

phase content which confirmed with FTIR in figure7d the amount of hydrogen 

bond generated by strong interaction between F of PVDF and -OH of Ni(OH)2 

leads to alignment chain of PVDF to be -phase or all trans TTTT phase 

represented in figure7e. The highest -phase was exhibited in 2D or platelet of 

Ni(OH)2 composite film caused by the high surface area which was measured by 

BET method with the value of  2.5, 25.1, and 14.7m2/g for SP, PL and 3D of 

Ni(OH)2, respectively. 

 

 

Figure 2.8. Schematic of SEM show composite film with different dimension of  

Ni(OH)2 (a) 0D (sphere, SP) (b) 2D (platelet, PL) (c) 3D (flower, 3D) (d) FTIR 

 (e) all trans TTTT structure of Ni(OH)2 and PVDF-TrFE (Ji et al. 2019). 

 

Blending with ceramic can improve Eb and Ue but it had low r and weak 

polarization. In 2019, there is the investigation to improve Eb Ue and r by 

combination PVDF-TrFE-CTFE (Eb 300MV/m) with PVDF-HFP which is the 

high Eb (400-700 MV/m) copolymer and strong polarization. The experiment 

compared in two conditions, firstly the different percentage of PVDF-HFP 25, 
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40, 50 wt% and secondly compared stretching – non stretching films. The result 

of Eb of 50/50wt% PVDF-TrFE-CTFE/ PVDF-HFP increased from 235 MV/m 

(neat terpolymer film) to 600 MV/m because of the mixing law but the r also 

lower than PVDF-TrFE-CTFE so the researcher increase r of composite films by 

stretching with thermal to decrease the size of crystalline and increase the 

crystallinity from this experiment effect to induce polarization between 

terpolymer and copolymer were showed in figure 2.9. After stretching r of 

50/50wt% PVDF-TrFE-CTFE/ PVDF-HFP reach to 28 at 1kHz. Moreover, there 

is the high energy storage at 21.9 J/cm3, that can conclude the stretching with 

thermal to decrease size of crystalline and blending with copolymer significantly 

improved the dielectric and energy storage properties (Ren et al. 2019). 

 

 

Figure 2.9. Schematic comparison crystalline size and crystallinity of  non-

stretching film and stretching films with (Ren et al. 2019). 

 

The review provided conductive nanofiller had the limit to using, because 

of high leakage current and high chance to agglomerate of particle but use a 

small amount filler can affect to change the properties so for conductive 

nanofiller was interested to develop design and control interface with polymer 

based. Development material by blending with copolymer and ceramic produced 

the high performance of dielectric and energy storage properties represented  

in table 1. From this review, in 2020 Francesco pedroli used PVDF-TrFE-CTFE 
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and PVDF-HFP/BaTiO3 to generate the multilayered polymeric capacitor in 

figure 2.10. The novel bilayer capacitor was constructed by depositing a thin 

barrier layer of high polar PVDF-HFP/ BaTiO3 on the terpolymer via a rapid 

solution-casting technique. The relationship between leakage current, dielectric 

strength and conduction mechanisms was investigated. Implementation of such a 

barrier layer led to a significant reduction (70%) in leakage current and 

ferroelectric losses (approximately 90%), thus boosting the performance of 

multilayered material up to 50% of enhanced energy-storage efficiency (Pedroli 

et al. 2020). 

 

 

Figure 2.10. Structure of multilayer capacitor (Pedroli et al. 2020). 

 

Graphene is the one of carbon-nanofiller or conductive nanofiller,  

a single-layered atomic structure showed in figure 2.11. Generally, graphene was 

separated into four forms graphene flexible paper, graphene thin film, foam, and 

graphene fibers so there is investigation of widely applications in renewable and 

green energy sources caused by the thinnest, hardest, and relatively known lighter 

material with extreme flexibility. The electrons can flow easily than silicon due 

to its excellent thermal and electrical properties (Dhinakaran et al. 2020). 
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Figure 2.11.  Graphene structure (Dhinakaran et al. 2020). 

 

In 2019, carbon nanofiller was invested by blending with PVDF-HFP to 

enhance piezoelectricity. Resultantly, the maximum voltage output and the 

harvesting power density reach to 181% and 329%, respectively, carbon black 

(CB) and graphene (GPN) can improve this property of composite films. 

Addition of CB and GPN re-aligned polymer phase or increase the -phase in 

PVDF-based polymer (Cai et al. 2019). Graphene oxide (GO) was synthetized by 

single sheet of graphite and obtained oxygen groups so the chemical of GO. 

There were mainly the carboxylic groups on the plane. In 2021, Investigation 

about the influence of C/O ratio on the mechanical and electrical properties of 

GO films, controlling C/O ratio by KMnO4 volume in pristine GO solution 

(figure 11). The dielectric constant of GO film increased with rising of ratio C/O 

because of the volume of C/O increased effected to decrease interlayer spacing 

(strong chemical). The highest dielectric constant was GO-3 at 2075 (1kHz). For 

GO-5 was the high ratio C/O so cloud be reduced to be the electrical conductor. 

From this study GO-film can improve the dielectric properties but it failed to 

store energy (Chan et al. 2021). Noticeable, combination between GO and 

polymer was interesting. 

 



21 
 

 
 

 

 

Figure 2.12.  Schematic of synthesis GO at the different C/O ratio  

by controlling of KMnO4 volume (Chan et al. 2021). 

 

Mengfan Guo (Guo et al. 2019) developed the energy storage of composite 

films by increasing electrical breakdown and dielectric constant based on PVDF. 

The microstructure design to be nanofiller can improved this property. 

Figure2.13 showed comparison the dielectric constant, energy storage and 

breakdown strength of pure polymer, bulk ceramic, polymer/polymer composite 

and polymer/ceramic. The polymer/ceramic and bulk ceramic provide the rise 

trend of dielectric constant but decreasing trend for Eb. Moreover, for 

polymer/polymer composites intensively explored for recent years, their 

dielectric constant and breakdown strength are optimized, and the energy density 

can be greatly enhanced.  
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Figure 2.13. Dielectric constant, energy storage and breakdown  

strength in the different composite films based on PVDF (Guo et al. 2019). 

 

Enhance Eb was investigated by simulation breakdown phase evolution  

of microstructure compared between nanofiber (S1), vertical nanosheet(S2), 

random nanoparticle (S3), parallel nanofibers (S4) and parallel nanosheet (S5).  

From figure 2.13, nanocomposite with parallel nanosheet (S5) was the hardest to 

breakdown with Eb 310 MV/m cause by more dispersed, the large area hindered 

the growth of breakdown phase (Pan et al. 2017). 
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Figure 2.14. 3D simulation of microstructure effects on Eb (a) morphology 

 (b) The volume fraction under E (c) Eb with the different microstructures  

(Pan et al. 2017). 

 

In this study blending copolymer (PVDF-HFP), terpolymer (PVDF-TrFE-

CTFE), and used graphene nanoplatelets (2D nanofiller) which is interesting 

nanoparticles are comprised of short stacks of platelet-shaped graphene sheets 

can enhanced barrier properties, induce re-aligned structure to be -phase and 

interaction between nanoplatelets had the strong bonding induced high 

polarization from this reason these composite films can improve the dielectric 

and energy storage properties simultaneously. 

2.3. Preparation of composite film 

2.3.1. Materials and equipment 

63-033 PVDF-TrFE-CTFE terpolymer was purchased from PolyK Technologies 

State College, PA, USA. PVDF-HFP copolymer Solef 11010/1001 was purchased from 

Solvay Solexis, Belgium and graphene-nanoplatelets (GPN, 806633) was from Sigma-

Aldrich, USA. The solvent, N, N-dimethylformamide (DMF, 99% purity, purchased 

from RCI Labscan Limited, Thailand) 

2.3.2. Preparation method of composite thin film 

The composite films were prepared by the tape casting solution method. 

Solution preparation was separated in 2 parts (polymer composite film and GPN 
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composite film). Blending PVDF-HFP/PVDF-TrFE-CTFE in five different ratios 

of copolymer (100/0, 70/30, 50/50, 30/70 and 0/100 wt% replace in name T5C1, 

T4C2, T3C3, T2C4 and T1C5, respectively) were dissolved by DMF For GPN 

composite film, GPN1% was melted and homogenized in DMF with using 

ultrasonic probe for 20 min for dispersing. After fully GPN dissolved, filled with 

terpolymer/copolymer as the same ratio with before. After mixing solution, 

stirred them for 6h at 50C and after that cashed the solution on the glass plate 

and annealed at 120°C for 12 h for evaporation of the solvent. Subsequently, the 

films were taken off from the glass plate with deionized water (DI water). 

2.4.Conclusion 

In the summary to improve the energy storage properties of PVDF-HFP has 

the several processes. In this work focused to study in term of blending copolymer 

with terpolymer and GPN 2D nanosheet that is the conductive filler. For terpolymer 

blending support in term of rearrangement to b crystal phase, GPN loading indicate 

the increase surface charge under the external electric field. The composite film was 

characterized in the microstructure characterization, electrical properties, energy 

storage density and electrical breakdown strength. 
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Chapter 3  Microstructure characterization and electrical properties 

3.1. Microstructure characterization 

3.1.1. Introduction 

Currently, energy storage material was modified in the several processing 

such as shape of material (thin film, nanofiber) and modified chemical structure 

in the material (polymer, nanofiller blending). From modify processes affect to 

morphology, domain size and chemical grouping. PVDF- polymer included with 

amorphous and crystal phase when blending with the other filler, there was 

morphology, percentage crystal phase changing that parameter that were 

important to enhance dielectric and energy storage properties. This study also 

observed morphology change, crystal size and crystallinity with SEM, FTIR and 

XRD. 

In this chapter attempt to improve electroactive performance of composite 

film. PVDF-base polymer had the most investigated and used for device in the 

different three phases that presents all-trans TTTT planer zigzag (-phase) 

(Daneshkhah et al. 2017)(Ahamad Salea et al. 2020). TGT�̅� chain ( phases) and 

T3GT3�̅� for  phases.  and  are electrical active phases that the  alignment  

provides the highest dipole moment per unit cell (810-30 Cm) (Martins, Lopes, 

and Lanceros-Mendez 2014). Dipole moment was the important parameter to 

improve the electrical application, the previous research has the several methods 

to increase  phase and surface charge so in this study considered the electrical 

active of composite film by dielectric measurement, dielectric loss, and 

conductivity.  

3.1.2. Scanning Electron Microscope, SEM 

SEM (HITACHITM3030Plus, Tokyo, Japan) use for characterizing 

morphology on the surface nanocomposite films and consider size and 

distribution of PVDF-HFP, PVDF-TrFE-CTFE, and GPN at the different of filler 

content. 
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Figure 3.1. SEM characterization of: (a-d) 2 phase composite films    

(e-h) 3 phase composite films. 
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From figure 3.1a-d, SEM results provided the size and number of pores, the 

microporous structure was changed with blending terpolymer. Size of 

microporous composite films showed increment with terpolymer loading (T1C5, 

T2C4 and T3C3) but the density of pores was decreased. T4C2 was the smallest 

pore size and high porosity affect to interconnect that induced a electrical path 

way so fast. The highest porous size was T3C3 film that cause by strong H 

bonding between gauche bond of -PVDF-HFP and percentage to group H-

bonding  between PVDF-HFP with PVDF-TrFE-CTFE, induced to evaporation 

in annealing process (Yuennan, Sukwisute, and Muensit 2017) , that structure 

could call honeycomb-like structure, had unique hierarchical porous. Percentage 

of terpolymer affects to the distribution of polymer, strong bonding, and 

crystallinity of terpolymer induced changing amorphous phase of copolymer to 

be the crystal phase, reduced the size of crystal so blending with terpolymer at 

the percentage increased. 1 wt% GPN filler not many percentages so some of 

sample not more changing morphology arrangements for SEM results when 

compares with PVDF-HFP/ PVDF-TrFE-CTFE. The low density of pore can 

prevent to short circuit under electric field (J. Zhang et al. 2014). 

 

3.1.3. Fourier Transform Infrared Spectrophotometer, FTIR 

FTIR (ATR Vertex70, Bruker, Germany) used to determined phase of 

nanocomposite by consider graph relation between absorption and wavenumber. 

The wavenumber of PVDF was showed in table 3.1. and Ratio (/) can 

calculate by equation 3.1. 

Ratio (/) = 
Absorbance band of β

Absorbance band of α
 (3.1) 
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Table 3.1. the absorption FTIR of PVDF phases. 
 

PVDF-phase Wavenumber (cm-1) Reference 

 614, 760, 875, 1170 and 1402 (Martins, Lopes, and Lanceros-

Mendez 2014; Ting et al. 2020) 

 510, 840, 1072 and 1274 (Lanceros-Méndez et al. 2001) 

 431, 512, 776, 812, 833, 1178 and 1231 (Martins, Lopes, and Lanceros-

Mendez 2014) 

+   838 and 1234 (Okada et al. 2015) 

 

As previously mentioned, there are mainly three phases of PVDF (,  and 

-phase) which regarding the different structure arrangement. FTIR spectra 

observed the crystalline and amorphous phases related to the molecular chain of 

polymer. All-trans TTTT chain (-phase) of PVDF shows a peak at three 

wavenumbers, 510 and 840 1072 cm-1 (CF2 and CH2 rocking) (Daneshkhah et al. 

2017)(Ahamad Salea et al. 2020). TGT�̅� chain or -phase provided the peak at 

614, 760, 875,1170 and 1401 cm-1 in form CF2 stretching (Permana, 

Chirasatitsin, and Putson 2020). The peak at  1178 and 1231 cm-1 (asymmetric 

stretching C-F, -phase) were  showed in neat PVDF (Daneshkhah et al. 2017) 

but between  and  had some confusion caused there was the similar polymer 

chain in the same wavenumber (Martins, Lopes, and Lanceros-Mendez 2014) so 

at 838 (CH2 rocking vibration) and 1234 cm-1 (CF2 asymmetric stretching) was 

provided with +  phase. 
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(a) (b) 

Figure 3.2.  (a) FTIR spectra of polymeric film (b) GPN1% doped film. 

The different crystalline forms of blending were provided in Figure 3.2a, 2-

phases composite films between PVDF-HFP and PVDF-TrFE-CTFE, the 

absorbance peak of −PVDF increased with PVDF-TrFE-CTFE content. In this 

study, −phase was considered at 510 and 1072 cm-1. At 838 band, +  phase , 

blending with terpolymer decreased density of -phase but for T4C2, T2C4 and 

T1C5 increase with GPN1% loading. -phase (763 cm-1) increases at T2C4 and 

T3C3 and increment percentage of terpolymer (T4C2 and T5C1), a peak 

decreased and had strong peak of . For filled with GPN clearly reduced -phase 

and notable induce  and  -phase of PVDF were stronger peaks than polymeric 

blending film. The carbon group filler was showed the ability virtual negative 

and positive electrode induced H and F, respectively from this interaction and 

intermolecular (GPN and amorphous region ) support mixing GPN effect to 

increasing of    -phase (Lloyd-Hughes and Jeon 2012).   
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Figure 3.3. FTIR, ratio / of 2 phases (blue symbol) and  

3 phases (orange symbol) composite films. 

 

The ratio / of 3-phases composite films provides the higher ratio than  

2-phases that supports inducing of GPN to hydrogen bonding between H and F in 

polymer matrix and induced rearrangement of PVDF structure to be the -phase. 

Figure 3.3. proposed the high percentage of -phases with terpolymer and GPN 

loading but  the / ratio is less than 1, the main phase of composite film still be 

the −PVDF (Ting et al )  

 

3.1.4. X-Ray Diffractometer, XRD 

The crystallinity and crystalline size were determined by XRD and use the 

Scherrer equation to calculate size of crystalline. 

D =  


cos
 

(3.2) 

 

where D is crystalline size  is Scherrer constant (0.94).  is wavelength of 

x-ray (0.15406nm).   is peak position (radians).  is FWHM in radians unit 

measure from graph relation between intensity and 2. The XRD results 

exhibited the crystallinity and crystal size changing when addition with 
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terpolymer and GPN. PVDF is semi-crystalline polymer (the crystal and 

amorphous region), considered 2 of crystal  at 17.9 (100)  and 18.3 (020) and 

 at 20.26 (110/200) for PVDF dissolve with DMF (Ting et al. 2020). 

 

 

 

 

 

(a) (b) 

Figure 3.4. XRD peak at 17.9, 18.3, 20.26 and 26.5 of all composite films 

 (a) 2-phases composite film (b) 3-phases composite film. 

 

Firstly, terpolymer increased crystallinity of composite film that clearly 

showed at peak 2=18.3. Comparison between 2-phases and 3-phases composite 

film showed the exact difference at -peak, the  phase of 3-phase was higher 

than 2-phase, GPN was the conductive filler in the carbon- base provide the 

strong dipolar interaction between CH2 and C=O that exhibited by increasing 

peak of 3-phase composites film (Ekbote et al. 2021). It was clear to induce 

crystallinity in samples which have a high percentage of terpolymer (T3C3, 

T4C2, and T5C1). The natural PVDF-TrFE-CTFE has mainly crystal phase when 

blending with GPN provided the strong bonding between polymer and 
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conductive filler but there was amorphous phase, GPN not more effective to 

induced to be the crystal phase in copolymer composite films. 

 

Figure 3.5. crystal size of 2 phases (blue symbol) and  

3 phases (orange symbol) composite films. 

 

The crystal size of 2-phases composite film has the increment trend, 

leading to 0.68 nm at T4C2 and increased to 0.54 nm for the neat terpolymer. 3- 

phases composite film shows the highest size at T3C3 (1.08 nm). Resultantly, 

blending with filler can induced to chemical reaction between phases such as 

T3C3 increases hydrogen bonding between copolymer and terpolymer that 

provides the large porous after anneal process. Moreover, there is the small 

agglomerate when GPN loading cause by its conductivity.  
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Figure 3.6. Schematic of PVDF-HFP structure rearrangement by addition 

PVDF-TrFE-CTFE and GPN. 

Blending PVDF-HFP with PVDF-TrFE-CTFE and GPN induced 

rearrangement to -PVDF phase (Figure 3.6). For terpolymer mixing improved 

interactions hydrogen bonding between -H+ and -F- that provides  alignment. 

Percentage of terpolymer loading affected to crystal size and crystallinity as 

proposed in FTIR and XRD results. Moreover, GPN had the large surface area 

that made the huge force allow rearrangement (HF bonding) (Tiwari et al. 2016) 

but affected to some composite film because of 1wt% GPN loading that not 

well for distribution on film. 

3.2. Electrical properties 

3.2.1. Dielectric properties and AC conductivity 

The dielectric constant, AC conductivity and Dielectric loss factor of films 

were investigated by the LCR meter (IM 3533 HIOKI) with frequency of 1 - 105 

Hz at room condition. The dielectric constant and AC conductivity were 

calculated by equation (3.3) and (3.4), respectively. 
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r =  
Cpt 

0A
 

(3.3) 

 =  
Gt

A
 

(3.4) 

Where r and  are dielectric constant and AC conductivity and 𝐶𝑝, 𝑡, 𝐴, 

𝜀𝑜, G are electrical capacitor, the thickness of film (Samples thickness is 100 ± 3 

m in all case), the area of electrode, the permittivity of air (8.853 x 10-12 F m-1) 

and the conductance, respectively. 

  

(a) (b) 

 

(c) 

Figure 3.7. (a) Dielectric constant; (b) dielectric loss; and (c) AC 

conductivity of all composite films with frequency and PVDF-HFP 

 content, respectively. 

The dielectric constant of all composite films has decreasing trend with 

frequency was shown in Figure 3.7a. At low frequency, dipole moment polarized 

relate with increment frequency but at the high frequency, it cannot polarized 

follow changing frequency affect to reduce dielectric constant and increase 
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dielectric loss (Cui et al. 2019).  It can be obviously seen that increment of r 

related to the two main reasons. Firstly, it increased with PVDF-TrFE-CTFE 

loading at room temperature. Normally, the dielectric constant based on 

interfacial polarization significantly effects on the heterostructure materials. In 

place of PVDF-HFP is semi-crystallinity polymer, which provided the main 

crystallinity phase as β-phase and amorphous phase as -phase. It may be 

attributed that the increment of dielectric constant of blend terpolymer concerns 

with the crystallinity phase when terpolymer was increased. It was found that the 

dielectric loss was small changing compare with increasing of dielectric constant 

caused by small size crystal or nanodomain of composites film effect to the value 

of loss when applied electric field to material (Ren et al. 2019). 

 

  

(a) (b) 

 

(c) 

Figure 3.8. (a) Dielectric constant, (b) AC conductivity and (c) dielectric loss 

dependent on filler concentration at 1000 Hz of 2 and 3 phase composites film. 
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GPN, conductive filler in C-bases treated as electrode in the composites 

structure. Under electric field, C nanoparticle are bordered with a local micro- 

capacitor that induced charge area and interfacial polarization (Y. Zhu et al. 

2017). Figure 3.8a represented the dielectric constant of neat PVDF-TrFE-CTFE 

and PVDF-HFP film were 17.1350 and 3.7667 at 1kHz, respectively. It was 

noted that neat PVDF-TrFE-CTFE terpolymer is higher than five-fold. The 

results showed that the dielectric constant of blend polymer increases when 

PVDF-TrFE-CTFE was increased, according to mixing law while blending with 

graphene-nanoplatelets (GPN) provided the higher r than polymer composite 

film. Resultantly, T1C5 and T4C2 filled GPN1% film showed r at 21.5 and 13.6, 

respectively compared with 2-phase composites film provided r 17.9 and 11.8, 

respectively. These results showed that GPN can induce interfacial polarization 

and increased space charge between polymer matrix and filler lead to increment 

of dielectric constant (Chu et al. 2020), could be align polymer chain to be 

crystal-phase effect to more response of dipole moment inside the composite 

film.  

In general, the dielectric loss or loss tangent of dielectric materials were 

related to its conductivity, Thus, dielectric loss increased when the ratio of 

PVDF-HFP was decreased, which leads to the increment of AC conductivity of 

sample. Blending with conductive filler (GPN) provided the dielectric loss higher 

than polymer film.  In fact, PVDF-TrFE-CTFE terpolymer was the high dielectric 

constant and more crystal-phase region that affects to dipole response electric 

field while PVDF-HFP copolymer was more amorphous-phase polymer. 

Consequently, the merging of 3 component between PVDF-TrFE-CTFE, PVDF-

HFP and GPN affects its dielectric constant, dielectric loss, and conductivity. 

3.3. Conclusion 

2 and 3-dimensions structure provides the porous from DMF naturally 

evaporating process, size and porosity affect to the electrical path way. Blending with 

terpolymer can induce re-alignment of composite film affecting to increased dipole 

changing under the electrical with terpolymer increment in accordance with the 

increment β-phase content result of 2-phases blending, this result was improved the 
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dielectric constant. For conductive GPN in 3-phases composite film increases charge 

on the surface that induces to be the micro capacitor on heterostructure and improves 

the interfacial polarization that exhibits the dielectric constant of 3 components higher 

than 2 components. On the other hand, 2 and 3 phases provide the raising trend of 

dielectric loss and conductivity caused by dipole rotation during the charge-discharge 

process and mixture rule of high polarization polymer and conductive filler, 

respectively. 
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Chapter 4 Ferroelectricity P-E loops, energy efficiency properties 

and electrical breakdown of composites film 

4.1.Introduction 

Ferroelectric properties are at the origin of various applications, especially in 

the field of dielectric capacitor, batteries and storage devices (T. F. Zhang et al. 2018; 

Y. Zhu et al. 2017).  The energy storage capabilities can be improved by increasing 

the voltage and capacitance.  These properties have the unique performance. It can 

exhibit the hysteresis loop, relationship between polarization and electric field, 

provided in the different loop that was anti ferroelectric and relaxor ferroelectric 

depend on position of dipole moment in crystal structure. The relaxor ferroelectric 

provided the highest maximum polarization (Pmax) and low remnant polarization(Pr) 

(T. F. Zhang et al. 2018). Consequently, it has high dielectric constant(r), high 

energy storage (Ue) and low energy loss density (Ul).  However, there is a limit for 

applied voltage of the dielectric or ferroelectric materials in which the maximum 

voltage is related to the electrical breakdown strength (Eb). Obviously, one of the key 

to maximizing the efficiency of those devices is the electrical breakdown strength 

(Eb) (Y. Zhu, Jiang, and Huang 2019). 

4.2.P-E loops or hysteresis loops 

Au electrodes were sputtered on the surface of films. The ferroelectric 

properties were analyzed by Polarization-Electric filed (P-E) loop test system with the 

electric fields range of -40 to 40 MV/m at room temperature. The energy density (Ue), 

and energy efficiency (ƞ) can be calculated from the curve of P-E loop as Equation 

(4.1) and (4.3) (Chu et al. 2020), respectively. For loss energy density (Ul) was 

calculated in the closed area in P-E loop.  

Ue = ∫ EdP
Pr

Pmax
 

(4.1) 

Ul  =  


2
0rE

2 (4.2) 

   =  (
Ue

Ue+Ul
)  100% 

(4.3) 
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where E is the applied electric field, P is polarization  and the vacuum permittivity, 0 

= 8.85410-12 F/m (Y. Zhu et al. 2017). 

 2-phase composite film 3-phase composite film 

T1C5 

  
T2C4 

  
T3C3 

  
T4C2 

  
 

Figure 4.1. Unipolar P-E loop at 40-100MV/m of (a-d) different terpolymer 

loading in PVDF-HFP (e-h) blended with GPN1% composite films. 

 
 

Figure 4.1 represented compared P-E loop between polymeric composite and 

GPN composite film, at 40-100 kV/mm, PVDF-TrFE-CTFE loading increase the 
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Pmax of 2-phase composites film. At T3C3 and T4C2 exhibited the high Pmax 

compare with PVDF-HFP film, from the XRD result supported induce crystal phase 

of PVDF-film by CF2 or CH2 bonding. Pmax and Pr had increased with loading GPN 

and addition percentage PVDF-TrFE-CTFE, but the big size of conductive filler 

presented the high dipole moment effect to huge of loss that means the huge of energy 

loss under electrical. The composite films combined with GPN1% induced re-

alignment increasing of crystal-phases of polymer, increased Pmax and Pr. Moreover, 

at T2C4 films the Pmax and the volume of energy loss was better than pure 

terpolymer film. 

 

 

Figure 4.2. The structural schematic of arrangement relates with hysteresis 

behavior of (a) PVDF-HFP, (b) PVDF-HFP/PVDF-TrFE-CTFE and (c) PVDF-

HFP/PVDF-TrFE-CTFE /GPN1% composite films. 

 

The different polarization for dielectric material exhibited from dipole under E 

but ferroelectric properties there is additional polarization generated from asymmetry 

structure. Therefore, the relation between polarization and electric field provided 

different behavior show on figure 4.2. that depended on amount and size of dipoles 

and domain in material. For PVDF-HFP film provided the symmetry-breaking 

crystals or -PVDF phase. There was the dipole-dipole interaction that align in the 

different direction, so P-E loop has the high Pr exhibited high energy loss from dipole 

moment rotation(L. Zhu 2014). PVDF-HFP/PVDF-TrFE-CTFE blending enhanced 

(a) (b) (c) 
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dipole-matrix interaction and interfacial polarization of heterostructure, induced the 

large domain and many dipoles affected to slim P-E loop that represented increment 

Pmax and low Pr. For filling with conductive filler (GPN) induce the space charge 

and nanodomain, provides many dipoles moment relate with relaxor ferroelectric 

loop. 

4.3.Energy storage density  

  
(a) (b) 

Figure 4.3. The energy storage density of (a) 2-phase and  

(b) 3-phase composites film. 

 

P-E loop calculated the energy storage density of all film blending with 

PVDF-HFP   lower than PVDF-TrFE-CTFE film because copolymer can increase 

crystallinity and decrease crystalline size, effect to increase interfacial polarization 

between the terpolymer and copolymer (Y. Zhu et al. 2017) and the relation between 

polarization and Ue showed in equation 4.1. After blending with terpolymer, the 

dipole moment under E in polymer matrix increased because of terpolymer mainly 

polar-phase so the regularity of structure contributed alignment of copolymer to be 

the crystal-phase and had more interaction between amorphous phase and terpolymer 

molecule, reduced percentage of amorphous into crystalline region. 
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4.4.Energy loss density 

  
(a) (b) 

Figure 4.4. The energy loss density of (a) 2-phase and (b) 3-phase composites film. 

 

4.5.Efficiency of energy storage density 

  
(a) (b) 

Figure 4.5. The efficiency energy storage density of (a) 2-phase and  

(b) 3-phase composites film. 
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71.09 % which has the near the PVDF-HFP film showed 68.59%. Moreover, compare 

with PVDF-TrFE-CTFE film, PVDF-HFP can improve the energy efficiency from 

25.74% to 71.09%, respectively. The energy loss of GPN composite film higher than 

polymeric composites film while energy storage density lower, blending with GPN 

40 60 80 100
0

50

100

150

200

250

2-phase composites film

 

 

E
n
e
rg

y
 l
o

s
s
 (

J
/c

m
3
)

Electric Field (kV/mm)

 T1C5   T2C4   T3C3   T4C2 

40 60 80 100
0

50

100

150

200

250

3-phase composites film

 

 

E
n
e
rg

y
 l
o

s
s
 (

J
/c

m
3
)

Electric Field (kV/mm)

 T1C5   T2C4   T3C3   T4C2 

40 60 80 100
40

50

60

70

80

90

100
2-phase composites film

 

 

E
ff

ic
ie

n
c
y
 (

%
)

Electric Field (kV/mm)

 T1C5   T2C4   T3C3   T4C2 

40 60 80 100
40

50

60

70

80

90

100
3-phase composites film

 

 

E
ff
ic

ie
n

c
y
 (

%
)

Electric Field (kV/mm)

 T1C5   T2C4   T3C3   T4C2 



43 
 

 
 

induce the polarization but limited motion so the energy storage density of all 

nanocomposites, provided lower than neat terpolymer (Chu et al. 2020). 

 

4.6.Electrical breakdown strength (Eb) 

The films were under electric field between 0 and 10kV which measure the Eb 

by Dielectric Breakdown Test System (PolyK Technologies State College). Eb was 

analyzed by using the Weibull model which shown in equation 4.4 

. 

P(E) = 1 – exp [-(E/)k)] (4.4) 

 

where P(E) is the breakdown probability of the material under the electric field (E),  

k is the parameter related to the reliability of the sample. The shape parameter k 

shows the distribution of Eb.  is breakdown probability of dielectric breakdown at 

which 63.2%. 

  

(a) (b) 

Figure 4.6. Breakdown probability analysis using Weibull model of  

(a) 2-phase and (b) 3-phase composites film. 
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enhanced the Eb when the ratio of terpolymer was adjusted. The Eb increases with 

increasing PVDF-HFP content. Moreover, it was found that the optimization of the Eb 
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copolymer induced to arrange the polymer structure and prevented electrical 

pathways (Chu et al. 2020). From experimental results, it may be attributed that the 

crystalline region and crystalline size of terpolymer are significantly impacting on the 

Eb of materials. As previously reported that the enhancement of electrical breakdown 

strength can be contributed to the semi-crystalline terpolymer is biphasic material and 

the expanded interfacial region from PVDF-HFP (Yin et al. 2016). 

 

 

Blending with GPN1% decreased Eb in the close ratio but at T5C1 had the 

lowest ratio as   terpolymer had more crystallinity effect to induce stronger interaction 

between heterostructure than the other films. Moreover, high crystallinity exhibited 

more gain and PVDF-HFP had more amorphous phase than crystal phase so effect to 

easy leakage. 

4.7.Conclusion 

This work demonstrates the enhancement of the dielectric and energy storage 

properties of the 2 and 3 phases composite film, terpolymer and GPN loading induced 

to change P-E loop behavior. In addition, the shape and volume of the hysteresis loop 

or the loss energy density of 2 phases composite film slimmer than 3 phases. It may 

be attributed that the changing of hysteresis loop related to the crystallinity of 

composite films when GNP fillers was used. When blending between PVDF-HFP and 

  

(a) (b) 

Figure 4.7. Electrical breakdown strength (Eb) of (a) 2-phase and  

(b) 3-phase composites film. 
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PVDF-TrFE-CTFE, the Eb decreased with increasing terpolymer content. The highest 

Eb is T4C2 film at 570 V/m, compare with T5C1 film which has Eb at 316 V/m. 

There is enhancement of interfacial in the matrix when the PVDF-HFP was blending 

with PVDF-TrFE-CTFE. The merging with copolymer reduces agglomerations, 

crystalline size, the chain of blending film was stronger than the neat polymer film 

and the crystallinity increase. 
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Chapter 5 Silane coupling agent 
5.1.Introduction 

At the previous chapter, Energy storage and dielectric properties improved by 

blending with terpolymer and GPN, support in rearrangement to induce dipole 

moment and increase charge, but there is the limitation that is the electrical 

breakdown strength (Eb) and energy loss density does not improve so in this chapter 

provides the 3-Aminopropyltriethoxysilane coupling to help in that problems. 

5.2.Literature reviews of silane coupling agent 

The energy storage material provides the polar material. High polarization 

(high net dipole moment material) has the limitations under external electrical that are 

electrical breakdown strength (Eb) and energy loss density cause by agglomerate of 

filler and loss from rotation of the many dipoles. This problem can be solved by 

silane coupling agent that connect between conductive filler (GPN) with polymeric on 

composite film. 

 

Figure 5.1. Schematic images of BTO@PHFDA and BTO@PTFEA nanoparticles 

and their interface regions with polymer matrix. 

Normally, the organics surfactants are used to reduce agglomeration of 

nanofiller. Figure 5.1 represents modifying nanofiller surface by coating with organic 

blending (3D nanofiller). Mixing core-shell nanoparticle improved the homogeneous 

distribution of filler and stronger interchain force between nanofiller and polymeric, 

reaches to increase interface polarization. Moreover, the space charge and dipole 
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movement are suppressed affect to reduce energy loss and increase Eb (Guo et al. 

2019). From the previous research, comparing the dielectric loss of composites with 

different volume fraction thickness of shell of BT-PHFDA1(PHFDA layer thickness 

2–3 nm), BT-PHFDA2 (PHFDA layer thickness 4–5 nm), provided the decrease loss 

from 0.024 to 0.022 with increasing thickness of shell. 

 

Figure5.2. (a) Schematic of the preparation of silane-b-RGO aerogel. (b, c) TEM 

images of a typical GO sheet synthesized from graphite. The brown 

circles in (c) indicate some defects on the sheet due to the excessive oxide process.  

(d) Chemical structure of four typical SCAs, and schematic of 

the hydrolysis and condensation reaction. (e) Schematic of chemical bonding and 

silicone network in the silane-b-RGO aerogel 

Coupling with silane is modified the shape of nanofiller from 2D shape to 3D 

shape. Figure5.2a shows the processes of coupling silane with Graphene oxide sheet 

(GO) for fabrication of 3D-GPNC that is the interaction between nanofiller and 

silane. TEM shows the different before and after coupling that was defects on GO 

sheet from oxide processes (figure 5.2c). HI acid catalyzed induces hydrolysis 

reaction to silicon group as figure5.2d that expected to covalent with hydroxyl groups 

that reaches to 3D chemically bonded network as figure5.2e. Grouping with silane 

affect to surface structure (wall structure), the pore size, and porosity. Changing pore 

of nanofiller affect to ability to distribution on matrix and space charge that is the 

reasons why silane coupling can reduce energy loss and nanofiller agglomerate (Guan 

et al. 2018). In this study used the 3-Aminopropyltriethoxysilane coupling in the 2 
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different ratios, consider microstructure characterization and electrical properties 

compared with 3-phases composite film. 

5.3.Preparation of Silane coupling composite film 

- GPN mixed with H2O2 20g for OH group inducing, sonicated 1 h at 50C 

and dried 12h at 100C (GPN-OH group powder). 

- Silane 1% and 12.5%wt of GPN weight hydrolyzed with DI water: Ethanol 

(10g:10g) 20 min for open functional group and mixed with GPN (OH 

group) sonicated continually 24h at room temperature. 

- Removed the exceeding silane by treated with DI water 5 times 

(centrifuged 30 min and sonicated 15min per washing 1time). 

- Dried the solution at 100C for 12h and got GPN-Silane20% powder. 

- Normally, film casting processes. 

 

5.4.Microstructure characterization and electrical properties 

5.4.1.Transmission Electron Microscope (TEM) 

  

(a) (b) 

Figure 5.3. TEM of GPN1% that coupling with (a) silane1%wt (b) 

silane12.5%wt. 

 

TEM results provide different morphology of coupling silane1% (figure 

5.3a) and silane12.5%(figure5.3b). The back color in TEM is the GPN that coat 
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with silane (gray color). The thickness of wall coating increase with silane 

loading. Moreover, the agglomerate of GPN reduced with silane loading. 

5.4.2. Dielectric properties and AC conductivity 

 

 

 

 

 

 
(a) (b) (c) 

Figure 5.4. Dielectric constant; (a) 3 phases composite film and (b) silane 

1%wt loading (c) silane 12.5%wt loading of all composite films with frequency. 

 

For dielectric constant provide the highest at silane1% loading in all 

composite film. At T4C2 indicates the r = 6.41, 9.06 and 7.77 for silane 0% 1% 

and 12.5%, respectively as figure 5.4. Moreover, dielectric loss reduced with 

increasing of percentage of silane such as T2C4 composite film provided the 

dielectric loss that provided 0.0313, 0.02371, and 0.01833 for silane 0% 1% and 

12.5%, respectively as figure5.5. Silane surfactants blending can improve the 

dielectric constant and reduced dielectric loss that can make easier dipole rotation 

in the same direction with E from this reason affect to increment of net dipole. 

 

 

 

 

 

 

(a) (b) (c) 

Figure 5.5. Dielectric loss; (a) 3 phases composite film and (b) silane 1%wt 

loading (c) silane 12.5%wt loading of all composite films with frequency. 
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The conductivity does not change more with silane loading such as T2C4 

composite film provided the conductivity at 6.1210-9, 5.2710-9, and 2.1310-9  

S/m for silane 0% 1% and 12.5%, respectively show in figure 5.6 (A. Salea, 

Saputra, and Putson 2020). 

5.5. Ferroelectricity P-E loops, energy efficiency properties and electrical 

breakdown of composites film 

  

(a) (b) 

  

(c) (d) 

Figure 5.7. Unipolar P-E loop; (a) T1C5 (b) T2C4 (c) T3C3 (d)T4C2 loading with 

silane1% and 12.5%. 
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(a) (b) (c) 

Figure 5.6. Conductivity; (a) 3 phases composite film and (b) silane 1%wt loading 

(c) silane 12.5%wt loading of all composite films with frequency. 
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 Figure 5.7 shows the result of P-E loop of silane composite film Blending 

with silane changing loop behavior, Pmax provided the highest at silane1% loading. 

There is the same trend with dielectric properties. At T2C4 GPN1%/ silane 12.5% 

had the lower polarization than 2 samples because the high percentage of silane not 

suitable for PVDF-HFP that reduces the net dipole of material under E, it also 

provided the larger insulating silane. 

Figure 5.8a provide the energy storage density of all composite film, 

GPN1%/Silane1% composite film indicates the highest energy storage density that 

supported the silane1% can improve the interfacial polarization but energy loss 

density cannot improve, depend on P-E loop behavior, blending with silane provided 

the bigger loop than GPN1% composite film. Efficiency energy storage is the ratio of 

  

(a)  (b) 

 

(c) 

Figure 5.8. (a) Energy storage density (b) Energy loss (c) Efficiency composite film 

loading with silane0%, 1% and 12.5%. 
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energy density and energy loss T1C5, T2C4 and T4C2 can improve that with 

silane1% loading as in figure 5.8c.  

5.6. Electrical breakdown 

  

(a) (b) 

  

(c) (d) 

Figure 5.9. Electrical breakdown strength; (a) T1C5 (b) T2C4 (c) T3C3 (d)T4C2 

loading with silane1% and 12.5%. 

Figure 5.9 shows the Eb of T1C5, T2C4, T3C3 and T4C2 compare with 

silane0%, 1% and 12.5%. Silane coupling can enhance the Eb in all composite film, 

Eb increased with percent of silane. At T2C4 increase from 150 to 280 V/m cause 

by the low space charge and reduce agglomerate of nanofiller/matrix that can prevent 

the risk to breakdown electrical (J. Zhang et al. 2014). 
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5.7. Conclusion 

The polymer composites were fabricated by tape casting method. Morphology 

of GPN was changed by modifying surface with silane. The dielectric constant, 

conductivity, and dielectric loss were increased with PVDF-TrFE-CTFE and GPN 

loading but in this part can improve with silane1% coupling. The best dielectric 

constant was shown by T4C2/GPN1%/Silane1%. Addition the dielectric loss 

decreased with silane loading. Nevertheless, that condition quite saturate in 

conductivity. The 3-Aminopropyltriethoxysilane coupling agent was added into these. 

For energy storage density can improve with silane1% at the same trend with 

dielectric properties and improve the Eb with percentage of silane, the highest Eb is 

T1C5/GPN1%, and Silane12.5%. This silane content in this work has a potential role 

to increase dielectric properties, energy storage and Eb for the advanced capacitor in 

the future. 
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Chapter 6 Conclusions and future work 

6.1.Main conclusion 

This study aimed to develop the energy storage of composite film that focused 

2 main factors as energy density and Eb, rearrangement structure, surface charge and 

Eb. The EAP thin film was prepared by casting method that has improvement in those 

properties, but the negative result (energy storage loss, distribution of nanofiller) was 

also noticed and solve the problems in the future work. This study was separated in 

two parts of blending composite film that has PVDF-HFP is the main polymer. 

Firstly, PVDF-HFP provides the high amorphous phases that enhance 

crystallinity phase by blending with -terpolymer, PVDF-TrFE-CTFE, resultantly the 

porillity and pore size changing that affect to electrical properties. The crystal size 

and crystallinity increased both of -nonpolar and -polar phase by blending with 

terpolymer. For GPN composite film induced to re-alignment to be the crystal phases 

by HF bonding affect to increment dielectric, polarization, and energy storage 

properties but conductivity, dielectric loss, energy loss and Eb increased because of 

rotation of dipole moment. 

The energy storage that in this work can enhance it by 2 parts. Firstly, 

terpolymer blending improved the -phase or crystallinity. Secondary, conductive 

filler blending support in the surface charges but both of methods do not improve Eb 

because of alignment structure easy to breakdown and conductivity of filler.  

 The second part is the silane coupling to modifying GPN surface from 2D to 

3D nanofiller like core shell that reduce agglomerate of nanofiller (well distribution 

on composite film) cause by chemical interaction (OR-Si-R). The good distribution of 

nanofiller support the electrical properties. The thickness of wall surface increased 

with increment of percentage of silane supported by result that was improve the 

dielectric constant and energy storage at silane1% coupling. Moreover, silane can 

improve the Eb increased with increment of silane content. 

 Therefore, this study enhances the energy storage properties and Eb with low 

percentage of nanofiller content can be used as the good candidates for energy storage 

and EAP applications. 
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6.2.Future work 

This study was considered the microstructure phases, dielectric, energy storage 

properties, P-E loop behavior and Eb. There are some issues would be study that 

are the following: 

- DSC that considers about the glass transition temperature (Tg), the 

crystallization temperature (Tc) and study about temperature properties as 

electrocaloric properties. 

- Modifying nanofiller in the several shape of nanofiller with the other type 

of silane that relates with surface energy, arrangement structure. 

- The tape casting film in multilayer mixing between the polymeric layer and 

nanofiller may show the greater energy storage performance 

- Measurement resistivity of composite film that easy to compare with 

energy storage in real life as power bank, and batteries. 

- Considers the composite film for harvesting and piezoelectric properties 

that can develop to be sensor and actuator. 
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