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ABSTRACT 
 

The ferroelectric copolymer has attracted great attention due to their ferroelectric, 

pyroelectric and piezoelectric properties. Due to the flexible nature and easy fabrication 

techniques, ferroelectric copolymer and its two-dimensional (2D) nanocomposites lead to their 

outstanding technological applications in infrared detection, sensor and actuators, and infrared 

imaging. The dielectric materials are also desirable for application in energy storage devices. In 

this thesis, ferroelectric copolymer and its nanocomposites and 2D metal-organic frameworks are 

investigated and their dielectric properties, electrical energy storage density, electrocaloric effect, 

pyroelectric and piezoelectric properties are investigated systematically. 

In order to tune and improve the ferroelectric response and electrocaloric effect, ECE, two-

dimensional (2D) graphitic-C3N4 (g-C3N4) nano-fillers are introduced into P(VDF-TrFE) 

copolymer. It is the first time, to the best of our knowledge that 2D g-C3N4 are used as nano-

fillers in the P(VDF-TrFE)-based nanocomposites. The nanocomposites with various contents of 

g-C3N4 are characterized by different techniques. The differential scanning calorimetry (DSC) is 

employed to explore the effects of g-C3N4 on the ferroelectric-to-paraelectric (FE-to-PE) phase 

transition and the kinetics of the crystallization process in the nanocomposites. More importantly, 

the negative ECE mechanisms in the nanocomposites are elucidated from the experimental 

results.  The maximum value of ECE 5.4 K is achieved at 322 K by applying an electric field of 

about 0.45 MV/cm. The enhanced dielectric and negative electrocaloric make them more 

potential candidates for electrocaloric refrigeration applications.  

The nanocomposites consisting of graphene oxide (GO) and quasi-2D ferroelectric 

copolymer P(VDF-TrFE) have been successfully synthesized by a co-evaporation method. The 

structural, dielectric and ferroelectric properties of the composite papers are investigated. The 
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Raman spectroscopy analyses on the nanocomposites GO/P(VDF-TrFE) reveal that the defects 

in GOs are reduced significantly by the loading of ferroelectric P(VDF-TrFE). The IG/ID ratio 

increases from 1.02 (for pure GO) to 1.17 (for GO-10%P(VDF-TrFE)), revealing that the defects 

are reduced by the introduction of the nano-fillers due to a strong interaction between GO and 

P(VDF-TrFE) in the nanocomposites. It is worth noted that nanocomposites with 10% of 

P(VDF-TrFE) enhanced the permittivity by almost 3-times as compared to that of the pristine 

GOs. The nanocomposites show a notably raised polarization with a high applied electric field. 

Furthermore, due to the high dielectric constants, the electrical energy storage density of the 

nanocomposites is as high as ~39.89 J/cm3 at 2.8 MV/cm. The high energy density and high 

dielectric breakdown strength suggest that GO/P(VDF-TrFE) could be the promising novel 

materials for electrical energy storage.  

The piezoelectric effect is constrained by the intrinsic crystal structure of the constituent 

material. Herein we describe the designed formation of multicomponent-metal organic 

frameworks (M-MOFs) 2D piezoelectric materials by tuning the metallic constituent elements, 

which lead to a non-centrosymmetric structure and tunable effective d33 piezoelectric coefficients. 

In this work, MOFs and M-MOFs such as Ni_MOFs, Cu_MOFs, NixCu1-x_MOFs, and 

Co0.25Ni0.25Cu0.25Zn0.25_MOFs are obtained via a well-developed bottom-up method; meanwhile, 

their piezoelectric performance is measured for the first time by a dual AC resonance tracking 

piezo-response force microscopy. The results show that bimetal M-MOFs and quaternary-metal 

M-MOFs obtained displayed anomalous piezoelectric behaviors rather than centrosymmetric 

single-metal MOFs. The research will pave a new avenue for flexible piezoelectric material 

development.  
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1    Introduction 
 

             In the last few years, the application of two-dimensional (2D) materials in the multiple 

engineering and scientific disciplines has attracted considerable attention. In particular, 2D 

materials such as graphene and molybdenum disulfide (MoS2) [1-2] have received much 

attention for their potential applications in memory devices. The reduced size, low power 

consumption and faster operating electronic devices demand new technology to satisfy these 

requirements. In 2004, graphene was introduced for the first time as potential 2D semimetal 

materials [3-4] having an overlap of valence and conduction bands and consequently the high 

mobility of charges. Graphene films with several-atoms thickness are stable under ambient 

conditions. Recently, it is found that 2D materials with spontaneous polarization could lead to 

ferroelectricity and dielectric properties [5], and an external electric field can be used to invert 

the polarization of 2D materials.              

  

Figure 1-1 Diagram of the definition of primary and secondary pyroelectric effects [6]. 
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               Energy plays a major role in the history of civilization advancement over the world. 

With the rapid growth of the social economy, under the realistic background of rising energy 

consumption, which brings many social and environmental problems, optimizing the methods of 

energy utilization and improving energy utilization have become the consensus of humanity 

today. Generally, fuel energy is the primary energy source. The proportion of coal has remained 

above 65% in the fuel energy for a long time. The utilization rate of these fossil energy sources is 

only 34%. As shown in Fig. 1-1, about 66% of these traditional energy materials are used. The 

heat will be released into the atmosphere in various forms, not only causing energy loss but also 

causing environmental pollution. Therefore, waste heat recovery technology plays a vital role all 

over the world. How to effectively recover the waste heat generated in the development of the 

industry has become one of the major research topics in today's society. 

1.1    Dielectrics 
 

             The dielectric materials do not carry electric charges. However, with the implementation 

of an external electrical field, it can be polarized. Quartz and mica have been frequently used in 

verities of electrical devices for different applications. The lead-based material Pb0.5Zr0.5TiO3 

and lead-free materials BaTiO3 and Bi0.5Na0.5TiO3 are dielectric materials used in today’s 

modern electrical and electronic devices. For example, the dielectric materials used in 

transducers, actuators and capacitors are electro-ceramics based dielectric materials [7]. Thus, by 

applying the external electric field, the dielectric materials become polarized and a dipole 

moment (p)  is created. Dipole moment consists of two opposite charges with separation δx and 

is given by Eq. 1.1 [8]. 

                                               𝑝 = 𝑄(𝛿𝑥)          ,                                          (1.1) 

where Q represents the charge on an individual point charge. The polarization P is described as 
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                                             𝑃 = 𝜒𝑒εₒ E        ,                                             (1.2) 

where εₒ is denoted as free space permittivity, 𝜒𝑒  is denoted as the electric susceptibility and the 

electric field is represented as E. Whereas the dielectric constant, 휀𝑟  is associated with electric 

susceptibility as shown in Eq. 1.3 

                                                휀𝑟 = 1 + 𝜒𝑒              .                                     (1.3) 

 

Figure 1-2 Schematic diagrams for polarization types of dielectric materials [8]. 

 

             The polarization P generated by the application of an external electric field in dielectric 

materials is the combination of various local polarizations as shown in Fig. 1-2. The electronic or 

atomic polarization is adequately relied on electrons of an atom in its outermost shell, while ionic 

polarization is established by the separation of anions and cations ion in ionic compounds. The 
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materials possessing the permanent net dipole moment in the absence of an electric field, will 

show dipolar or orientational polarization when subjected to an applied electric field. While the 

polarization arises from the grain boundary of the materials is termed as space charge 

polarization. 

             The capacitance of the capacitor mostly depends on the material’s dielectric constant 

when dielectrics are located between two parallel electrode plates. The permanent dipole 

materials are polarized easily when subjected to the electric field, resulting in higher 

polarizability. The materials with high polarization have high dielectric constants. The 

capacitance (C) of the parallel plate capacitor is expressed in Eq. (1.4) as, 

                                                    𝐶 =
1

𝑑
휀0휀𝑟𝐴    ,                                             (1.4) 

where 휀0is the free space permittivity, 휀𝑟 denotes the dielectric constant, while A represents the 

coverage area of the parallel plates and the separation between them is denoted by d. When a 

dielectric device is used for electrical energy storage, it could mainly include ferroelectric 

ceramics due to their high permittivity, the ferroelectric polymers because of their high 

breakdown strength, or their nanocomposites. The ceramic materials have high permittivity [9-

12], but their drawbacks such as low breakdown strength and poor flexibility [13-14] limit their 

use. Recently, the lead-free ceramic materials with an energy density of 1.55 J cm-3 were 

recorded at a breakdown strength of 270 kV cm-1 [15]. The energy storage density for BaTiO3-

Bi(Mg2/3Nb1/3)O3 ferroelectric ceramic relaxor was reported to be 1.13 J cm-3 [16], while for 

Ba0.4Sr0.6TiO3 it is enhanced by the introduction of glasses with a volume fraction of 5 vol.% 

[17]. Dielectric materials can be categorized into three main interrelated groups, i.e., ferroelectric, 

pyroelectric and piezoelectric materials as shown in Fig. 1-3. All pyroelectrics have a 

piezoelectric effect, however, not all piezoelectrics are pyroelectric materials. Ferroelectrics are 
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subgroup of pyroelectric materials whose magnitude and direction of polarization can be 

reversed. The main characteristic of ferroelectrics is the ability to switch polarization using 

external applied electric field. Much attention has been focused on developing inorganic 

compound such as KDP, BaTiO3, PbTiO3, LiNbO3 because of their high dielectric properties and 

organic compound β-PVDF due to their softness and flexibility. 

 

 

Figure 1-3 Inter-relationship of ferroelectric, pyroelectric and piezoelectric materials [18]. 

 

1.2    Piezoelectric effect 
 

             The piezo is a Greek word that originated from ‘piezein’ with the meaning of ‘to press’. 

Piezoelectrics are materials that can produce electricity under mechanical stress as shown in Fig. 

1-4. A piezoelectric crystal polarized by the application of stress is termed as the direct 

piezoelectric effect.  It can work in a reverse process and create strain if an electric field is 
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applied, which is admitted as an inverse effect of the piezoelectric effect [19]. The Pierre and 

Jacques Curie were the scientists who first discovered the direct effect in Rochelle salt 

(KNaC4H4O6·4H2O) and quartz in 1880 [20], while the inverse effect was predicted for the first 

time by Gabriel Lippman in 1881 [21]. The direct effect of the piezo-electric effect is 

significantly effective for structural measurement, vibrational energy scavenging and pressure 

sensor applications [22], while indirect piezo-electric effects are used in actuation, shape control 

and vibrational dampening [22]. 

 
 

Figure 1-4 A piezoelectric disk generates a voltage by the application of a stress. 

 

             Piezoelectricity is a unique property of the piezoelectric materials by inverting the 

mechanical stress into electrical responses and with the order reversed. The centers of positive 

and negative charges in the molecules have to coincide, and in return, no polarization appears 

before the application of an electric field, as shown in Fig. 1-5(a). 
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Figure 1-5 (a) Materials without the application of a force; (b) With the application of a force 
on the materials, the polarization occurs [23]. 

 

However, the perturbation occurs by applying external mechanical stress which leads to 

the production of polarization in the material as shown in Fig. 1-5(b). Much work has been done 

on studying the piezoelectricity of 2D materials such as MoS2 and N-doped graphene. It has been 

shown that the piezoelectric coefficient is dependent on the layer and interlayer spacing in the 

2D materials [24]. The piezoelectric effect has been studied in the GO papers as well. The 

interlayer spacing of GO paper is modulated with different levels of environment humidity [25]. 

The converse piezoelectric effect has been reported which could be revealed by a model of 

hydrogen bonds formed between the graphene layers. According to the crystal symmetry, g-C3N4 

shows no piezoelectric response by the application of mechanical stresses. However, anomalous 

piezoelectricity is observed in thin-film and multi-layered C3N4 nanosheets with the help of PFM 

[26]. The piezoelectric coefficient value for C3N4 is reported to be 0.758 C m-2 which is much 

higher as compared to that of α-quartz.  

              There are various alternative methods to construct the piezoelectric materials for the 

applications in energy harvesting. The enhancement in the devices for energy harvesting can be 
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achieved by changing the piezoelectric materials, stress and poling direction or electrode pattern, 

and by tuning the resonant frequency and applied strains of the materials [23]. Many researchers 

report a lot of piezoelectric materials to improve the performance of energy harvesting devices. 

The most frequently reported piezoelectric material is lead zirconate titanate (PZT). Because of 

the brittle nature of PZT materials, its uses are limited in energy harvesting. In Ref [27], it has 

been reported that the crack growth in PZT materials increases with the application of high 

cyclic loading. To overcome the brittleness of the materials, researchers mostly focus on efficient 

and flexible piezoelectric materials to enhance their applications in energy harvesting. The 

flexible piezoelectric material such as poly(vinylidene fluoride) (PVDF) can offer considerable 

flexibility as compared to the PZT materials. In Ref. [28-29], the PVDF film was coated with 

different flexible electrode materials and compared with inorganic coated electrodes. For 

example, the coated electrodes PEDOT/PSS [poly(3,4-ethyleneedioxy-thiophene)/poly(4-

styrenesulfonate)] possess excellent resistance properties. At 33 kHz, the fatigue crack appeared 

on the surface of the Pt electrode due to the vibrations with the same magnitude over different 

frequencies, while at 213 Hz frequency ITO electrodes started damaging. However, the 

PEDOT/PSS coated film at 1 MHz showed no damage to the electrodes. 

              The fiber-based piezoelectric (piezo-fiber) material is widely investigated [30-31]. The 

diameter of 250 μm of the piezo-fiber was fixed in unidirectional aligned PZT fibers. It was 

investigated that samples with a length of 130 mm, a thickness of 0.38 mm and a width of 13 

mm exhibit high strains when subjected to a frequency of 180 Hz. The piezoelectric element is 

called a self-power sensor that behaves as a power supply as well as a sensor [32]. By the 

application of strains, the piezo-ceramic materials generate a voltage which is related to the 

strain and as a result, it can be employed as a device. The harvester and PVDF sensor are 
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mounted together to a beam. The damage in the beam which appears as a crack can be measured 

by the strain sensor. The crack depth can be determined by the strain reported by the sensor. 

 

1.2.1 Piezoelectric coefficients 
 

The piezoelectric coefficient, d33, is determined by many research groups using the PFM 

characterization device for different nature and laboratory fabricated materials. For BaTiO3 (BT) 

and (Ba,Sr)TiO3 nanowires, the d33 values could reach about 31.1 pm/V [33] with an applied 

voltage of 20 V. Such characteristic of BaTiO3 and (Ba,Sr)TiO3 nanowires reveals to be potential 

piezoelectric property for perovskite and lead-free materials. It can also open the ways for 

ferroelectric materials for commercial use. However, lead-based piezoelectric materials show 

strong piezoelectricity but due to environmental concern, their uses are limited. Therefore, 

piezoelectric ceramics like (Ba0.5Na0.5)TiO3 (BNT) and their nanocomposites are most studied. 

For example, BNT-BT thin film has been reported with an excellent piezoelectric coefficient 

value of 29 pm/V [34]. However, doping can further effectively improve its piezoelectric 

properties. The lead-free piezoelectric single-crystal LiNbO3 [35] is reported with 25 pm/V a 

piezoelectric coefficient. By maximizing the piezoelectric coefficients of flexible polymers and 

lead-free piezoelectric materials, they can be potential candidates for energy harvesting or 

nanogenerator applications. 

 

1.3     Pyroelectric materials 
 

Pyroelectric materials refer to materials that have spontaneous polarization at a specific 

temperature. The applied electric field will affect the spontaneous polarization of these materials 

[36]. Therefore, the presence of spontaneous polarization is known as ferroelectricity in the 
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materials. The spontaneous polarization of the material is connected to its crystal structure 

without the application of an electrical field. While the application of an electric field affects 

both the direction as well as the magnitude of the spontaneous polarization. 

An essential feature of pyroelectricity is spontaneous polarization. The polarization 

intensity (P) and an applied electric field intensity (E) show a relationship that is known as the 

hysteresis loop (P-E loop), as depicted in Fig. 1-6. The relationship of this hysteresis loop is the 

most apparent essential characteristic of ferroelectric materials. In crystalline materials, if the 

unit cell structure contains the positive and negative charge centers that do not coincide with 

each other, a single unit cell has a specific inherent dipole moment. Since the unit cells are 

arranged periodically and repeatedly in space according to the basic law, their inner dipole 

moments are neatly arranged in the same direction. The unique periodicity and repetitive 

characteristics of this crystal structure result in a highly polarized order in the crystal, that is, the 

"spontaneous polarization" of the crystal. This highly ordered polarization state caused by the 

crystal structure is inherent and occurs spontaneously with no additional external electric field. 

With the advancement in ferroelectric research, the external electric field has a positive impact 

on the spontaneous polarization and the orientation energy of spontaneous polarization, which 

are the sources of many unique properties of ferroelectric crystals.   
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Figure 1-6 A typical ferroelectric P-E hysteresis loop. 

 

The reorientation of the spontaneous polarization is called "polarization reversal". In the 

application of the electric field, firstly, the volume of ferroelectric domains in a multi-domain 

ferroelectric crystal which is parallel to an applied field changes a little; then it will rapidly grow 

due to the formation of new domain nuclei and the movement of domain walls. On the other 

hand, the volume of the electric domains in other directions decreases and disappears 

accordingly, prompting the entire multi-domain crystal to become a single-domain body. The 

formation of new domain nuclei takes place during the applied electric field and as a result 

domain walls created are called the "reversal" of the electrical domain. Due to the unique 

hysteresis characteristic of this inversion, the ferroelectric crystal will show a hysteresis loop due 

to the alternating electric field. The hysteresis loop is an essential basis for judging whether the 

material is ferroelectric. The re-orientation of the polarization intensity is the result of domain 

reversal, so the hysteresis loop, on the other hand also indicates the presence of domains in the 

ferroelectrics. 

             Another essential feature of pyroelectricity is the possession of a distinct structural phase 

transition temperature, the so-called Tc. The crystal changes from a paraelectric phase with high 
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lattice symmetry and no spontaneous polarization to a ferroelectric phase with lattice distortion 

and reduced symmetry, generating spontaneous polarization, and Tc is the critical temperature of 

such change. When the crystal is at a temperature lower than Tc, the lattice twists, and the 

symmetry of the unit cell decreases, and it will exhibit ferroelectricity; when the temperature 

rises to or above Tc, the lattice symmetry is reinforced, in the paraelectric phase, at which the 

crystal does not exhibit ferroelectricity. It can be thought from this that the symmetry of the 

paraelectric phase of a crystal is generally larger than the lattice symmetry of its ferroelectric 

phase. The crystal's ferroelectric phase structure is transformed due to the lattice distortion of its 

paraelectric structure. The spontaneous polarization denoted by (Pr), the saturation polarization 

denoted by (Ps) and the coercive field denoted by (Ec) are the main parameters that describe the 

properties of ferroelectric materials. 

           In terms of their structures, pyroelectric materials are generally divided into three types: 

single crystal materials, such as triethylene glycol sulfate (TGS), deuterated TGS (DTGS), 

lithium tantalate (LiTaO3), cadmium sulfide ( CdS), lithium niobate (LiNbO3), barium strontium 

niobate (SBN), etc.; polycrystalline materials, mainly metal oxide ceramics and thin films, such 

as barium titanate (BaTiO3), magnesium lead niobate (PMN), scandium lead tantalate (PST), 

barium strontium titanate (BST), titanate (PD), lead lanthanum titanate (PET), lead zirconate 

titanate (PZT), lead iron niobate-lead zirconate titanate (PFN-PZT), lead lanthanum zirconate 

titanate (PLZT), etc; Polymers materials including poly(vinylidene fluoride) (PVDF), copolymer 

P(VDF-TrFE), and terpolymer (vinylidene fluoride-triethylene) etc, and their composites such 

that, glycol sulfate compound (PVDFTGS), poly(vinylidene fluoride-lead titanate) composite 

(PVDF-PT), vinylidene fluoride-trifluoroethylene copolymer- lead titanate composite materials 
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(PT-P(VDF-TrFE)), poly(vinylidene fluoride-lead zirconate titanate) composite P(VDF-PZT), 

etc. 

The performance of the pyroelectric and dielectric inorganic materials have been 

compared with those of thin-film materials; it is found that the pyroelectric coefficient of 

inorganic thin-film pyroelectric materials is generally about 1 order higher, and the dielectric 

constant is nearly 1 to 3 times higher. While the bulk materials’ dielectric constant is higher than 

those of corresponding film materials. The pyroelectric coefficient of single crystals is generally 

higher, such as TGS materials. For TGS single crystals, however, their dielectric constant and Tc 

are low (Tc ~ 49 ℃), which leads to the depolarization of the material. Moreover, the TGS 

crystals exhibit deliquescent crystal characteristics, making them necessary to seal the devices 

when they are fabricated, and hindering their application in practical applications. 

Thin-film ferroelectric and dielectric materials have the characteristics of easy 

preparation, easy doping and modification, small dimensions, fast response speed, and easy 

integration with CMOS. However, compared with those of ceramic materials, the pyroelectric 

coefficient and thermoelectric conversion efficiency of corresponding thin-film materials are 

lower. In addition, due to the limitations on thin-film preparation technology, the large-area 

ferroelectric thin films currently prepared have poor flatness, large leakage current, and the 

materials are difficult to completely achieve the polarization. In large-area applications, the 

uniformity of the thin-film material and their pyroelectric properties are not good. The defects in 

thin-film materials seriously restrict their practical application in energy storage and conversion. 

The composites of ferroelectric ceramics and organic pyroelectric materials have broken 

the traditional phases and structures of single crystals, polymers and ceramics, and have become 

a hot spot in materials research. For example, the single crystals or ferroelectric ceramic (such as 
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TGS, PT, PZT and PLT, etc.) ultrafine powders, and polymers (such as P(VDFTrFE)) are fully 

mixed to form a composite. Research shows that the developed composite could be pyroelectric 

material possessing both advantages, i.e., the obtained composite material has the characteristics 

of easy cutting and processing and the high-performance ceramics on the one hand, and the 

characteristics of softness and easy doping of polymers on the other hand. In addition, by 

appropriately adjusting the volume ratio of each component of the single crystal or ferroelectric 

ceramic ultrafine particles in the composite system, the comprehensive chemical, as well as 

physical properties of the composite system, can be adjusted, and the materials’ pyroelectric 

coefficient can be improved to meet the requirements of different devices. 

 

1.3.1  Pyroelectric effect 
 

This effect refers to the phenomena of polarization of the surface charge (the adsorption 

of electrons or charges on the surface) that occurred by the temperature change of the polar 

crystal. The reason for the pyroelectricity of the crystal is that its structure itself does not 

coincide with the positive and negative charges at the center of gravity in a certain direction so 

that a different sign of bound charge is generated on the crystal surface in this direction. 
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Figure 1-7 Qualitative analysis of pyroelectric effect, (a) shows the pyroelectric crystal in the 

state with spontaneous polarization, (b-d) show the pyroelectric effect with different 

thermal states [37]. 

 

Fig. 1-7 shows the schematic diagram of the pyroelectric materials. Fig. 1-7(a) shows the 

pyroelectric crystal in the state with spontaneous polarization. Fig. 1-7(b-d) can briefly describe 

the dynamic evolution process of the pyroelectric effect. In the state of thermal equilibrium, 

equal amounts of free charges with different signs are distributed on both sides of surfaces of the 

pyroelectric crystal, shielding the bound charges distributed inside it, and they are not electrically 

apparent externally. The temperature change leads to the displacement between two opposite 

charges and the change in spontaneous polarization of the crystal, resulting in an imbalance in 

the number of bound and free charges inside and outside the crystal. The bound charges 
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distributed on the outside surface cannot completely shield the free charge, so that the free 

charge appears and distributes uniformly on the material surface, forming an electric field E 

which attracts or repels the charges. Consequently, the current in the circuit can be detected at 

both sides of the crystal. The direction of E can be changed by cooling and heating. Therefore, 

the pyroelectric effect occurs due to the change in temperature which causes the polarization of 

the ferroelectric crystal to change, so that the distribution of free charges changes. Specifically, 

the number of free charges on the corresponding surfaces increases or decreases, and the charges 

appear on the crystal surface. The phenomenon of pyroelectric effect and the piezoelectric effect 

is similar, that is, there are electrical signals generated. The key difference is that a change in 

stresses will produce a piezoelectric effect while the change in temperature will produce a 

pyroelectric effect. 

In summary, the material must have two prerequisites for the pyroelectric effect. Firstly, 

the crystal has spontaneous polarization, i.e. positive and negative charge centers are not 

coincided or there is an electric dipole moment macroscopically. Secondly, the temperature of 

the crystal varies, i.e. the pyroelectric effect represents the essence of the crystal's spontaneous 

polarization under the change of temperature [38]. 

 

1.3.2 The thermoelectric conversion process in the pyroelectric effect 

 

Fig. 1-8 shows the conversion relationship between thermal energy and electrical energy 

in a typical pyroelectric effect. The existing studies have shown that the change in the intensity 

of polarization of pyroelectric materials at different temperatures under an alternating applied 

electric field can be designed for the conversion of thermal-to-electrical energy, as shown in Fig. 

1-8(a). Based on the (P-E loops) curve of the pyroelectric material, which is designed to change 
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the polarization intensity caused by the temperature change and further affect the surface charges 

at the electrodes. It can be divided into 4 steps: 

Process ○1 → ○2: The temperature remains unchanged, and the polarization intensity increases, 

which is the isothermal charging stage. 

Process ○2 → ○3: The temperature rises and the polarization intensity decreases. 

Process ○3 → ○4: The temperature is unchanged, and the polarization intensity is small, which 

is the isothermal discharge stage. 

Process ○4 → ○1: The temperature decreases and the polarization intensity increases, which is 

the cooling and charging stage. 

           In this process, the area enclosed by the curves 1-2-3-4-1 can be used to indicate the 

temperature change induced energy conversion. The energy conversion can be expressed as: 

                                          𝑁𝑃 = ∮ 𝐸𝑑𝑃𝑠          ,                                                           (1.5) 

where E denotes the intensity level in the electric field, Ps denotes the spontaneous polarization 

intensity. It can also be expressed as: 

            𝑁𝑝 = 1/2[(𝜕𝑃/𝜕𝑇)EHigh + (𝜕𝑃/𝜕𝑇)𝐸Low](𝐸High − 𝐸Low)(𝑇𝐻𝑜𝑡 − 𝑇Cold) ,             (1.6) 

where 𝐸Low denotes low electric field strength; 𝐸High denotes high electric field strength; 𝑇Cold is 

the low temperature; 𝑇Hot is the high temperature; Ps is the spontaneous polarization intensity. 
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Figure 1-8 (a) Electric field vs electric displacement, (b) The shaded area between 1→2→3→4

→1 represents the Olsen power cycle [39]. 
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1.3.3 The development of pyroelectric materials 
 

             As early as the 20th century, the concept of using the pyroelectric effect of materials to 

realize thermal-to-electrical (thermoelectric) energy conversion was proposed. In 1976, Gonzalo 

conducted a systematic theoretical analysis of pyroelectric energy conversion and pointed out 

that the appropriate efficiency of thermoelectric energy conversion can be used under a large 

temperature change interval by properly using ferroelectric crystals with strong pyroelectric 

effect [40]. In 1985, Olsen et al. [41-42] successively used pyroelectric ceramic materials (PZST) 

and copolymers (P(VDF-TrFE) (60/40)) to conduct pyroelectric energy conversion experiments. 

Experimental results show that the output energy density of pyroelectric energy conversion can 

be enhanced by about two times as compared with the results of earlier studies. This research 

results also applied for a patent for a pyroelectric energy converter in the United States in 1986 

[43]. Since then, pyroelectric materials with high pyroelectric coefficients, such as PZT-PVDF 

composite materials, have been continuously produced and have very good application prospects 

at room temperature to 100 ℃ [44]. If the power density and energy density of thermoelectric 

conversion of pyroelectric materials can be further improved, even comparable to those of solar 

cells, a large amount of waste heat energy can be used to generate electricity and the meaning of 

which is self-evident. In recent years, comprehensive research has been conducted to increase the 

energy efficiency and power efficiency of pyroelectric generators. There are three main aspects 

for increasing the energy and power density of thermoelectric energy conversion, as follows. 

1) Improving the pyroelectric coefficient of ferroelectric materials 

             Through the choice of the ferroelectric material systems and the optimization of 

composition structure, etc., the pyroelectric coefficient can be increased, and the power density 

and energy density of thermo-electric or electro-thermal energy conversion can be improved. 
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The Science Journal reported in 2006 that the PbZr0.95Ti0.05O3 film has a significant 

depolarization refrigeration effect. At Tc around 222 ℃, a 350 nm thick film can obtain a 

depolarization refrigeration effect of 0.48 K·V-1, which is expected to be directly used for 

refrigeration equipment [45].  

 

 

Figure 1-9 (a) A pyroelectric nanogenerator based on PZT film; (b) Enlarged output voltage 
while using to drive an LCD in the region ‘2’ [45]. 

 

              The inverse pyroelectric effect is called depolarization refrigeration. The significant 

depolarization refrigeration effect means that these materials systems can have a large 

pyroelectric coefficient. Other materials systems, such as BNT and PLZT, also exhibit excellent 

pyroelectric properties [46-47]. Yang et al. [48] used PZT film as the basic working units of the 

pyroelectric generator. As shown in Fig. 1-9, the output voltage of 22 V with 171 nA·cm-2  

current output density is achieved under the temperature cycle of 45 K. The output energy can 

make the LED device work continuously for more than 60 s [48]. In addition to PZT thin films, 

Zheng et al. [49] used lead-free barium titanate doped sodium bismuth titanate thin film and 

other different material systems as basic working units to prepare pyroelectric nano-power 
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generation devices, and the residual heat recovery power output of the devices of 0.68 J· cm-3 

was reported.  

2) Optimizing electrode structure to improve heat transfer efficiency, energy and power 

densities 

The use of grooved electrode films and partially covered electrodes [15] can accelerate heat 

transfer and thus higher thermoelectric conversion power and energy densities can be obtained, 

as shown in Fig. 1-10. 

 

 

Figure 1-10 (a) Structures of the fully covered electrode and trenched electrode, (b) top view 
of (a) [39]. 
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   Hsiao et al. [50] used PZT as a pyroelectric unit. To find out the solution to enhance the thermal 

conductivity of the PZT surfaces, the upper electrode is covered by a trench electrode which 

increases the surface temperature change rate by 55%, greatly improving the thermoelectric 

conversion efficiency. Kuroda et al. [51] prepared a substrate-free P(VDF-TrFE) film. Research 

shows that this new "free-standing" structure reduces the heat capacity and suppresses the 

thermal diffusion so that its pyroelectric current and voltage response ratio "on-substrate" 

(depending on the substrate) film are much higher, and this self-supporting structure can also be 

extended to composite materials. 

3) Optimize the device’s operating mode 

Pyroelectric devices often exhibit different conversion efficiencies under different cycling 

modes. Sebald et al. [52] studied the thermoelectric conversion power density and energy density 

of the material (1-x)Pb(Mg1/3Nb2/3)O3–xPbTiO3 and found that based on the Ericsson cycle, an 

output power density of 186 mJ cm-3 was obtained in a 50 °C cycle mode with the applied 

electric field of 35 kV cm-1. Pyroelectric power generation devices will be also developed rapidly 

in the direction of miniaturization and high efficiency. Micro-nano pyroelectric materials will 

replace traditional ferroelectric bulk ceramic materials and could be widely used in the 

fabrication of pyroelectric devices. 

 

1.4  Principles of Electrocaloric Effects 
 

Electrocaloric effect (ECE) refers to the change in adiabatic temperature or, in other words, 

to the change in the isothermal entropy of the dielectric material by the application or removal of 

the electric field, which was first studied in 1930 by Kobeco et al. [53]. The net polarization of 
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dielectric materials increases by applying an electric field and the entropy subsequently 

decreases. The ECE is a reversible process. In a solid-state refrigeration cycle, the working 

material absorbs heat when the cooling load is in contact. By keeping the working material 

isolated under the applied external field, the temperature of the material rises. The absorbed heat 

in the material is rejected to the sink by contact, and as a result, its temperature decreases. This 

process is repeated in the cycle [54], as shown in Fig. 1-11.  

 

 

Figure 1-11 Refrigeration cycle based on the principle of ECE, (a) E=0, (b-c) E is increasing, (d) E 
is decreasing [54]. 
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1.4.1 Thermodynamics of ECE        
 

             To describe ECE, the thermodynamics relations are used for polarization (P), applied 

electric field strength (E), adiabatic temperature change (∆T) and change in entropy (∆S). The 

Gibbs free energy for the materials can be generally written as [55], 

                                                 G = U − TS − 𝑋𝑖𝑥𝑖 − 𝐸𝑗𝐷𝑗      ,                              (1.7) 

where U denotes the system’s internal energy, whereas the terms stress, strain, field and 

displacement are expressed by using Einstein notions where i ==1,2,3,4,5,6 and j=1,2,3. The 

differential of the Eq. (1.7) can be express as, 

                                               dG = −SdT − 𝑥𝑖𝑑𝑋𝑖 − 𝐷𝑗𝑑𝐸𝑗   ,                             (1.8) 

          The entropy (S), electric displacement (D) and strain (x) can be described in the form of 

function for Gibbs free energy, as expressed below.    

                              S = −(
𝜕𝐺

𝜕𝑇
)𝑋,𝐸  ;  𝐷𝑗 = −(

𝜕𝐺

𝜕𝐸𝑗
)𝑇,𝐸 ;  𝑥𝑖 = −(

𝜕𝐺

𝜕𝑋𝑖
)𝑇,𝐸         ,        (1.9) 

          The Maxwell relation can be derived from Eq. (1.9) [52], 

                                          (
𝜕𝑆

𝜕𝐸
)𝑇,𝑋 = (

𝜕𝐷𝑗

𝜕𝑇
)𝐸,𝑋 = 𝑝𝐸       ,                                       (1.10) 

where  (
𝜕𝐷𝑗

𝜕𝑇
)𝐸,𝑋 = 𝑝𝐸   is a pyroelectric coefficient. And 

                                       −(
𝜕𝑇

𝜕𝐸
)𝑆 =

𝑇

𝐶𝐸
(

𝜕𝐷

𝜕𝑇
)𝐸 =

𝑇

𝐶𝐸
𝑝𝐸        ,                                     (1.11) 

From Eq. (1.11) with the initial (E1) and final (E2) values of electric fields [56], leads to evaluate 

the value of ∆S as well as ∆T as, 

                                                  ∆S = ∫ (
𝜕𝐷

𝜕𝑇
)𝐸

𝐸2

𝐸1
𝑑𝐸      ,                                          (1.12) 

                                                  ∆T = −T ∫
1

𝐶𝐸

𝐸2

𝐸1
(

𝜕𝐷

𝜕𝑇
)𝐸𝑑𝐸  ,                                    (1.13)          

where D =  𝜺𝟎𝑬 + 𝑷, E represents applied electric field and polarization is denoted by P.  
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          Eq. (1.12) and Eq. (1.13) can be rewritten as: 

                                                   ∆S = −
1

𝜌
∫ (

𝜕𝑃

𝜕𝑇
)𝐸

𝐸2

𝐸1
𝑑𝐸  ,                                       (1.14)     

                                                       ∆T = −
1

𝜌
∫

𝑇

𝐶𝐸
(

𝜕𝑃

𝜕𝑇
)𝐸

𝐸2

𝐸1
𝑑𝐸  ,                                     (1.15) 

where the specific heat capacity under a constant electric field is represented by CE while T 

represents absolute ambient temperature.  

              The large change in temperature, ∆T,  means a large change in entropy, which is 

associated with the polarization change as described in Eq. (1.14) and Eq. (1.15). The large 

polarization change could occur just above the ferroelectric phase transition. The ECE is large at 

transition temperature and falls to a minimum at the paraelectric phase. 

Due to the small change in temperature in Rochelle salt, it is not considered as an 

effective refrigerant for cooling devices. However, bulk materials with a temperature change 

∆T~ 1 0C got much attention in the 1960s and 1970s [57]. In recent decades, ECE was reported 

with a giant effect, i.e., ∆T=12 0C [58] for lead-based materials. The bulk ceramic materials, like 

barium titanate (BaTiO3, BT) [59], barium strontium titanate ((Ba,Sr)TiO3, BST) [60], and 

bismuth sodium titanate ((Bi,Na)TiO3, BNT) [61] have been found to exhibit high ECE. The 

doped BT, BNT and BST ceramics have been optimized to achieve large ECE at different ranges 

of applied electric fields. In addition, potassium sodium niobium (KNN) [62] shows promising 

ECE properties under a high electric field. 

The ECE have been also found in organic and inorganic single-crystal materials. The 

sample NaKC4H4O6-4H2O has been reported with an adiabatic temperature change (∆T) value of 

0.004 0C [63] under 1.2 kV/cm electric field in 1963. The ∆T value was improved and reported 

in Ref. [64] (∆T=0.11 0C at 1.7 kV/cm), Ref. [65] (∆T=0.18 0C at 1.5 kV/cm) and Ref. [57] 

(∆T=0.11 0C at 1.6 kV/cm) for the organic single-crystal materials (NH2CH2COOH)3.H2SO4. 



26 
 

The adiabatic temperature change of 0.054 0C was reported for organic single-crystal sample 

(NH2CH2COOH)2.HNO3 [66] at the relatively high applied electric field (4 kV/cm) as compared 

to the previously reported results for organic Pb-free single-crystal materials. 

Due to their flexibility, easy fabrication and low cost, intensive studies were carried out by 

research groups focusing on ferroelectric copolymer and their nanocomposites. A giant ECE of 

the ferroelectric copolymer poly(vinylidene fluoride-trifluoroethylene) [P(VDF-TrFE)] above 

ferroelectric-paraelectric temperature and terpolymer P(VDF-TrFE-chlorofluoroethylene) films 

under different electric fields were reported [67]. At 80 0C, the change in temperature was 

reported for copolymer (55/45 mol %) with ∆T=12.6 0C under 2090 kV/cm electric field and 

terpolymer (59.2/33.6/7.2) with ∆T=12 0C near room temperature under 3070 kV/cm electric 

field. In the ferroelectric copolymer and its nanocomposites with different preparation conditions 

and applied electric fields [68-82], the ECE values are reported to be 5-50.5 0C. 

 

1.5 Motivations and objectives 
 

This thesis is composed of three investigations and their motivations are discussed as   

follows: 

 

a) The ECE of the ferroelectric polymers, ceramics and their nanocomposites are widely 

investigated. However, the ECE of the ceramic materials and ferroelectric copolymers 

are limited by their ductile nature and low value of dielectric constants, respectively. 

For the first time, in this work, the 2D graphitic-C3N4 (g-C3N4) nano-fillers are 

introduced into ferroelectric copolymer to improve its structural, dielectric and 

ferroelectric properties. Furthermore, the effects of g-C3N4 in nanocomposites are 

explored and also, more importantly, the mechanisms of negative ECE in the 

nanocomposites are elucidated from the experimental results.  
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b) The materials having high permittivity and high breakdown strength are desirable for 

electrical energy storage and energy harvesting devices. Mostly these materials are 

made of ceramics, polymers or their composites. In this work, for the first time, 

nanocomposites containing 2D graphene oxides and ferroelectric copolymer P(VDF-

TrFE) nanofillers are investigated for their ferroelectricity and electrical energy storage 

properties. The structural, ferroelectric and dielectric properties of the GO papers are 

significantly enhanced by the introduction of quasi-2D ferroelectric copolymer. The 

permittivity 휀𝑟  of the nanocomposites was achieved 3-times larger than of pristine 

GOs, as a consequence of which the electrical energy storage is enhanced.  

c) In this work, multiple transition-metal elements are introduced into the 

centrosymmetric I4/mmm metal-organic frameworks (MOFs). The tailored MOF 

structure reveals a P4/mmm or P1 structure. Multicomponent-metal organic 

frameworks (M-MOFs) are obtained via a well developed bottom-up method; 

meanwhile, their piezoelectric performance is determined by a dual AC resonance 

tracking piezo-response force microscopy for the first time. Our finding indicates that 

bimetal M-MOFs and quaternary-metal M-MOFs obtained displayed anomalous 

piezoelectric behaviors as compared to centrosymmetric single-metal MOFs. 

 

1.6 Thesis organization 
 

Chapter 1 is the brief introduction of dielectric, piezoelectric, pyroelectric, energy conversion 

and electrocaloric effect, and summarizes the published literature in an organized way. 
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Chapter 2 explains the sample preparation method and various techniques for testing and 

characterization of samples using SEM, TEM, XRD, DSC, nanoindenter, PE loop, FTIR, Raman 

spectroscopy, XPS and PFM, etc.  

 

Chapter 3 includes the studies of two-dimensional (2D) graphitic-C3N4 (g-C3N4) nano-fillers 

and ferroelectric copolymer P(VDF-TrFE) to improve its dielectric, ferroelectric properties and 

negative ECE are discussed in details. 

 

Chapter 4 explains for the first time that nanocomposites containing two-dimensional (2D) 

graphene oxides and ferroelectric copolymer P(VDF-TrFE) nanofillers are prepared and 

investigated on their ferroelectricity and properties of electrical energy storage. 

 

Chapter 5 consists of the study and preparation of metal-organic frameworks (MOFs). In this 

work, we introduced bimetal and multicomponent-metal MOFs with different concentrations. 

The piezoelectric and mechanical properties are studied and reported with the significant results 

obtained.  

 

Chapter 6 comprises of conclusion and future work of the study.   
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2     Experimental Methodologies 
 

In this section, the preparations of 2D materials, such as graphite carbon nitride, (g-C3N4), 

graphene oxide (GO), and nanocomposite of P(VDF-TrFE)/g-C3N4 and GO/P(VDF-TrFE), and 

metal-organic-frameworks (MOFs) are described in detail. The methods of characterizing these 

materials are briefly introduced. 

 

2.1   Sample preparation  
 

2.1.1 Graphite carbon nitride, (g-C3N4) 
 

The bulk g-C3N4 was first prepared based on a standard procedure as follows. Firstly, the 

melamine was calcination in a furnace at 600 oC in the air. The powders were then mixed with 

HNO3 and deionized water and were sonicated to form suspensions. The mixture solution was 

centrifugated to form g-C3N4 nanosheets, which were washed and dried to obtain g-C3N4 nano-

powders. Finally, the light yellowish g-C3N4 powders were prepared. 

According to its band gaps, C3N4 is classified into seven different phases. The α-C3N4 

and β-C3N4 phases have the band gaps of 5.49 and 4.85 eV, respectively [1]. The triazine C3N3 

with a 0.93 eV bandgap and the heptazine C6N7 with a 2.88 eV bandgap are responsible for the 

formation of stable g-C3N4 allotropes, as shown in Fig. 2-1. Based on the energy stabilities, 

graphitic g-C3N4 is considered as most of the stable phase due to the pore sizes of nitride as 

compared to other phases. Therefore, heptazine C6N7 can be considered the main parameters to 

produced stable g-C3N4. 
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Figure 2-1   A typical structures of g-C3N4 (a) Triazine and (b) tri-s-triazine [1]. 

 

 

2.1.2  P(VDF-TrFE)/g-C3N4  
 

The nanocomposites containing P(VDF-TrFE) and g-C3N4 were obtained as follows. 

Firstly, 0.3 grams of copolymer [P(VDF-TrFE)-52/48, Piezotech, France] was added in the 5 

grams of N, N-dimethylformamide (DMF) solvent. The mixture was kept for 24 hours under 

magnetic stirring to dissolve the P(VDF-TrFE) powders completely. Subsequently, different 

amounts of C3N4 nano-powders were added in the resultant solution which was kept at 60 0C for 

24 hours. The thick films of the nanocomposites P(VDF-TrFE)/g-C3N4 were obtained by tape 

casting on a copper substrate and were dried in an oven at 70 0C. The nanocomposites of g-C3N4 

(15-50 wt.%) were prepared. The film thickness was 30-100 μm as shown in Fig. 2-2. 

 

2.1.3 Graphene Oxide, (GO) 

 

The graphene oxide, (GO) was prepared from the natural graphite by a modified 

Hummers technique [2]. In order to oxidize the graphite, sodium nitrates and natural graphite 

powders were mixed in the sulfuric acid solution. Then, the mixture was kept for 25 min in the 



41 
 

cold bath with continuously stirring. After that, potassium permanganate was added. The de-

ionized water (DI water) was then added to the solution after kept at 35 °C for 45 min. Then, 

hydrogen peroxide, H2O2, was mixed in the aforementioned concentrated solution. The mixture 

was filtered first and then washed with ethanol and centrifuged twice. Finally, the clean mixture 

was kept for a certain time and was completely dried. The DI water was then added to the 

graphite oxide powder and sonicated. The sonicated mixture was then centrifuged to obtain the 

GO suspensions. The GO flake was ready after keeping the suspension in the oven at 50 °C. 

According to the experiment needs, the GO flakes were used. The typical graphene and graphene 

oxide are shown in Fig. 2-3. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-2 P(VDF-TrFE)/g-C3N4 sample prepared by tape casting method. 
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Figure 2-3  Molecular structure of (a) graphene (b) graphene oxide [3]. 

 

 

2.1.4  GO/P(VDF-TrFE) 
 

After the successful preparation of GO, the nanocomposites GO/P(VDF-TrFE) were 

successfully produced by dissolving GO and copolymer in the solvent of N,N-

dimethylformamide DMF, separately. First, the graphene oxides were prepared with a ratio of 6 

mg (GO) in 1 ml of DMF. The mixture was sonicated for 30 min. Then, the P(VDF-TrFE) 

powders of 10 mg were added in 1 ml of the DMF and kept for 4 h under magnetic stirring. The 

GO solution was added to P(VDF-TrFE) solution in a particular mass ratio x and kept for 24 h 

under magnetic stirring to well disperse the solution and then the solution was put in the oven for 

8 h to evaporate the DMF completely by using the sample boot as shown in the Fig. 2-4. In this 

work we used samples with x=1%, 2% 5%, 10%, 20% and 50%, and its effect was carefully 

studied in detail.   
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Figure 2-4 GO/P(VDF-TrFE) samples dried in boot using an oven. 

 

2.1.5 Metal-Organic Frameworks (MOFs) 
 

The metal-organic frameworks were prepared successfully from different salts purchased 

from Chemical Reagents, UNI-CHEM. The salts containing copper (Cu), cobalt (Co), nickel (Ni) 

and zinc (Zn) with different water concentrations were used. Polyvinylpyrrolidone (PVP) with an 

average molecular weight of 40,000 was purchased from Alfa Aesar. The 4,4'-dipyridyl (BPY, 

98%) was purchased from Acros Organics; the solvent N,N-Dimethylformamide (DMF) at 99.8% 

purity level was purchased from DUKSAN. The Tetrakis(4-carboxyl-phenyl)-porphyrin (TCPP, 

98%) was bought from STREM Chemicals, INC. Ethanol was bought from VWR Chemicals. All 

the chemicals used in the preparation of samples were in their original forms without any further 

purification. 

Synthesis of Ni_MOFs The DMF and ethanol mixture solvent were used with a volume ratio of 

1:3. The 4.4 mg (0.015 mmol) of Ni(NO3)2·6H2O, 1.56 mg (0.01 mmol) of BPY and 10 mg of 



44 
 

PVP were added to the 6 mL mixture solvent in a vial and sonicated for 15 min. Then the 4.0 mg 

(0.005 mmol) of TCPP was added in 2 mL mixture solvent and sonicated for 10 min. The well-

dispersed TCPP was added to the aforementioned solution dropwise and sonicated for 20 min. 

Finally, the capped vials were kept at 80 °C in the oven for 24 h. Afterwards, the resulting 

product of red color was collected. The product was centrifuged at the speed of 8,000 r.p.m. for 

10 min and washed with ethanol. This process was repeated three times. Finally, Ni2(Ni-TCPP-

2BPY) was obtained and denoted as Ni_MOFs. 

Synthesis of Cu_MOFs The DMF and ethanol mixture solvent were used with a volume ratio of 

1:3. The 3.7 mg (0.015 mmol) of Cu(NO3)2·3H2O, 1.56 mg (0.01 mmol) of BPY and 10 mg of 

PVP were added to the 6 mL mixture solvent in a vial and sonicated for 15 min. Then the 4.0 mg 

(0.005 mmol) of TCPP was added in 2 mL mixture solvent and sonicated for 10 min. The well-

dispersed TCPP was added to the aforementioned solution dropwise and sonicated for 20 min. 

Finally, the capped vials were kept at 80 °C in the oven for 24 h. Afterwards, the resulting 

product of red color was collected. The product was centrifuged at the speed of 8,000 r.p.m. for 

10 min and washed with ethanol. This process was repeated three times. Finally, Cu2(Cu-TCPP-

2BPY) was obtained and denoted as Cu_MOFs. 

Synthesis of CuxNi1-x_MOFs The DMF and ethanol mixture solvent were used with a volume 

ratio of 1:3. The 3.7 mg (0.03x mmol) of Cu(NO3)2·3H2O, 4.4 mg (0.03*(1-x) mmol) of 

Ni(NO3)2·6H2O, 3.12 mg (0.02 mmol) of BPY and 20 mg of PVP were added to the 6 mL 

mixture solvent in a vial and sonicated for 15 min. Then the 8.0 mg (0.010 mmol) of TCPP was 

added in 2 mL mixture solvent and sonicated for 10 min. The well-dispersed TCPP was added to 

the aforementioned solution dropwise and sonicated for 20 min. Finally, the capped vials were 

kept at 80 °C in the oven for 24 h. Afterwards, the resulting product of red color was collected. 
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The product was centrifuged at the speed of 8,000 r.p.m. for 10 min and washed with ethanol. 

This process was repeated three times. Finally, Cux(Ni1-x-TCPP-2BPY) was obtained and 

denoted as CuxNi1-x_MOFs. 

Synthesis of Co0.25Cu0.25Ni0.25Zn0.25_MOFs The DMF and ethanol mixture solvent were used 

with a volume ratio of 1:3. The 4.4 mg (0.015) of Co(NO3)2·6H2O,  3.7 mg (0.015 mmol) of 

Cu(NO3)2·3H2O, 4.4 mg (0.015 mmol) of Ni(NO3)2·6H2O, 4.5 mg (0.015 mmol) of 

Zn(NO3)2·6H2O, 6.24 mg (0.04 mmol) of BPY and 40 mg of PVP were added to the 30 mL 

mixture solvent in a vial and sonicated for 15 min. Then the 16.0 mg (0.020 mmol) of TCPP was 

added in 2 mL mixture solvent and sonicated for 10 min. The well-dispersed TCPP was added to 

the aforementioned solution dropwise and sonicated for 20 min. Finally, the capped vials were 

kept at 80 °C in the oven for 24 h. Afterwards, the resulting product of red color was collected. 

The product was centrifuged at the speed of 8,000 r.p.m. for 10 min and washed with ethanol. 

This process was repeated three times. Finally, Co0.25Cu0.25Ni0.25Zn0.25(TCPP-2BPY) was 

obtained and denoted as Co0.25Cu0.25Ni0.25Zn0.25_MOFs. 

2.2   Experimental techniques 
 

In order to characterize the synthesized materials, there are many characterization 

techniques available. Some of these techniques are used in the present work. 

 

2.2.1 X-rays diffraction (XRD) 
 

The most promising characterization method is X-rays diffraction for materials with 

crystalline structures. The atom of crystalline materials is packed with a spacing d. According to 

the basic principles of XRD, when X-ray electromagnetic wave strikes with electrons on the 
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atom it will be diffracted. Constructive interference will occur at only one specific direction 

when monochromatic light strikes on samples by following Bragg’s law. In this work, the 

structures of material crystal were analyzed and the basic principle of working of the machine is 

demonstrated in Fig. 2-5.  

 

 

 

 

 

 

 

 

 

Figure 2-5 Basic principle of XRD [4]. 

 

In this experimental analysis, the spacing between parallel planes of crystal structures can 

be detected from the constructive interference patterns by using Bragg’s law, which is dependent 

on the incident light angles and incident beam wavelength. The Miller indices (hkl) witness the 

parallel atomic planes of the crystal structure with a spacing dhkl [5]. In the real-time analysis of 

XRD, it is not compulsory to perform a calculation based on basic Bragg’s law to confirm the 

Miller indices because diffraction data has already available with an international center of 

diffraction data. To serve the purpose of this thesis, Miller indices and incident angles are 

confirmed for the specific known value of a wavelength.  
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2.2.2 Scanning Electron Microscopy (SEM) 

 

To visualize the surface microscopic morphology of various materials, SEM is an 

extensively used characterization technique. Images are created when the beam is focused on the 

specimen and the phenomenon of creation image is purely based on a high energy beam of the 

electrons which are converted into secondary electrons and backscattered electrons; these 

electrons are captured on one or more detectors and images will be created. In this 

experimentation, samples are characterized by SEM to confirm various morphologies of 

nanomaterials. In principle, electron beams after striking the specimen get into the surface and 

accelerating voltages and density of sample material are prominent parameters to capture the 

images. As the point of comparison, SEM is a more powerful technique as compared to a 

confocal microscope with high resolution. In modern SEM machines, the three-dimensional 

image formation is the most attractive feature to capture the image with a maximum image 

resolution of 1 nm to 10 nm [6]. For example, in Fig. 2-6, the image of zinc oxide nanowire with 

high-resolution [7] can be obtained. 

Another important feature of the SEM characterization device is the X-ray energy 

dispersive spectrometer (EDS), which can help to identify the presence of the chemical elements 

in the testing samples. When primary electrons hit the surface of the targeted sample, there are 

emissions of secondary electrons with low energy, which reflect the morphology of the specimen. 

Besides secondary electron production, primary electrons also produce X-rays and backscattered 

electrons that can give us quantitative as well as qualitative information of elements of the 

sample. The EDS studies also help us to analyze the composition and volume of elements 

presented in the specimen. 
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Figure 2-6 SEM image of zinc oxide nanowire [7]. 

 

2.2.3 Raman Spectroscopy (RS) 
 

To perform the analysis at molecular level RS is the most valuable, non-destructive and 

versatile characterization processes used in materials science and chemistry. In this method, 

chemical structure, phases, polymorphs, crystallinity and molecular interactions are analyzed 

with high accuracy by obtaining comprehensive information about the samples. Importantly 

vibrational, rotational movements of molecules can be captured by using Raman spectroscope, 

basically working on laser light interaction with chemical bonding of molecules of materials in 

principle. In the specific experimentation, it is observed that the scattering of molecules of the 

sample can be done elastically and inelastically when the beam strikes the samples [8]. If the 

frequency of incident light and scattered light is analogous, it is evident that elastic scattering of 

molecules and vice versa proves the inelastic scattering, while the inelastic scattering is called 



49 
 

Raman scattering. When Raman scattering takes place, it produces the monochromatic light. The 

incident light source is common with wavelength nearly equal to visible light and when 

vibrational and rotational effects of molecules are encountered, an energy shift occurs. The 

wavelength differences between the scattered and incident light are called Raman shifts. One of 

the basic advantages of RS is that it’s much better than FT-IR as it provides quantitative and 

qualitative information by measuring the frequency and intensities of scattered light. Another 

outstanding feature of RS is its versatility as it can be applied to various kinds of samples, i.e, 

inorganic and organic materials in solids, liquids and gas states. Typical Raman spectra of 

graphene are shown in Fig. 2-7 in which bands are identified [9]. 

 

Figure 2-7 Raman spectra of graphene [10]. 

 

2.2.4 Fourier Transform Infrared Spectroscopy (FT-IR) 
 

The infrared spectrum of absorption and emission is measured for molecules and atoms 

of various materials and is analyzed by a well-known technique called FT-IR. It provides 
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qualitative information about the identification of functional groups in a compound as well as 

that about the purity of compounds. According to the working principle of FT-IR infrared light 

will pass through the sample after passing from the interferometer. Distribution of infrared light 

will change inside the interferometer by using the moveable glass and interferogram will be 

recorded where the intensity of beam light varies with the position of mirror [11]. The optical 

path difference is generated by the movement of the mirror along the axis of corresponding arms 

and as a result, the patterns vanish when two beams interfere with each other with some specific 

optical path difference. After that, data can be transferred in a mathematical program known as 

Fourier transform for analysis, and the complete characterization process is shown in Fig. 2-8. 

FT-IR is also a versatile and outstanding technique to be applied for inorganic and 

organic materials. The working principle of FT-IR is the time-domain measuring of radiation 

using matching with incident radiations [12]. Moving mirror, fixed mirror and beam splitter are 

major compartments of FT-IR. In the construction of FT-IR, two mirrors are placed 

perpendicular to each other and beam splitter must be placed at the right angle to the vertex and 

make sure that beams splitter must be faced at a 45º angle with mirror position. 

There is a basic advantage of FT-IR that the molecules can vibrate or rotate at some 

specific and required frequencies based on their discrete energy levels. As each molecule has its 

own energy level so with this technique it is more convenient to absorb energy according to their 

energy levels.    
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Figure 2-8 The working principle of interferometer [12]. 

 

 

2.2.5 Differential scanning calorimeter (DSC) 
 

Nanomaterials, food items and polymeric materials are thermally characterized by a well-

established technique known as DSC. It is used to measure the flow of heat (Q) from the sample 

compared with reference material as parameters such as time and temperature are controlled. 

Various observations on materials properties like amorphous, crystalline behavior, polymorph, 

and eutectic changes can be measured by using DSC. The metallic disks are a major component 

of DSC as they are responsible to transfer the heat towards and outwards from the sample or 

reference material. Small samples containing in the pan and another reference pan which is 

empty will be placed on the constantan disks. Heat flow can be measured through the 

thermocouples placed there. Purge gas has flowed into the chamber and the sample is placed in 

uniform temperature. The temperature of the sample will be increased linearly as a function of 
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time and with this increasing trend, the required information about a phase transition, melting 

point and decomposition temperature is obtained. The whole working principle of DSC is given 

in Fig. 2-9. 

 

 

 

 

 

 

 

 

Figure 2-9 The working principle of DSC [13]. 

 

In order to observe the phase transition phenomenon, DSC is a widely used technique. 

The heat flow can be generated from the sample where the phase transition occurs, which may be 

an endothermic or exothermic transition, and the heat flow is recorded. One limitation of DSC is 

that it can only measure the total transitions of samples. To overcome this problem an integrated 

modulated differential scanning calorimetry is developed which can provide more accurate and 

detailed information on phase transition of crystallization as well as the melting phase [14]. 

 

2.2.6 X-ray photoelectron spectroscopy (XPS) 
 

The surface chemistry of various materials can be analyzed by a powerful technique known 

as XPS. Information regarding electrical and chemical state, empirical formulation and elemental 
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composition can be provided by this technique. In the working principle of XPS, a powerful X-

rays beam strikes with a solid surface of the specimen at the upper surface (1-10 nm) and the 

kinetic energy of electrons emitted from the surface is being analyzed. Photo spectrum dependent 

on the kinetic energy of emitted electrons will be recorded and peaks of this are evident as the 

binding energy of electrons emitted from the atoms. These peaks also provide qualitative and 

quantitative reorganization of elemental composition with one limitation that it cannot be able to 

find the hydrogen peak. Furthermore, XPS can also be applicable to a maximum depth of 5 nm 

of specimens. 

The elemental contributions of Cu, Ni, C, O and N are collected from the XPS survey 

spectrum for the bimetal-organic frameworks, as seen in Fig. 2-10(a) [15]. As shown in Fig. 2-

10(b), the C 1s peak is deconvoluted into four components centered at 284.8 (with C−C/C=C 

bond), 286.0 (with C−N bond), 286.5 (with C−O bond) and 288.4 eV (with C=O bond). The N 

1s peak shown in Fig. 2-10(c) is deconvoluted into two peaks centered at 398.5 and 399.9 eV, 

which are consistent with the pyridinic and pyrrolic N atoms doped in the carbon matrix, 

respectively. The peaks corresponding to Cu 2p and Ni 2p are resolved in Fig. 2-10(d-e), and the 

deconvolution of the Ni 2p peak illustrates the presence of Ni2+ 2p1/2 and Ni2+ 2p3/2. 
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Figure 2-10 The survey spectrum (a) and the corresponding high resolution of C 1s (b), N 

1s (c), Cu 2p (d) and Ni 2p (e) spectra of CuNi-MOFs [15]. 

 

2.2.7 Transmission Electron Microscopy (TEM) 

 

TEM is also one of the most widely used powerful characterization techniques that can be 

applied to observe the multiple features of thin specimens. TEM is based on the transmission of 
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an electron through the samples and the crystal structure and morphology of samples can be 

found which provide extensive information about dislocations and grain boundaries and the 

growth of layers of materials. Besides, it can also give EDS of the specimen precisely. 

The principle of operation of TEM is similar to a light microscope with a difference in 

that TEM uses an electron beam instead of a light beam. As electron beam has a smaller 

wavelength so that it can show images with high resolution. Fig. 2-11, shows a high-resolution 

image for single-metal Ni-MOFs, bimetal NiCu-MOFs and quaternary-metal NiCuZnCo-MOFs 

with different image sizes. 

 

 

Figure 2-11 TEM images of obtained MOFs (a) Pure Ni-MOFs (b) NiCu-MOFs, and (c) 

NiCuZnCo-MOFs. 

 

2.2.8 Piezoelectric force microscopy (PFM) 
 

The piezoelectric force microscopy (PFM) is one of the special forms of atomic force 

microscopy (AFM), which can be used to measure the ferroelectric properties of various 

materials.  Images obtained from PFM can provide information on the ferroelectric properties, 

and the surface morphology of material can be analyzed with this useful technique. The working 

principle of PFM is simple and straight forward, in which the sample having a ferroelectric 
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domain can be in contact with a conductive probe where the deformation is provided by 

alternative current bias to the conductive probe. The deformation of a material is directly 

dependent on the in contact cantilever beam deflection of probe either in expansion or 

contraction and it can be shown on the photodiode detector of the machine. These contractions 

and expansion of the sample are shown in Fig. 2-12. Basically, the displacement of material is 

converted into alternating voltages and amplitudes and the phase shifts are determined afterward 

based on the voltages. 

High-resolution images of ferroelectric domains can be obtained through this technique 

which is dependent upon locally measured hysteresis loop of ferroelectric materials. Coercive 

voltage, work of switching and polarization are basic parameters that can be identified from the 

hysteresis loops. Switching spectroscopy is a new addition to PFM which is able to identify real-

time imaging in the form of spots of hysteresis on the ferroelectric samples [16].   

 

 

 

 

Figure 2-12: Working principle of PFM [16]. 
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The DART mode of switching spectroscopic PFM (SS-PFM) technique is used to 

measure the piezoelectricity of bi-metal organic frameworks (NiCu-MOFs). In the driving 

voltage range of -10 V to 10 V, the piezoelectric response, as well as the phase hysteresis loops 

of the sample, are determined as shown in Fig. 2-13. It can be seen that Ni0.9Cu0.1_MOFs shows 

a piezoelectric effect as reflected by the formation of a hysteresis loop. The phase switches by 

nearly 180 degrees with a coercive voltage of 2.5 V is the strong evidence that the polarization 

orientation changes with the external field. The 180-degree phase switching further reveals the 

ferroelectricity of the Ni0.9Cu0.1_MOFs sample. 

 

 

 

 

Figure 2-13 The local PFM of NiCu-MOFs (a) Piezoresponse and (b) phase hysteresis loops. 

 

2.2.9 Impedance Analysis  
 

Impedance analysis is one of the most efficient and no-destructive methods to investigate 

dielectric materials. Electrical conductance characteristics can also be determined with the help 

of this technique. A capacitor with parallel metallic plates can be established and the dielectric 
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material is used in it as a medium. At a given frequency of the voltage applied to that capacitor 

the electrical currents are given as follows, 

                                                     
 orcjI =

          ,                                      (2.1)                          

where I is represented as output current, Co is parallel plate capacitor capacity without the usage 

of dielectric material as a medium, ϵ is denoted as the relative constant of dielectric dependent 

upon the given frequency and ω is known as angular frequency. The output of the impedance 

analysis is a semicircle in a complex plot of Argand diagram which is a special type of spectrum 

illustrated as Cole-Cole arc. 

The Cole-Cole plot very clearly represents that the relaxation time may be used to collect 

very useful information about the polarization mechanisms. Calculation of temperature-

dependent dielectric constant is very significant experimentation for ferroelectric materials. 

Permeability is not a constant when a phase transition occurs in ferroelectrics and normally the 

maximum value is always represented by the real part of dielectric constant at Curie temperature, 

which represents three or four orders of magnitude as compared with those at ambient 

temperature. Overall, it is a very useful technique not only for ferroelectric materials but also for 

nanocomposite materials. 

 

2.2.10 Ferroelectric Analysis System  
 

To analyze the ferroelectric properties of ferroelectric nanocomposites, a virtual ground 

feedback method is used in this experimentation process. Fig. 2-14 shows the four voltage 

signals and their respective P-V curves of testing ferroelectric materials. The citation signal 

frequency and amplitude can be altered according to the requirement of ferroelectric materials. 

Furthermore, there are four voltage circles obtained in this analysis and each circle is away from 
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another circle with normally 1s as relaxation time. These loops consist of a negative and positive 

state of polarization and the hysteresis loop initially starts with a negative state and moves 

towards the positive state with excitation of the second pulse. The voltage reaching zero value is 

mostly responsible for positive state entrance. The loss of polarization occurs as the time 

touching the starting point line [17].   

 

 

Figure 2-14 (a) Four voltage circles, (b) and its corresponding P-V curves [18]. 

 

2.2.11 Nano-indentation 

 

Nano-indentation is a powerful technique for analyzing the hardness of the samples. In 

order to measure the hardness the indenters will be used, and these indenters must be hard. The 

indenters must be contamination-free to perform the accurate and precise measurement of 

hardness. If the contamination is present on the indenters it must be cleaned with polystyrene. 

The polymer acts as a mechanical cleaner of indenters. Appropriate selection of indenters is a 

key factor in an accurate measurement of hardness. The sharpness of the tip of the indenter is 
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also very important as a sharp tip can produce more strain as compared with blunt tips of 

indenters. As a result, a sharp indenter can produce an elastic-plastic region of material in very 

less time as compared to blunt indenters. Typically, 8% and 22% of strain can be produced by 

Berkovich and cube corner indenters respectively. Therefor calibration of the tip is important.  

 

 

Figure 2-15 Various loading and unloading conditions for MOFs with a maximum load of 

8000 µN. 

 

Apart from the selection of indenter, specimen compatibility is also a very crucial factor. 

Samples must be held firmly at mounting and the specimen must be mounted at the translational 

axis.  Nano indenters can be used in the depth of 25 micrometers over the length of 10 nm [19]. 

The loading and unloading must be smooth and continuous to avoid the misinterpretation of 

results. The maximum load Pmax is achieved by a small increment to reach the maximum depth in 

samples. Numerous loading and unloading are performed in this experimentation as illustrated in 

Fig. 2-15. The load is increased from 250 µN to 8000 µN initially at an increment of 250 µN to 
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reach the 1000 µN, after the step increment is increased to 1000 µN till reaching the 8000 µN 

and the depth in samples is recorded after every increment. It can observe that indentation depth 

is directly proportional to load increment and vice versa. 
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3 The Effects of Additions of Two-Dimensional 

Graphitic-C3N4 on the Negative Electro-Caloric 

Effects in P(VDF-TrFE) Copolymers 

 

3.1 Introduction 
 

    Polyvinylidene fluoride (PVDF) and copolymer poly(vinylidene fluoride 

trifluoroethylene), i.e., P(VDF-TrFE), have attracted great attention due to their ferroelectric, 

pyroelectric and piezoelectric properties [1]. The piezo-, pyro- and ferro-electric properties of 

PVDF and P(VDF-TrFE) lead to their outstanding technological applications in infrared 

detection [2,3], sensor and actuators [4,5], and infrared imaging [2,6,7], while their flexibility, 

convenience in processing and ferroelectric properties make them more favorable over lead-

based ceramics materials, i.e, lead zirconate titanate (PZT) ferroelectrics. PVDF shows α, β, γ or 

δ crystalline phases depending on processing conditions [7-9]. The polar β-phase is of 

technological importance due to its ferroelectric properties. The β-phase of PVDF can be 

achieved by annealing or by mechanical stretching and electrical poling [10]. In the P(VDF-

TrFE) copolymer the crystal defects in PVDF can be reduced by the addition of fluorine atoms, 

leading to the increased crystallinity of the copolymer [11]. The copolymer P(VDF-TrFE) can 

crystallize with the same chain conformation as the β-PVDF [12], if the content of TrFE is more 

than 18%. The ferroelectric properties of the copolymer (P(VDF-TrFE)) are much better than 

those of polymer (PVDF) due to the existence of intrinsic β-phase in the ferroelectric copolymer 

[12].  

Electrocaloric effect (ECE) is the adiabatic temperature change or in other terms, it is the 

change in the isothermal entropy of the dielectric material with the support of an application or 
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withdrawal of an electric field, which is the first study in 1930 [13]. In conventional 

ferroelectrics, the net polarization increases with the application of an electric field or decreases 

with increasing working temperature, leading to the conventional ECE; whereas recently some 

ferroelectric ceramics and nanocomposites are found to exhibit a negative ECE. Due to the 

negative ECE, the dipolar disorder increases and causes the ferroelectric material to absorb more 

heats by the application of an external electric field [14,15], also manifesting itself by the 

increased polarization with increasing temperature. Combined with conventional ECE, the 

negative ECE provides with us viable routes to implement EC refrigeration, which is much 

desirable for energy-efficient, environmental-friendly and solid-state refrigeration especially in 

the cooling of microelectronics. However, the strength of negative ECE is much smaller than that 

of conventional ECE. Taking P(VDF-TrFE) thick films as examples, the strength of negative 

ECE is less than 2.0 oC(MV/cm)-1, while that of conventional ECE can be as high as 15 

oC(MV/cm)-1. 

   Through the introduction of nano-fillers into the copolymer matrix [16,17], the ferroelectric 

and piezoelectric properties of the resulting nanocomposites are dramatically enhanced. The 

nano-filler in the matrix enhanced the piezoelectric, ferroelectric and mechanical properties of 

the nanocomposite as compared with those of the host materials [18,19]. The enhanced 

ferroelectric properties of P(VDF-TrFE)-based nanocomposite offer many advantages. For 

example, huge conventional ECE at room temperature is reported for the nanocomposites [20,21]. 

High dielectric constants of the nanocomposites result in high breakdown strength [22]. The 

additions of ceramic nano-fillers into the P(VDF-TrFE) matrix are reported to exhibit ultra-high 

energy density for electrical energy storage [23-25]. Nonetheless, there are few reports on 

enhancing the negative ECE in P(VDF-TrFE)-based nanocomposites. 
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      In this work, two-dimensional (2D) graphitic-C3N4 (g-C3N4) nano-fillers are introduced 

into P(VDF-TrFE) copolymer to improve its dielectric and ferroelectric properties. To the best of 

our knowledge, it is the first time that 2D g-C3N4 are used as nano-fillers in the P(VDF-TrFE)-

based nanocomposites. The nanocomposites with various contents of g-C3N4 are characterized by 

different techniques such as FT-IR, XRD, PFM and SEM, and the differential scanning 

calorimetry (DSC) is employed to explore the effects of g-C3N4 on the ferroelectric-to-

paraelectric (FE-to-PE) phase transition and the kinetics of crystallization process in the 

nanocomposites. The enhanced dielectric and negative electrocaloric effects of the 

nanocomposites are investigated, and the effects of 2D g-C3N4 on those properties are discussed. 

More importantly, the mechanisms of negative ECE in the nanocomposites are elucidated from 

the experimental results.  

 

3.2   Experimental methods 
 

   The g-C3N4 powders were produced by the calcination of melamine in a muffle furnace at 

600 oC in air. The powders were then mixed with HNO3 and deionized water and were sonicated 

to form suspensions. The mixture solution was centrifuged to form g-C3N4 nanosheets, which 

were finally washed and dried to obtain g-C3N4 nano-powders. The nanocomposites containing 

P(VDF-TrFE) and g-C3N4 were prepared by adding 0.3 grams of copolymer [P(VDF-TrFE) with 

a molecular weight ratio of 52/48 %] into the 5 grams of N, N-dimethylformamide (DMF). Then, 

the solution was kept for 24 hours under magnetic stirring to dissolve the P(VDF-TrFE) powders 

completely. Subsequently, different amounts of g-C3N4 nano-powders were added in the resultant 

solution which was kept at 60 oC for 24 hours. The thick films of P(VDF-TrFE)/g-C3N4 
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nanocomposites with different contents of g-C3N4 (15-50 wt.%) were obtained by tape casting on 

a copper substrate and were dried in an oven at 70 oC. The film thickness was 30-100 μm. 

The X-ray diffraction, (XRD), patterns of the samples were obtained by Rigaku Smart Lab 

diffractometer operated at 45 kV and 200 mA using Cu Kα radiation (λ=0.154 nm). The analysis 

on vibrations of molecule bonds in the samples was performed by a Fourier-transform infrared 

spectrometer (FT-IR, Nicolet iS50). The microstructures of the nanocomposite were analyzed by 

scanning transmission electron microscopy (STEM, Jeol JEM-2100F), piezoelectric force 

microscopy (PFM, Asylum MFP-3D Infinity) and scanning electron microscopy (SEM, 

TESCAN, VEGA3). The thermal analyses on the samples (mass of 20 mg) were performed in a 

differential scanning calorimetry (DSC, TA Instruments Q200) with a heating or cooling rate of 5 

0C min-1 from 20 to 180 0C. The samples were coated with silver paste on the bottom and top 

surfaces as the electrodes for the measurement of the temperature-dependent dielectric spectrum, 

which was performed on an LCR meter (Agilent 4287A). The temperature-dependent 

polarization-electric field (P-E) loops were analyzed by using a ferroelectric test system (TF 

Analyzer 2000E, aixACCT) at 30 to 65 0C, with a frequency of 10 Hz. 

3.3   Results and discussion 
 

3.3.1 Characterization 
 

       The XRD analysis for P(VDF-TrFE) and its nanocomposites (P(VDF-TrFE)/g-C3N4) are 

reported in Fig. 3-1. Two sharp peaks at 18.56o and 19o are associated with the {110} and {200} 

planes of the α and β phases of P(VDF-TrFE), respectively [24]. The two prominent peaks at 

13.04o and 27.51o indexed as (100) and (002) are related to the in-plane structural packing motif 

units and the interlayer stacking of aromatic of tri-s-triazine segments in g-C3N4, respectively 

[26,27]. In the XRD patterns for the nanocomposite, there is a broad peak related to the α-phase 
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and β-phase in P(VDF-TrFE) and the peak intensity decreases gradually with increasing content 

of g-C3N4, suggesting the strong interaction between g-C3N4 and the copolymer, as shown in Fig. 

3-1(b). The peak is located at 2θ =18.79o, which is close to that (2θ=19o) for the β-phase. As 

shown in Fig. 3-1(c), the board peak for nanocomposite is analyzed and shows the de-convoluted 

peaks for α and β phases separately. The peak for β-phase of the nanocomposite can be found to 

locate at 2θ=19o, which is the same as that of the matrix P(VDF-TrFE). 

 

Figure 3-1 XRD patterns for g-C3N4, P(VDF-TrFE) and P(VDF-TrFE)/g-C3N4 nanocomposites (a), 
and enlarged XRD patterns in the range of 17o to 21o for P(VDF-TrFE) and nanocomposites (b). 

The inset in (b) shows the deconvolution of the main peak, corresponding to the peaks for - 

and -phase. 
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The surface morphology and microstructure of the P(VDF-TrFE)/g-C3N4 nanocomposites are 

shown in Figs. 3-2 and 3-3. Typical PFM signals of surface morphology (height), piezoelectric 

amplitude and phase for the P(VDF-TrFE)/g-C3N4 nano-composites are shown in Fig. 3-2 (a)-(c), 

respectively, suggesting the uniform distribution of g-C3N4 with sizes of 30-50 nm in the 

copolymer matrix. The AFM images of g-C3N4 and nanocomposites with 25 wt.% g-C3N4 

further reveal that the sizes of g-C3N4 nano-powder are as small as 20 nm, as shown in Fig. 3-

3(a-b). The SEM images of copolymer and nanocomposites with 33 wt.% g-C3N4 indicate the 

presence of pores in the copolymer (Fig. 3-3(c)), while the g-C3N4 nano-powders are uniformly 

distributed in the nanocomposites (Fig. 3-3(d)). Furthermore, the nanocomposite microstructure 

is investigated by STEM images, which reveals that the sizes of the nano-filler powder g-C3N4 

are around 20-30 nm, as shown in Fig. 3-3(e-f), inconsistent with those estimated from the PFM 

images in Fig. 3-2.  
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Figure 3-2  PFM signals of surface morphology (height) (a), piezoelectric amplitude (b) and 
phase (c) for P(VDF-TrFE)/g-C3N4, respectively. 
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Figure 3-3 AFM images of the surface morphology of g-C3N4 (a), P(VDF-TrFE)/g-C3N4 (25 wt.%) 
(b); and SEM images of P(VDF-TrFE) (c), P(VDF-TrFE)/g-C3N4 (33 wt.%) (d); and STEM images of 

P(VDF-TrFE)/g-C3N4 nanocomposite at high magnifications (e, f). 

 

The effects of g-C3N4 on the phase transitions in P(VDF-TrFE) are revealed by thermal 

analyses on the nanocomposite. Fig. 3-4 shows the DSC results, suggesting that the ferroelectric-
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to-paraelectric phase transition and melting transition in P(VDF-TrFE) could be significantly 

affected by the additions of g-C3N4.  As shown in Fig. 3-4(a-b), the FE-to-PE phase transition 

temperature Tc and the melting point Tm of the nanocomposites under heating exhibit maxima 

near a g-C3N4 content of about 25-33 wt.%, while the latent heats of phase transitions decrease 

with increasing content of g-C3N4. It can be seen that Tc (at heating) could be increased by almost 

2 oC from 61.38 oC to 63.24 oC, as shown in Fig. 3-4(c), demonstrating that the addition of less 

than 33 wt.% g-C3N4  improves the β-phase content in the nanocomposite of copolymer P(VDF-

TrFE)  [11,28]. On the contrary, the crystallization temperature (Tm at cooling) of P(VDF-TrFE) 

is found to be increased from 139.21 oC to 145.38 oC as shown in Fig. 3-4(d), suggesting that the 

degree of crystallization of the nanocomposite is increased by introducing g-C3N4 nano-powders 

in the matrix, i.e. P(VDF-TrFE) [29]. 

To analyze the kinetics of crystallization in the nanocomposites, the samples are first heated to 

180 oC well above its melting point. The sample was kept at 180 oC for 20 minutes, and then the 

temperature was decreased sharply with a rate of 80 oC min-1 to below the crystallization 

temperature (between 130 oC and 155 oC). The samples were held for 20 minutes at the 

crystallization temperature. The crystallization fraction, χ(t), of the samples are determined by 

the following equation [30] 

                                                  𝑥(𝑡) =
∫ (

𝑑𝐻

𝑑𝑡
)𝑑𝑡

𝑡
𝑜

∫ (
𝑑𝐻

𝑑𝑡
)𝑑𝑡

∞
𝑜

  ,                                                    (3.1) 

 where H(t) represents the enthalpy and t stands for the time elapsed, for the crystallization 

processes. While the completion of the crystallization processes is represented by time limit 

integration in the denominator in the above equation. By using the value of the crystallization 

fraction χ(t) from equation (3.1), the feature of crystallization processes is elaborated using the 

Avrami equation [31-33], as follows:   
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                            log[− ln(1 − x)] = log Z + n log t ,                                             (3.2) 

where Z stands for crystallization rate, while n stands for the Avrami exponent, which usually 

calculates the nature of crystallization processes [29,30]. Quantitatively, n describes the 

dimensionality of the space where the crystallization occurs. 

Similar procedures are applied to analyze the kinetics of FE-to-PE transition, while the 

temperature for the isothermal DSC analysis should be below Tc and χ(t) represents the fraction 

of the polar β-phase in P(VDF-TrFE). The isothermal FE-to-PE transition and crystallization 

processes are characterized by fitting χ(t) using equation (3.2), as shown in Fig. 3-5. The Avrami 

exponents n for the nanocomposites with different contents of g-C3N4 are given in Table 3-1. It 

can be noticed that the values of exponents n for P(VDF-TrFE) and P(VDF-TrFE)/g-C3N4 are  

 

Figure 3-4  The FE-to-PE transition temperature Tc (a), and melting or crystallization 
temperature Tm (b) vs. content of g-C3N4. Typical DSC heat flow close to Tc (c), and Tm (d), 

with a temperature varying rate of 5 oC min-1. 
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almost one, revealing that P(VDF-TrFE) and the nanocomposites could exhibit one-dimensional 

kinetics of phase transitions at Tc and Tm.  

 

Table 3-1 The Avrami exponent n=n0 or n1 for the kinetics of phase transitions close to Tc or 
Tm, respectively. 

wt.% g-C3N4      0    15    25   33    40    50 

n0 

40 0C 1.1742 1.1525 1.1366 1.1615 1.2278 1.1751 

45 0C 0.9186 1.0568 0.9766 1.1918 1.2390 1.0102 

n1 

142 0C 1.0187 0.9701 1.0518 1.1615 1.1210 1.0365 

148 0C 1.062 0.868 0.9821 1.1918 1.0043 0.9522 

 

The interaction between P(VDF-TrFE) and g-C3N4 in the nanocomposites is further 

investigated by FT-IR spectroscopy. As shown in Fig. 3-6(a), for g-C3N4, the broad peaks 

centered at 3170 cm-1 in the spectra shown are attributed to the N-H stretching vibration mode 

[34] while the sharp peaks at 1234 cm-1, 1317 cm-1 and 1400 cm-1 are assigned to the C-N 

stretching vibration mode [35]. The peak at 804 cm-1 corresponds to the breathing mode of 

triazine system [36]. The three intense bands for β-phase of P(VDF-TrFE) are represented at 847 

cm-1, 1285 cm-1 and 1400 cm-1 in the FT-IR spectra as shown in Fig. 3-6(b). The absorption band 

at 1400 cm-1 is assigned to the wagging vibration of CH2 [37,38] and the bands at 847 cm-1 and 

1287 cm-1 are attributed to CF2 due to the symmetric stretching mode [39]. The band around 

2920 cm-1 represents symmetric stretching while the band around 2969 cm-1 represents 

asymmetrical of CH2 [40]. For the nanocomposites containing P(VDF-TrFE) and g-C3N4, as 

shown in Fig. 3-6(b), the β-phase bands for P(VDF-TrFE) are enhanced by adding nano-fillers to 

the nanocomposite while a sharp peak at about 804 cm-1 representing the presence of g-C3N4 can 
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be observed. The result reveals that the β-phase content of the nanocomposite increases with the 

increasing content of g-C3N4. Furthermore, it is believed that the strong interaction exists 

between C-H molecules of the P(VDF-TrFE) and the NH2 molecules of g-C3N4 because of the 

formation of NH3 as reported in the ref. [41] and shown in Fig. 3-6(b-inset), manifesting itself by 

the peaks at 3357 cm-1 and 3395 cm-1 for P(VDF-TrFE)-15% C3N4.  

 

 

Figure 3-5 The fitting of the phase transition fraction χ(t) close to Tc for P(VDF-TrFE) (a), and 
P(VDF-TrFE)/15 wt.%g-C3N4 (b); and the fitting of the crystallization fraction χ(t) close to Tm 

for P(VDF-TrFE) (c), and P(VDF-TrFE)/g-C3N4 (15 wt.%) (d), based on the Avrami equation. 
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Figure 3-6  FT-IR spectra for g-C3N4 (a), P(VDF-TrFE) and the nanocomposites with different 
contents of g-C3N4 (b). The inset in (a) and (b) shows the schematic of P(VDF-TrFE)/g-C3N4, 

and the zoom-in view of (b), respectively. 
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The temperature-dependent dielectric constants of the P(VDF-TrFE) and nanocomposite 

P(VDF-TrFE)/g-C3N4 are characterized at different frequencies as shown in Fig. 3-7. The 

permittivity (temperature-dependent) for the pristine P(VDF-TrFE) and nanocomposite P(VDF-

TrFE)-15%C3N4 at 100 kHz is shown in Fig. 3-7(a). By introducing the nanofillers in the 

nanocomposites, the permittivity is significantly increased as compared to the pure P(VDF-TrFE). 

The enhanced dielectric permittivity of the nanocomposite could be related to its increased β-

phase content as demonstrated by the DSC analysis and FT-IR spectroscopy, resulting in the 

improved polarization in the nanocomposite as compared with that in the pure copolymer. The 

temperature-dependent permittivity of the nanocomposite at the frequencies ranging from 1 kHz 

to 2 MHz is shown in Fig. 3-7(b). The broad peak around 70 oC is attributed to the FE-to-PE 

phase transition and has typically relaxor behaviors characterized by the non-Arrhenius dielectric 

relaxation. 

 

3.3.2 Negative electro-caloric effects 

 

        The ferroelectric properties of the nanocomposite are further investigated by P-E loop 

measurements. The remnant polarization of the sample changes with temperature by the 

application of varying electric fields, and as a result, the hysteresis loops form. As shown in Fig. 

3-8(a), the P-E loops of P(VDF-TrFE)-15%C3N4 nanocomposites show a large response to the 

temperature change at high electric fields. Adding the nano-powder of g-C3N4 into the 

ferroelectric P(VDF-TrFE) enhances the ferroelectric properties, consistent with that reported for 

nanocomposite P(VDF-TrFE)/BST [42]. The thermodynamics Maxwell’s equation was used to 

analyzed, (∆T) value as,  

∆𝑇 = −
1

𝜌
∫

𝑇

𝐶𝐸
(

𝜕𝑃

𝜕𝑇
)𝐸

𝐸2

𝐸1
𝑑𝐸 ,                                                                               (3.3) 
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Figure 3-7  The temperature-dependent permittivity of P(VDF-TrFE) and the P(VDF-TrFE)-
15%C3N4 nanocomposites at 100 kHz (a) and The dielectric relaxation of P(VDF-TrFE)-15%C3N4 

nanocomposite; the inset shows the VFT plots (b). 



80 
 

where CE stands for specific heat capacity, 𝜌  represents density and T represents ambient 

temperature and while the applied electric fields are represented by E1 and E2. The changes in 

polarization with respect to temperature at a constant electric field, (P/T)E, are calculated from 

the fifth-order polynomial fits of the Pmax(T) data, where Pmax stands for polarization under the 

maximum applied field. The ECE temperature changes T determined by Eq.(3.3) are shown in 

Fig. 3-8(b), indicating a negative ECE in the P(VDF-TrFE)/g-C3N4 nanocomposites below Tc. 

The maximum (absolute) values of negative ECE (5.4 K) are observed at 322 K under 0.45 

MV/cm, for the P(VDF-TrFE)-15%C3N4 nanocomposite sample as shown in Fig. 3-8(b). The 

strength of negative ECE of P(VDF-TrFE)-15%C3N4  (12.0 oC(MV/cm)-1) is much better than 

pure P(VDF-TrFE) and is even comparable to the conventional ECE value (10-15 oC(MV/cm)-1) 

for terpolymer P(VDF-TrFE-CFE) [43]. More importantly, the negative ECE in the P(VDF-

TrFE)-15%C3N4 nanocomposite is found to be comparable to that of PZT-based thin films under 

much higher applied fields [15], suggesting that the P(VDF-TrFE)/g-C3N4 nanocomposites could 

be advantageous over ceramic thin films for ECE applications. 

3.4 Discussion 
 

 It can be seen from Fig. 3-7(b), that the dielectric relaxation close to the FE-to-PE 

transition shows typical relaxor characteristics, which could be characterized by the Vogel–

Fulcher–Tammann (VFT) relation as follows [42]:  

                   𝑓 = 𝑓0e−Ea/kB(T−T0) ,                    (3.4) 

where f represents the test frequency and T stands for peak temperature; Ea is the apparent 

activation energy, f0 is the attempt frequency and T0 is the so-call freezing temperature and kB is 

Boltzmann constant. The activation energy of the nanocomposites is calculated by using Eq. 
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(3.4). The linear fitting of lnf versus 1/(T-To) is shown in Fig. 3-7(b, inset) for copolymer and 

nanocomposites. The apparent activation energy Ea=0.01 eV (To=60 oC) and Ea=0.0058 eV 

 

 

 

 

 

 

 

 

 

  

 

Figure 3-8 Temperature-dependent P-E loops of P(VDF-TrFE)-15%C3N4 nanocomposites at 
different applied electric fields (320-400 kV/cm) (a);  The negative ECE temperature change 
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∆T versus T for copolymer and the nanocomposites P(VDF-TrFE)/g-C3N4 under an electric field 
of 450 kV/cm. 

 (To=60 oC) are reported for the nanocomposites with 15 wt.% and 25 wt.% g-C3N4, respectively. 

While for pure P(VDF-TrFE), Ea=0.0075 eV with To=60 oC is recorded. It could be found that T0 

is very close to the Curie temperature Tc as shown in Fig. 3-4(a). 

                It is worth noting that Eq. (3.4) in the description of dielectric relaxation of the 

nanocomposite is derived from the Kauzmann theory for glassy solids. The entropy S of a glassy 

solid is described as [44]:  

             𝑆 = 𝑆0 e−Ea/kB(T−T0),                                                                                          (3.5) 

where S0 is a pre-exponential factor, and T0 is defined as a Kauzmann temperature at which the 

entropy becomes zero.  The fact that the dielectric relaxation is well fitted with Eq. (3.4) implies 

that the nanocomposites at the FE state possess a glassy polar domain structure, which could 

explain the negative ECE below T0, as shown in Fig. 3-8(b). Based on the Kauzmann theory, the 

configurational entropy of the FE states above T0 is nonzero, manifesting itself to be increased or 

decreased under the removal or application of an electric field, respectively, i.e., a conventional 

ECE. Below T0, on the contrary, the configurational entropy could be zero according to Eq. (3.5). 

Therefore the entropy of the nanocomposite has to be increased under the application of an 

electric field, which is typical behavior of negative ECE as described by the thermodynamics 

Maxwell’s relation ((S/E)T = (P/T)E>0) and Eq. (3.3). 

                 More importantly, the Kauzmann theory for negative ECE can well explain why the 

maximum (absolute) value of negative ECE for the nanocomposites containing 15% of C3N4 is 

the largest. Since the negative ECE effects could be related to their glassy states of the polar 

domains, based on Eq. (3.4), the activation energy Ea that measures the energy barrier for the 

freezing of glassy polar domain structures with zero entropy S, can be used to measure the 
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strength of negative ECE. For the nanocomposite with a larger Ea, the activation of its frozen 

glassy polar state (S=0) by the applied electric fields could result in a higher entropy change. As 

a consequence, the negative ECE as measured by the absolute value of ECE temperature change 

could increase with increasing Ea that measures the relaxation process of glassy polar domain 

structures. It is obvious from Fig. 3-7(b-inset), that the nanocomposites containing 15% of C3N4 

have the largest Ea by comparing with pristine copolymer and nanocomposites containing 25% of 

C3N4. Hence, the P(VDF-TrFE)-15%C3N4 nanocomposites have the largest negative ECE. 

 

3.5 Conclusions 
 

    Nanocomposites containing P(VDF-TrFE) and g-C3N4 are prepared to improve the 

dielectric and ferroelectric properties of P(VDF-TrFE). The thermal analyses on the 

nanocomposites reveal that the degree of crystallization of P(VDF-TrFE) is enhanced by the 

addition of g-C3N4. Particularly, when the content of g-C3N4 is less than 33 wt.%, the content of 

the polar  phase in P(VDF-TrFE) increases with increasing content of g-C3N4 in the 

nanocomposites. The effects of g-C3N4 on the ferroelectric-to-paraelectric phase transition and 

the crystallization of P(VDF-TrFE) are attributed to the strong interaction between the NH2 

groups in g-C3N4 and the CH groups in P(VDF-TrFE), which is revealed by the FT-IR 

spectroscopy. The negative ECE of nanocomposites can be well described by the Kauzmann 

theory, and the absolute value of ECE temperature change of the nanocomposite is found to be 

maximized with 15 wt.% addition of g-C3N4. The results suggest that the addition of g-C3N4 in 

the ferroelectric copolymer is an effective approach in improving its dielectric, ferroelectric and 

ECE properties.   
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4 Dielectric Energy Storage Based on the P(VDF-

TrFE)-Graphene Oxide Composite Papers with 

Quasi-Two-Dimensional Ferroelectricity  

  

4.1 Introduction 
 

The dielectric materials play a key role in modern electronic devices, particularly for 

electrical energy storage. Electrical energy storage devices are commonly employed in a broad 

spectrum of applications, such as electric vehicles, spacecraft, photovoltaic power generation and 

medical devices [1-3]. These applications demand for high energy density, high power density, 

small size and low-cost energy storage devices. There are various energy storage devices 

including batteries [4], fuel cells [5] and dielectric capacitors [6]. However, the power density of 

fuel cells and batteries are quite low which limits their applicability in various applications. On 

the other hand, dielectrics-based supercapacitors offer high power density. Thus, dielectric 

supercapacitors could be suitable energy storage devices for applications that devices with the 

high power density and small size are desirable. However, the energy density of dielectric 

supercapacitors is severely limited by conventional dielectric materials. 

The energy storage density (Ue) of a linear dielectric material can be calculated as 𝑈𝑒 =

1

2
𝐷𝐸 =

1

2
휀0휀𝑟𝐸𝑏

2 , where E stands for the electric field, D represents electric displacement, 휀𝑟 is 

the relative permittivity, 휀0 is stands for free space permittivity with the value of 8.85 × 10-14 F 

cm-1 and Eb is the breakdown strength. According to the aforementioned equations, the Ue 

depends on the values of permittivity and breakdown strength. The materials having high 

permittivity as well as high breakdown strength properties are difficult to be achieved 
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simultaneously in a conventional dielectric material. To date, the dielectric devices used for 

electrical energy storage mainly include ferroelectric ceramics due to their high permittivity, and 

polymers due to their high breakdown strength, and their nanocomposites. For example, the 

ceramic materials have high permittivity [2,7-9], but their drawbacks such as low breakdown 

strength and poor flexibility [6,10] limit their use. Recently, the lead-free ceramic materials were 

reported with an energy storage density of 1.55 J cm-3 at a breakdown strength of 270 kV cm-1 

[11]. The energy storage density for relaxor ferroelectric ceramic BaTiO3-Bi(Mg2/3Nb1/3)O3 was 

reported to be 1.13 J cm-3 [12], while for Ba0.4Sr0.6TiO3 it is enhanced by the introduction of 

glasses with a volume fraction of 5 vol.% [13]. The lead-based and lead-free anti-ferroelectric 

ceramics showed the energy densities of 1.85 J cm-3 and 0.59 J cm-3, respectively [14,15]. 

For the flexible and low-cost dielectric polymer poly(vinylidene fluoride), PVDF, having 

large breakdown strength, limited its uses in energy storage applications due to its low 

permittivity [16]. However, its permittivity can be improved by annealing as reported in Ref. 

[17]. Similarly, polymers such as polypropylene, polyvinyl chloride, polycarbonate, polystyrene, 

and polyethylene possess high breakdown strength but low dielectric permittivity [18,19]. The 

permittivity of the polymers could be enhanced by the addition of nano-fillers, such as the 

ceramic nano-particles, leading to the devices with high energy storage density. The energy 

density of 3.9 J cm-3 was reported for barium titanate/polycarbonate and 6.1 J cm-3 for P(VDF-

HFP) nanocomposites [20]. Moreover, the polarization of PVDF could be enhanced by the 

introduction of BaTiO3@TiO2 nanofibers, leading to the high energy density of 20 J cm-3 [21]. A 

giant energy density of 31.2 J cm-3 at 7.79 MV cm-1 is reported for PVDF based polymer by the 

introduction of the BaTiO3@TiO2 nanofibers [22]. 
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In this work, for the first time, nanocomposites containing two-dimensional (2D) graphene 

oxides and ferroelectric copolymer P(VDF-TrFE) nanofillers are prepared and investigated on 

their ferroelectricity and properties of electrical energy storage. The quasi-2D P(VDF-TrFE) 

nanofillers are successfully introduced to the layered GO sheets. The structural, dielectric and 

ferroelectric properties of the GO papers are significantly improved by the addition of quasi-2D 

ferroelectric copolymer. The permittivity 휀𝑟 of the nanocomposites is enhanced by almost 3-

times as compared to that of the pristine GOs. The results show that the energy storage density 

was significantly enhanced as much as 39.89 J cm−3 at 2.8 MV cm−1 with 휀𝑟 = 115 , in 

comparison with that of the bulk P(VDF-TrFE) copolymer.  

 

4.2 Experimental methods 
 

4.2.1 Preparation of graphene oxides 
 

             The graphene oxide (GO) was prepared from the natural graphite by a modified 

Hummers technique [23]. In order to oxidize the graphite, sodium nitrates and natural graphite 

powders were mixed in the sulfuric acid solution. Then, the mixture was kept for 25 min in the 

cold bath with continuously stirring. After that, potassium permanganate was added. The de-

ionized water (DI water) was then added to the solution after kept at 35 °C for 45 min. Then, 

hydrogen peroxide, H2O2, was mixed in the aforementioned concentrated solution. The mixture 

was filtered first and then washed with ethanol and centrifuged twice. Finally, the clean mixture 

was kept for a certain time and completely dried. The DI water was then added to the graphite 

oxide powder and sonicated. The sonicated mixture was then centrifuged to obtain the GO 

suspension. The GO flake was ready after keeping the suspension in the oven at 50 °C. 

According to the experiment needs, the GO flakes were used.  
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4.2.2 Preparation of GO/P(VDF-TrFE) nanocomposites 
 

        After the successful preparation of GOs, the nanocomposites GO/P(VDF-TrFE) were 

produced by dissolving GO and copolymer in N, N-dimethylformamide (DMF, Sigma-Aldrich, 

Shanghai, China), separately. First, the graphene oxide solution was prepared with 6 mg GO in 1 

ml DMF under sonication. After that, the P(VDF-TrFE) copolymer powders were added to 1 ml 

DMF with 10 mg (P(VDF-TrFE)) and kept for 4 h under magnetic stirrering. The GO solution 

and P(VDF-TrFE) solution were mixed with a particular mass ratio and kept for 24 h under 

magnetic stirrering to well disperse the solution and finally, the solution was put in the oven for 8 

h to evaporate the DMF completely by using a polytetrafluoroethylene (PTFE) plate. The 

GO/P(VDF-TrFE) nanocomposite paper was prepared with different contents of P(VDF-TrFE). 

The nanocomposite papers with contents of 1%, 2% 5%, 10%, 20% and 50% were obtained to 

examine the impacts of P(VDF-TrFE) on electrical properties of the nanocomposites in this 

present work.  

              The X-ray diffraction, XRD, patterns of the samples were obtained by an X-ray 

diffractometer (XRD, Rigaku Smart Lab, Tokyo, Japan) operated at 45 kV and 200 mA using Cu 

Kα radiation (λ=0.154 nm). The analysis on vibrations of molecule bonds in the samples was 

carried out by a Fourier-transform infrared spectrometer (FT-IR, Nicolet iS50, Thermo Fisher 

Scientific, Waltham, USA). Raman Spectrometer (LabRAM HR 800, Horiba, Kyoto, Japan) was 

used to investigate the structures of samples with a laser source (air-cooled HeNe laser with a 

wavelength of 633 nm) at room temperature. The microstructures of the nanocomposite were 

analyzed by scanning electron microscopy (SEM, VEGA3, TESCAN) with an accelerating 

voltage of 20 kV. The samples were coated with silver paste on the bottom and top surfaces as 

the electrodes and the temperature-dependent dielectric spectrum were measured by using an 
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LCR meter (Agilent 4287A, Santa Clara, USA). The temperature-dependent polarization-electric 

field (P-E) loops were analyzed by using a ferroelectric test system (TF Analyzer 2000E, 

aixACCT) at 30 to 60 0C, with a frequency of 10 Hz. 

 

4.3 Results and discussion 
 

          The schematic diagram of the preparation of GO/P(VDF-TrFE) nanocomposites, as 

illustrated in Fig. 4-1(a). The GOs dissolved in the DMF is added gently to the solution 

containing P(VDF-TrFE). As shown in Fig. 4-1(b), GO papers and the GO/P(VDF-TrFE) 

nanocomposite paper were casted on the polytetrafluoroethylene (PTFE) plate and were peeled 

off subsequently. The flexible free-standing GO paper with a thickness of about 15 µm is shown 

in Fig. 4-1(c).  
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Figure 4-1 a). The schematic diagram for the preparation of the GO/P(VDF-TrFE) 
nanocomposite, (b) nanocomposite sample peeled off from the polytetrafluoroethylene 

(PTFE) plate, and (c) the flexible free-standing GO paper. 

           Fig. 4-2(a-c) shows the XRD patterns of pristine GO and GO/(PVDF-TrFE) papers with 

different contents of P(VDF-TrFE). The peak around 10.13o is associated with the GO, which 

represents the (001) inter-layer plane of GO layers. The β phase of P(VDF-TrFE) is associated 

with a peak at 19.86o, corresponding to its (200) plane [24]. In the GO/P(VDF-TrFE) 

nanocomposites, the peak for GO is shifted to the lower value of two theta, indicating that the 

inter-planar distance is increased from 0.873 nm to 0.986 nm as calculated by Bragg’s law [25].  

The introduction of nano-filler to the GOs matrix leads to a shift in the peak associated with the 

(001) inter-layer structure, as shown in Fig. 4-2(b-c). The maximum shift of 1.2o occurs for the 
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Figure 4-2 a). XRD patterns of pure GO paper and GO/P(VDF-TrFE)-10%, (inset, a) shows the 
layer spacing of the GO and nanocomposite papers, (b) GO/P(VDF-TrFE) nanocomposites with 

different contents of P(VDF-TrFE) and (c) enlarged XRD patterns of the nanocomposites. 
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sample with 10% copolymer, as shown in Fig. 4-2(a). The interlayer space of the GO increases 

with increasing contents of the copolymer, as shown in the inset in Fig. 4-2(a).  It can be noticed 

that the β-phase of the ferroelectric nano-filler has been enhanced in the nanocomposites, 

manifesting by the peak shifted to the higher value of two theta. The XRD results indicate that 

the thickness of P(VDF-TrFE) nanofillers inserted in the GO interlayer spaces could be smaller 

than 1.0 nm. Since for P(VDF-TrFE), the lattice constants are  a = 0.933 nm, b = 0.531 nm and c 

= 0.266 nm [26]. With the higher contents (>20%) of the copolymer in the GO matrix, the peak 

intensity and d-spacing decrease, and with 50% contents of copolymer the layer spacing of GO 

paper almost has the same value as that of pristine GO. The distinct layered structures of GO and 

nanocomposite GO/P(VDF-TrFE)-10% are examined by the cross-sectional scanning electron 

microscopy (SEM), as shown in Fig. 4-3(a-b). It can be seen the inter-layer spacing of the GO 

paper increases, revealing the confinement of P(VDF-TrFE) nano-fillers, inconsistent with the 

XRD results. The schematic diagram of the combination of P(VDF-TrFE) and GOs in the 

formation of nanocomposites is shown in Fig. 4-3(c-d). It suggests that the strong interaction 

exists between -CH of P(VDF-TrFE) molecule chains and –OH of the GO matrix. It has been 

observed by the element mapping that the ferroelectric P(VDF-TrFE) nano-fillers could be 

confined in the inter-layer spaces in the GO sheets, confirming that the d-spacing of GO 

increases with the introduction of P(VDF-TrFE) as shown in Fig. 4-4. 
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Figure 4-3 a). Cross-sectional SEM image of pure GO, (b) Cross-sectional SEM image of 
GO/P(VDF-TrFE)-10%, (c) the schematic of the pure GO, and (d) the schematic of 

nanocomposites. 

 

The Raman spectra for pure GO, P(VDF-TrFE) and nanocomposites with different 

contents of P(VDF-TrFE) are given in Fig. 4-5(a-b). The β-phase bands of pristine P(VDF-TrFE) 

are shown in Fig. 4-5(a). It has been observed, that all the bands are well dispersed by the 

introduction of ferroelectric nano-fillers to the GO matrix, while that at around 825 cm-1 

associated with CF2 symmetric stretching mode is significant and slightly shifts to a lower value.  
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Figure 4-4 EDX of the GO/P(VDF-TrFE)-10%. 

      

It has been also noticed that the polar β-phase is enhanced with increasing contents of P(VDF-

TrFE) in the nanocomposites. For the pristine GO samples, the D-band at 1354 cm-1 is related to 

the amorphous carbon or defects in the graphene while and the G-band at 1601 cm-1 is occurred 

due to the in-plane vibration with an E2g-symmetry of graphite [27]. It can be seen from Fig. 4-

5(b), that a slight shift occurs for both bands in the Raman spectrum for the GO/P(VDF-TrFE) 

nanocomposites. The nanocomposites have a much higher intensity ratio of G-band to D-bands 

(IG/ID) as compared to the pure GO. It has been seen that the ratio IG/ID of the GO/P(VDF-TrFE) 

nanocomposites increases significantly with the increasing content of P(VDF-TrFE). The IG/ID 

ratio increases from 1.02 (for pure GO) to 1.17 (for GO/P(VDF-TrFE)-10%), revealing that the 

defects are reduced by the introduction of the nano-fillers due to a strong interaction between GO 
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and P(VDF-TrFE) in the nanocomposites [28]. As discussed above, it is suggested that the –CH 

groups in the copolymer [P(VDF-TrFE)] molecule chains and –OH groups of the GO matrix 

could form polarized water molecules within the interlayers of GOs, resulting in the reductions 

in the dangling bonds and the content of defects in the graphene sheets. As a consequence, the 

intensity of D-band is decreased while that of G-band is increased, leading to the increases in 

IG/ID with increasing contents of P(VDF-TrFE). 

The functional groups in GO and GO/P(VDF-TrFE) nanocomposites are analyzed by FT-

IR spectroscopy, as shown in Fig. 4-6(a-b). The wide characteristic peak around 3204 cm-1 

represents the vibrations of hydroxyl (−OH) group [29,30], while the peak around 1725 cm-1 

corresponds to C=O of −COOH group. The peaks around 1641, 1245 and 1044 cm-1 represent 

the aromatic C=C bending, phenolic C−O stretching and epoxy C−O−C stretching, respectively 

[29,31]. Furthermore, the peak at 1381 cm-1 is associated with the deformation of –OH bond [32], 

which is completely dispersed with the addition of P(VDF-TrFE) into the GO matrix, suggesting 

the strong CH2 wagging vibration in the copolymer nano-fillers. Also, it has been observed that 

the wide peak associated with hydroxyl (–OH) shifts to 3336 cm-1 for the nanocomposites from 

3204 cm-1 for GOs. It is believed that the shift of the broad peak is due to the strong interaction 

between –CH and –OH bonds. All the characteristic β-phase peaks for pure ferroelectric 

copolymer can be seen in Fig. 4-6(a). The three intense bands for the β-phase of P(VDF-TrFE) 

are represented in the range of 1400-800 cm-1 in the FT-IR spectra, at 847 cm-1 and 1285 cm-1 

which are attributed to the symmetric stretching modes for CF2 [33], and at 1400 cm-1 which 

could be assigned to the wagging vibration of CH2 [34], respectively. All the prominent peaks 

corresponding to the β-phase of the ferroelectric copolymer are enhanced in the nanocomposites, 

as shown in Fig. 4-6(b). 
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Figure 4-5  a). Raman spectra of pure P(VDF-TrFE) and GO/P(VDF-TrFE)-10%, and (b) Raman 
spectra of the pure GO paper and GO/P(VDF-TrFE) nanocomposites with different contents of 

the P(VDF-TrFE). 
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Figure 4-6  a). FT-IR spectra of the pure GO paper, pure P(VDF-TrFE) and GO/P(VDF-TrFE)-10% 
and (b) FT-IR spectra of the pure GO paper and GO/P(VDF-TrFE) nanocomposites with 

different contents of P(VDF-TrFE). 
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Figure 4-7 Comparison of intensities of the β-phase of pure P(VDF-TrFE) and nanocomposites. 

       

Fig. 4-7 shows a baseline is drawn for pure P(VDF-TrFE) and nanocomposites. From the 

intensity ratio of β- to α-phase, it has been seen that the intensity of β-phase increases with 

increasing contents of P(VDF-TrFE). For the nanocomposite with a nano-filler content of 10%, 

the FT-IR results suggest that it has the highest content of β-phase. The temperature-dependent 

dielectric constants of GO and GO/P(VDF-TrFE) papers are characterized at different 

frequencies, as shown in Fig. 4-8(a-b). The temperature-dependent permittivity of the pure GO 

and GO/P(VDF-TrFE)-10% samples are investigated in 1 KHz to 2 MHz range of frequency. 

The temperature-dependent permittivity of the GO/P(VDF-TrFE)-10% nanocomposites is 
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significantly increased as compared to that of the pure GO at 1 KHz, as shown in Fig. 4-8(b). 

Nevertheless, the nanocomposites with lower contents (2% and 5%) or higher contents (20% and  

 

Figure 4-8 a). Dielectric spectra of GO/P(VDF-TrFE)-10% nanocomposite in the frequency 
range from 1KHz to 2MHz, and (b) dielectric spectra of the pure GO, pure P(VDF-TrFE) and 

GO/P(VDF-TrFE) nanocomposites with different contents of P(VDF-TrFE) at 1KHz. 
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50%) of the P(VDF-TrFE) nano-fillers have the dielectric constants compatible to that of GOs, 

as shown in Fig. 4-9(a-b). The permittivity of the nanocomposites increases and starts to 

decrease at around 40 oC. 

 

Figure 4-9 a) Dielectric spectra of the GO/P(VDF-TrFE)-2%, (b) Dielectric spectra of the 
GO/P(VDF-TrFE)-20%. 
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Figure 4-10  a). P-E loops for the pure GO paper and GO/P(VDF-TrFE)-10% nanocomposite at 
30 oC, and (b) P-E loops at different temperatures for GO/P(VDF-TrFE) nanocomposites. 
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            The polarizations of the pristine GO and nanocomposites at 30 oC are shown in Fig. 4-

10(a). It can be seen that the polarization of the nanocomposite is notably raised with the 

application of electric fields. The P-E loops for nanocomposites containing 10% of P(VDF-TrFE) 

show a significant response with increasing temperature as shown in Fig. 4-10(b). The P-E loop 

for GO/P(VDF-TrFE)-10% sample get wider with the application of higher fields. The remnant 

polarization of the sample changes with temperature by the application of varying electric fields, 

and as a result, the hysteresis loops form. The nanocomposites show typical P-E loops. By 

adding the ferroelectric copolymer to the GO matrix, the ferroelectric properties of the 

nanocomposites are enhanced. Fig. 4-11(a) shows the leakage current density, J, of the 

nanocomposites. It has been reported that the leakage current density increases with increasing 

applied electric field and saturates at around 2 MV/cm. 

Remarkably, the leakage current density of the pristine P(VDF-TrFE) is much higher as 

compared to the nanocomposites, especially in comparison with that of GO/P(VDF-TrFE)-10%. 

Among the nanocomposites, GO/P(VDF-TrFE)-20% has the highest leakage current density 

which rapidly increases with increasing applied electric field, suggesting that the ferroelectric 

properties of the nanocomposites with high P(VDF-TrFE) concentration could be affected by 

their high leakage currents as shown in Fig. 4-12. 

By the definition of energy storage density, 𝑈𝑒 =
1

2
휀0휀𝑟𝐸𝑏

2, the energy density Ue can be 

calculated. The energy storage densities of different ceramics, polymers and nanocomposites are 

shown in Table 4-1. The energy storage densities of GO/P(VDF-TrFE) with different contents of 

P(VDF-TrFE) nanofillers are shown in Fig. 4-11(b). The energy density was improved by the 

introduction of ferroelectric nanofillers to the GO matrix. It can be seen from Fig. 4-11(b), that 
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the maximum energy storage density of the nanocomposites reaches 39.89 J/cm3 at a breakdown 

strength of 2.8 MV/cm. It should be noted that the breakdown strength of  

 

Figure 4-11 a). Leakage current density of the pure P(VDF-TrFE) and the nanocomposites, and 
(b) energy storage density of the pure P(VDF-TrFE), its nanocomposites. 
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Figure 4-12  Leakage current density of P(VDF-TrFE) and GO/P(VDF-TrFE) nanocomposites. 

 

 2.8 MV/cm is the minimum among those for all nanocomposite samples. It has been observed 

that dielectric constant contributed more in the enhancement of the energy storage density. 

According to the breakdown strength (i.e., 6 MV/cm) for the GO/P(VDF-TrFE)-10% 

nanocomposite, the energy storage density can be as high as 183 J/cm3, as shown in Fig. 4-11(a).  
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Table 4-1 Energy storage density of ceramics, polymer and nanocomposites. 

Materials Breakdown strength, Eb 

(MV/cm) 

Energy-storage 

density (J/cm3) 

Ref. 

CaTiO3 –BiScO3 0.27 1.55 [11] 

BaTiO3-Bi(Mg2/3Nb1/3)O3 0.287 1.13 [12] 

(Pb1−xLax)(Zr0.90Ti0.10)1−x/4O3 0.03 1.85 [14] 

P(VDF-HFP) 2.2 6.1 [20] 

Barium titanate/polycarbonate 2.2 3.9 [20] 

BaTiO3@TiO2 6.5 20 [21] 

BTO@TiO2 /P(VDF-HFP) 7.97 31.2 [22] 

GO/P(VDF-TrFE)-10% 2.8 39.89 this 

work 

 

 

4.4 Conclusions 
 

GO/P(VDF-TrFE) nanocomposite papers with different contents of P(VDF-TrFE) were 

synthesized. The structural, dielectric and ferroelectric properties of the nanocomposites were 

investigated. The raman spectroscopy analyses on the GO/P(VDF-TrFE) reveal that the defects 

in GOs are reduced significantly by the loading of P(VDF-TrFE). The ferroelectric properties of 

the nanocomposites are enhanced due to the notably increased polarization. The energy storage 

density of 39.89 J/cm3 at 2.8 MV/cm has been obtained. The high dielectric breakdown strength 
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and large energy density suggest that GO/P(VDF-TrFE) could be promising novel materials for 

electrical energy storage.  
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5 Piezoelectric and Mechanical Properties of Metal-

Organic Frameworks 
 

5.1 Introduction 
 

Piezoelectricity, referring to an effect, by which a material generates an electric charge in 

response to a force change and vice versa, has been wildly used in the field of information 

technology, optoelectronic technology, etc. In particular, according to its definition, 

piezoelectricity is a unique property only for some crystalline materials with non-center-

symmetries, which limits the space group of materials associating with one of the ten polar point 

groups (C1, Cs, C2, C2v, C3, C3v, C4, C4v, C6, C6v) [1,2]. Up to now, more than 300 crystal 

piezoelectric materials were discovered [3]. Much attention has been a focus on developing 

inorganic compound such as KDP [4], BaTiO3 [5], PbTiO3 [6], LiNbO3 [7] because of their high 

dielectric properties and organic compound β-PVDF due to their softness and flexibility [8]. 

However, multifunctional piezoelectric materials are highly in need to explore to meet the 

demand of various applications in modern information technology. 

Metal-organic frameworks (MOFs) are crystalline porous materials constructed by 

connecting inorganic metal ions with polytopic organic bridging molecules, which often exhibit 

fascinating physical and chemical properties because of their ‘toy brick’ like tunable structures. 

Inspired by their unique features, considerable efforts have been devoted to exploring 

applications of MOFs, such as gas separation [9-11], energy storage [12-14], catalysis [15,16], 

sensors [17] and so on. Compared to pure phase inorganic materials and organic materials, the 

combination exhibits complementary properties of crystallinity, organic-inorganic nature, 

softness, and complex hierarchy [18,19]. However, most existing MOFs, and design of MOFs, 

has been chemically oriented to enhance their energy storage or gas separation ability, only a few 
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researchers focus on MOF’s piezoelectric. For example, Sante and his coworkers discovered the 

ferroelectric behaviors of [(CH3)2NH2]Mn(HCOO)3 via density functional theory (DFT) 

calculations [20]. By tuning the organic cations, they achieved a ferroelectric polarization up to 6 

μC cm−2. Xiong and his coworkers reported the ferroelectric behaviors of Me3NCH2ClMnCl3 

(TMCM-MnCl3) via both experimental and DFT calculations and achieved a giant d33 

piezoelectric response up to 185 pC N-1 [21]. Stroppa and his coworkers observed the 

coexistence of resistance switching and ferroelectricity in Cr based hybrid improper MOFs, 

[C(NH2)3]Cr(HCOO)3, which also exhibited a strong magnetoelectric coupling [22]. Remarkably, 

the famous piezoelectric materials Rochelle salt is also a kind of MOFs [23]. 

As known, the common strategy in assembling MOFs is the use of organic linkers and 

metal-based secondary building units (SBUs) with triangular, square planar, octahedral, and 

trigonal prismatic geometries. The metal component plays a pivotal role in the final framework 

topology and physical properties of the resulting MOFs. Among the artificial MOFs, the 

porphyrin paddle-wheel frameworks (PPFs) series often exhibit 2D or 3D layered structure 

linked by organic ligands chains, hydrogen bonding, van der Waals, Casimir forces, etc [24-26]. 

During the reaction, the TCPP ligand is metallized and further stacked in an AB packing pattern 

in which the metal atoms in the centers of the porphyrin rings are aligned with the metal atoms in 

the metal nodes of the paddle wheel, forming layered MOFs with an I4/mmm space group 

[27,28]. 

In this work, we introduced multiple metal components to the center-symmetries I4/ mmm 

structure and the tailored MOFs revealed a P4/ mmm or P1 structure. Multicomponent metal-

organic frameworks (MMOFs) such as Ni_MOFs (Ni2(Ni-TCPP-2BPY)), Cu_MOFs (Cu2(Cu-

TCPP-2BPY)), CuxNi1-x_MOFs (Cux(Ni1-x-TCPP-2BPY)) and Co0.25Cu0.25Zn0.25Ni0.25_MOFs 
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(Co0.25Cu0.25Zn0.25Ni0.25 (TCPP-2BPY)) were obtained via a mature bottom-up method. 

Meanwhile, their piezoelectric performance was estimated by a dual AC resonance tracking 

piezo-response force microscopy for the first time. Our finding indicates that two-component 

MOFs and four-component MOFs obtained displayed anomalous piezoelectric behaviors rather 

than center symmetric single metal MOFs. 

 

5.2 Characterization 
 

Scanning electron microscopy (SEM) analysis was conducted on a VEGA3 TESCAN 

scanning electron microscope fitted with spectroscopy of an energy-dispersive X-ray (EDX). 

Samples used for SEM characterization were prepared by dropping their ethanolic suspensions 

onto a silicon wafer and then coated with Au via a sputtering process. The morphology and 

thickness of samples were obtained by a scanning probe force microscopy (SPM, Asylum MFP-

3D Infinity), samples were prepared by dipping silicon wafer in the solution for SPM 

characterization. The X-ray diffraction (XRD) patterns have been reported with the Rigaku 

Smart-Lab powder X-ray diffractometers operated at 45kV and 200mA using Cu Kα (λ=1.5406 

Å) radiation. The analysis on vibrations of molecule bonds in the samples was performed by the 

FTIR spectrometer (Nicolet iS50, Thermo Fisher Scientific, Waltham, USA). The samples were 

scanned at 4 cm–1 after averaging 16 scans between 650–4000 cm–1. Raman spectrum was 

performed on a (3 in 1 Nomadic) with a laser wavelength of 532 nm, which was first calibrated 

with a Si wafer (520 cm-1). The electronic binding energy of samples was calculated by using X-

ray photoelectron spectroscopy (XPS, PHI 5000C ESCA). 
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5.3 Sample preparation  
 

5.3.1 Materials 

 

The metal-organic frameworks were prepared successfully from different salts purchased 

from Chemical Reagents, UNI-CHEM. The salts containing copper (Cu), cobalt (Co), nickel (Ni) 

and zinc (Zn) with different water concentrations were used. Polyvinylpyrrolidone (PVP) with an 

average molecular weight of 40,000 was purchased from Alfa Aesar. The 4,4'-dipyridyl (BPY, 

98%) was purchased from Acros Organics and the solvent N,N-Dimethylformamide (DMF) at 

99.8% purity level was purchased from DUKSAN. The Tetrakis(4-carboxyl-phenyl)-porphyrin 

(TCPP, 98%) was bought from STREM Chemicals, INC. Ethanol was bought from VWR 

Chemicals. All the chemicals used in the preparation of samples were in their original forms 

without any further purification. 

 

5.3.2 Synthesis of Ni_MOFs 

  

The DMF and ethanol mixture solvent were used with a volume ratio of 1:3. The 4.4 mg 

(0.015 mmol) of Ni(NO3)2·6H2O, 1.56 mg (0.01 mmol) of BPY and 10 mg of PVP were added 

to the 6 mL mixture solvent in a vial and sonicated for 15 min. Then the 4.0 mg (0.005 mmol) of 

TCPP was added in 2 mL mixture solvent and sonicated for 10 min. The well-dispersed TCPP 

was added to the aforementioned solution dropwise and sonicated for 20 min. Finally, the capped 

vials were kept at 80 °C in the oven for 24 h. Afterwards, the resulting product of red color was 

collected. The product was centrifuged at the speed of 8,000 r.p.m. for 10 min and washed with 

ethanol. This process is repeated three times. Finally, Ni2(Ni-TCPP-2BPY) was obtained and 

denoted as Ni_MOFs. 
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5.3.3 Synthesis of Cu_MOFs  

 

The DMF and ethanol mixture solvent were used with a volume ratio of 1:3. The 3.7 mg 

(0.015 mmol) of Cu(NO3)2·3H2O, 1.56 mg (0.01 mmol) of BPY and 10 mg of PVP were added 

to the 6 mL mixture solvent in a vial and sonicated for 15 min. Then the 4.0 mg (0.005 mmol) of 

TCPP was added in 2 mL mixture solvent and sonicated for 10 min. The well-disperse TCPP 

was added to the aforementioned solution dropwise and sonicated for 20 min. Finally, the capped 

vials were kept at 80 °C in the oven for 24 h. Afterwards, the resulting product of red color was 

collected. The product was centrifuged at the speed of 8,000 r.p.m. for 10 min and washed with 

ethanol. This process is repeated three times. Finally, Cu2(Cu-TCPP-2BPY) was obtained and 

denoted as Cu_MOFs. 

 

5.3.4 Synthesis of CuxNi1-x_MOFs  

 

The DMF and ethanol mixture solvent were used with a volume ratio of 1:3. The 3.7 mg 

(0.03x mmol) of Cu(NO3)2·3H2O, 4.4 mg (0.03*(1-x) mmol) of Ni(NO3)2·6H2O, 3.12 mg (0.02 

mmol) of BPY and 20 mg of PVP were added to the 6 mL mixture solvent in a vial and sonicated 

for 15 min. Then the 8.0 mg (0.010 mmol) of TCPP was added in 2 mL mixture solvent and 

sonicated for 10 min. The well-dispersed TCPP was added to the aforementioned solution 

dropwise and sonicated for 20 min. Finally, the capped vials were kept at 80 °C in the oven for 

24 h. Afterwards, the resulting product of red color was collected. The product was centrifuged 

at the speed of 8,000 r.p.m. for 10 min and washed with ethanol. This process is repeated three 

times. Finally, Cux(Ni1-x-TCPP-2BPY) was obtained and denoted as CuxNi1-x_MOFs. 

 

 



121 
 

5.3.5 Synthesis of Co0.25Cu0.25Ni0.25Zn0.25_MOFs 

  

The DMF and ethanol mixture solvent were used with a volume ratio of 1:3. The 4.4 mg 

(0.015) of Co(NO3)2·6H2O,  3.7 mg (0.015 mmol) of Cu(NO3)2·3H2O, 4.4 mg (0.015 mmol) of 

Ni(NO3)2·6H2O, 4.5 mg (0.015 mmol) of Zn(NO3)2·6H2O, 6.24 mg (0.04 mmol) of BPY and 40 

mg of PVP were added to the in 30 mL mixture solvent in a vial and sonicated for 15 min. Then 

the 16.0 mg (0.020 mmol) of TCPP was added in 2 mL mixture solvent and sonicated for 10 min. 

The well-dispersed TCPP was added to the aforementioned solution dropwise and sonicated for 

20 min. Finally, the capped vials were kept at 80 °C in the oven for 24 h. Afterwards, the 

resulting product of red color was collected. The product was centrifuged at the speed of 8,000 

r.p.m. for 10 min and washed with ethanol. This process is repeated three times. Finally, 

Co0.25Cu0.25Ni0.25Zn0.25 (TCPP-2BPY) was obtained and denoted as 

Co0.25Cu0.25Ni0.25Zn0.25_MOFs. 

 

5.4 Piezoelectric performance 
 

 Piezoelectric performance of samples is studied via contact resonance piezoresponse force 

microscopy (PFM, MF3D, Asylum Research). DART mode was used to analyze the local 

piezoresponse hysteresis loops by using switching spectroscopy PFM (SS-PFM). During all the 

measurements, the MOFs samples were contacted by the conductive tip of Ti/Ir coated Si 

cantilevers. The free resonance frequency of the cantilevers with 2 N/m spring constant was 69 

kHz and an a.c. voltage was applied. A signal consisting of square d. c. pulses with a triangular 

envelope is applied to the tip during the SS-PFM analyses. The contact resonance effect can be 

established by applying d. c. pulse signal on the a. c. signal at a frequency near the resonance 
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frequency of the cantilever. In our experiment, the driving a.c. voltage of 5 V and 322 kHz of a 

contact resonance frequency and with a d.c. amplitude of -10 to 10 V of the triangular envelope 

were used. The effective piezoelectric coefficients are obtained via the modified equation of the 

converse piezoelectric effect from local piezoresponse hysteresis loops. 

5.5 Results 
 

As shown in Fig. 5-1(a), within this scheme, metallic paddlewheel clusters, M2(CO2)4, was 

employed as inorganic secondary building units, meanwhile, tetraphenylporphyrins (TCPP) was 

employed as organic secondary molecular building units, which formed into an ideal planar and 

symmetric 2D square grid structure with well-defined topologies M2(M-TCPP) via a simple 

nucleation process. Then, these grids were stacked by the combination of bare divalent metal 

ions and a pillar-like molecular ligand BPY from an in situ coordination reaction, which formed 

into an AB stacking pattern MOFs, with each layer translated by (½, ½, ½) relative to the 

adjacent layers. To confirm this scheme, the synthesis of Ni(Ni2-TCPP-BPY) building block has 

been achieved by following a reported procedure [30], and its crystal mode was also raised up. 

Fig. 5-1(b-c), from the top view and side view of the resulted Ni(Ni2-TCPP-BPY), the AB 

stacking pattern MOFs with layered structure exhibited a regular tetragonal phase with 

dimensions of approximately 16.79 Å × 16.79 Å × 23.52 Å with a space group of I4/ mmm. In 

addition, air-stable red cubic single crystals Ni(Ni2-TCPP-BPY) was obtained by a slow cooling 

method, and its X-ray diffraction analysis was well-matched from both the experiment and 

simulation side, which was shown in Fig. 5-1(d).    

Motivated by the need to acquire MOFs with the non-centrosymmetric structure in 

determining piezoelectric performance, second metallic ions had been introduced into the AB 

stacking pattern. In particular, tetracoordinated metallic ions (noted as M(1)) connected by 
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carboxyl groups and coordinated metallic ions in the center of TCPP (noted as M(2)) exhibited 

different reaction ability, which made it easier to realize the preparation of multicomponent 

MOFs. As shown in Fig. 5-2(a), the case of Ni2+ was expected to be placed by Cu2+ by carefully 

varying the ratio of starting materials and the amount of modulating reagent, which resulted in an  

 

 

Figure 5-1 The schematic of the fabrication of AB stacking Ni_MOFs (a) and its top view of 
crystal structure along the [001] axis (b) and [100] axis (c). (d) XRD pattern of Ni_MOFs from 

experimental and simulated methods. 

 

overall modification of the coordination geometry of the metal center to a non-centrosymmetric 

structure shown in Fig. 5-2(b). To examine this proposal, MMOFs with different amounts of Ni 

ions and Cu ions had been prepared and their SEM images were shown in Fig. 5-2(c-h), the pure 

Ni_MOFs revealed perfect cubic sheet crystals, which could be seen in Fig. 5-3, while the 

amount of Cu ions increased, their morphology had turned to flower-like crystals gradually, 
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when the concentration of Cu ions increase to more than 50%, which is shown in Fig. 5-2(f), the 

2D cubic sheet-like MOFs disappeared.  

To study the crystal and structure information of obtained MMOFs, XRD patterns were 

recorded as shown in Fig. 5-4(a), which presented a unique crystalline phase, well agreed with 

the simulated patterns shown in Fig. 5-1(d). What is more, an interesting feature was found, with 

the addition of Cu ions, peak at ~7.5° became broader, which was corresponding to the [002] 

layer spacing of the intercalation. It was noted that the peak at ~7.5° could be deconvoluted to 

two distinct peaks at ~7.5° for the [002] planer and ~8.0° for the [102] planer, respectively. The 

appearance of a peak at ~8° well proved the Cu ions were doped into the site of tetracoordinate 

metallic ions, leading to a distorted structure caused by the coordination between BPY and 

unsaturated Cu ions sites. Meanwhile, the peak grew stronger with the increasing concentration 

of the Cu ions ratio.  
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Figure 5-2 (a) Crystal structure of Ni_MOFs and its 6 active exposed metallic centers. (b) 
Crystal structure of NixCu1-x_MOFs. SEM images of hybrid Ni_MOFs (c), Ni0.9Cu0.1_MOFs (d) 

Ni0.8Cu0.2_MOFs (e), Ni0.5Cu0.5_MOFs (f), Ni0.2Cu0.8_MOFs (g) and Ni0.1Cu0.9_MOFs (h). 
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Figure 5-3 Typical AFM image and its thickness analysis on the MOF sheet along the red line. 

 

 

 

Nevertheless, the structural changes of MMOFs were observed from the IR and Raman 

spectra, which are given in Fig. 5-4(b) and Fig. 5-5, the vibrational modes for symmetric and 

asymmetric sites also provided some detailed information, for example, the peaks around 1604 

cm-1 and ~1400 cm-1 were attributed to asymmetric COO stretching mode (noted as νas(COO)) 

and symmetric COO stretching mode (noted as νs(COO)) [31], while the peaks around 1000 cm-1  
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Figure 5-4 XRD patterns (a) and IR spectra (b) of NixCu1-x_MOFs. 

 

and ~964 cm-1 were assigned to asymmetric CNC stretching mode (noted as νas(CNC)) and 

symmetric CNC stretching mode (noted as νs(CNC)) [32], and peaks near ~711 cm-1 and ~732 

cm-1 were attributed to asymmetric M-O stretching mode (noted as νas(M-O)) and symmetric M-

O stretching mode (noted as νs(M-O)) [33], respectively. As expected, the peak corresponding to 
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νas(M-O) appeared when Cu ions were doped, and the peak corresponding to νs(M-O) became 

weaker and even disappeared when the concentration of Cu ions increased. The Raman spectra 

are shown in Fig. 5-5 indicated a similar trend, peaks corresponding to νas(M-O) [34] sharpened 

when Cu ions in MMOFs increased, which further proved the Cu ions lead a distort structural 

change of MMOFs. Moreover, XPS was performed to confirm the chemical structures of the 

obtained MMOFs. Limited by the text space, the detailed information of Ni0.9Cu0.1_MOFs was 

chosen to prove our expectation, whose SEM image was shown in Fig. 5-6(a), and elemental 

analysis according to XPS data collected from survey scanning spectra shown in Fig. 5-6(b) well 

agreed with the simulation. The C 1s peak shown in Fig. 5-6(c) can be deconvoluted into four 

components centered at 288.4 (with C=O bond), 286.5 (with C−O bond), 286.0 (with C−N bond), 

and 284.8 eV (with C−C/C=C bond). 

 

Figure 5-5 Raman spectra of Ni-Cu MOFs with different compositions. 
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Figure 5-6 (a) SEM image of Ni0.9Cu0.1_MOFs, (b) XPS survey spectra, (c) deconvoluted C 

1s (d) N 1s (e) Ni 2p and (f) Cu 2p spectra of Ni0.9Cu0.1_MOFs. 
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The N 1s peak is deconvoluted into two peaks centered at 398.5, 399.9 eV, which are the 

same as with the pyridinic, pyrrolic nitrogen atoms doped in the carbon matrix as shown in Fig. 

5-6(d). To confirm the chemical valences of Ni ions and Cu ions, peaks corresponding to Ni 2p 

(Fig. 5-6(e)) and Cu 2p (Fig. 5-6(f)) were resolved. The deconvolution of the Ni 2p peak shows 

the existence of Ni2+ 2p1/2 and Ni2+ 2p3/2 [35], while the peak corresponding to Cu 2p was 

deconvoluted into Cu2+ 2p1/2, Cu1+ 2p1/2, Cu2+ 2p3/2, Cu1+ 2p3/2 [36], which might be caused by 

the unsaturated tetracoordinate metallic ions between the separated layers, but the appearance of 

little Cu1+ would make distortion in the well-defined layered structure, leading to an asymmetric 

structural change for its piezoelectric performance. The dual A.C. mode of PFM was employed 

to analyze the piezoelectric behaviors. The DART mode was operated close to its resonance 

frequency to the samples. The working principle can be seen in the schematic diagram in Fig. 5-7.  
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Figure 5-7 (a) Schematic image for the configuration for switching spectroscopic PFM (SS-

PFM) and (b) its applied pulse voltage. (c) The local piezo-response butterfly loops (in 

black color) while piezoelectric phase by (in blue color) for M-MOFs obtained from the SS-

PFM measurements with “off” state and (d) “on” state during the A.C. bias. 

 

            As shown in Fig. 5-8(a), PFM topographical image of Ni0.9Cu0.1_MOFs sheet mounted on 

the conductive substrate was observed with a thickness of 403.4 nm, and points noted as b, c, d 

was chosen randomly. To record the piezoelectric responses, the DART mode was used with a 

5V A.C. bias, which was overlapped the D.C. bias. To detect the vertical structure of 

Ni0.9Cu0.1_MOFs, the topographical image observed by AFM was shown in Fig. 5-9, the layered  
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Figure 5-8 PFM characterization of Ni0.9Cu0.1_MOFs. (a) The topographical images 

Ni0.9Cu0.1_MOFs. (b-d) The piezoresponse (in black color) and piezoelectric phase (in blue 

color) of Ni0.9Cu0.1_MOFs at the area indicated by the circles shown in (a). 

 

 

 

Figure 5-9 Typical AFM analyses of layered structure Ni0.9Cu0.1_MOF and its height image 

(a), amplitude image (b) and phase image (c). 
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the structure was clearly captured by its corresponding amplitude image is shown in Fig. 5-9(b). 

The piezoelectric response which leads to the formation of the hysteresis loops are achieved in 

the driving voltage ranging from -10 V to 10 V without a D.C. bias of point b, point c, and point 

d, and are recorded in Fig. 5-8(b-d), respectively. It is worth noting that Ni0.9Cu0.1_MOF shows a 

potential piezoelectric effect as reflected by the formation of a hysteresis loop. The phase 

switches by nearly 180 degrees with a coercive voltage of 2.5 V is the strong evidence that 

polarization orientation changes with external field application. The 180-degree phase switching 

further reveals the ferroelectricity of the Ni0.9Cu0.1_MOF sample. The piezoelectric response was 

determined by PFM in the absence of the applied A. C. bias, as shown in Fig. 5-10, and clearly 

the domain wall could be seen from amplitude image and phase image. Nevertheless, the piezo-

response obviously showed the hysteresis loop which leads to the formation of a butterfly image 

that reveals the existence of piezoelectricity. The maximum 𝑑33 
𝑒𝑓𝑓

value of ~80 pm V-1 was 

obtained. 

To gain a deeper insight of piezoelectric behaviors of M-MOFs, the loops of piezoelectric 

response and the hysteresis of phase switches were recorded in Fig. 5-11(a-b) when  

 

 

Figure 5-10 Typical PFM analyses of layered structure Ni0.9Cu0.1_MOF and its height 

image (a), amplitude image (b) and phase image (c). 
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the frequencies of applied DC bias voltage were varied from 0.1 to 1.0 Hz. It could be seen that 

the piezoelectric response read from butterfly loops decreased when frequency increased. It was 

noted that the phase switches read from phase loops at various frequencies were not exactly 180o 

which might be due to the multi-polar-axes nature of organics [37]. The effective piezoelectric 

coefficient 𝑑33 
𝑒𝑓𝑓

curves were calculated by using the modified equation of the converse 

piezoelectric effect [38]. Fig. 5-11(c) shows that the maximum value of the effective 

piezoelectric coefficient was approximately 86.9 pm V-1 recorded at 10 V applied d. c. voltage at 

the frequency of 0.1 Hz. What more, as shown in Fig. 5-11(d), when the frequency varied in the 

ranges 0.1 to 1.0Hz, the maximum value of the effective piezoelectric coefficient 𝑑33 𝑚𝑎𝑥
𝑒𝑓𝑓

 

decreased from 86.9 to 36.4 pm V-1, while the polarization switching electric field denoted as 𝐸𝑐, 

which were calculated from the phase loops shown in Fig. 5-11(b), increased from 8.0 to 9.8 MV 

m-1, providing further evidence of piezoelectric properties of MMOFs, and the fitting equation 

demonstrated that a power-law relation [39]. By using Ec ~ fβ with β = 0.60, the dynamical 

switching mechanisms can be explained. 
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Figure 5-11 The local PFM piezoresponse (a), phase hysteresis loops (b), calculated effective 

d33(c) and Ec (d) of Ni0.9Cu0.1_MOFs at the frequency of 0.1-1.0 Hz. 

 

Similar piezoelectric behaviors of MMOFs of various components with different 

thickness were also observed. As shown in Fig. 5-12(a), effective d33 curves versus applied 

voltage of Ni0.9Cu0.1_MOFs with the thickness at the range of 120 ~ 700 nm were calculated by 

their piezoresponse butterfly loops, and 𝑑33 𝑚𝑎𝑥
𝑒𝑓𝑓

 at different thicknesses were shown in Fig. 5-

12(b), which revealed a decreasing  𝑑33 𝑚𝑎𝑥
𝑒𝑓𝑓

 with the increasing thickness. Similar trend of 

𝑑33 𝑚𝑎𝑥
𝑒𝑓𝑓

 was also found in Ni0.8Cu0.2_MOFs, a higher tetracoordinate Cu ion-doped in Ni_MOFs, 

as shown in Fig. 5-12(c-d), while a large  𝑑33 𝑚𝑎𝑥
𝑒𝑓𝑓

 was up to 171 pm V-1 with a thickness of 50 

nm. However, a converse trend was captured when the component of tetracoordinate metallic 
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ions increased to 4, surprisingly, 𝑑33 𝑚𝑎𝑥
𝑒𝑓𝑓

 of Ni0.25Cu0.25Co0.25Zn0.25_MOFs increased from ~23 to 

~53 pm V-1 with the thickness range from 75 to 250 nm, which was shown in Fig. 5-12(e-f). 

 

Figure 5-12 Effective d33 value loops (a) and their max value (b) of Ni0.9Cu0.1_MOFs, 

Ni0.8Cu0.2_MOFs (c-d) and Ni0.25Cu0.25Co0.25Zn0.25_MOFs (e-f) with different thicknesses. 
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5.6 Discussion 
 

The mechanism of piezoelectricity of M-MOFs can be further explained, as illustrated in 

Fig. 5-13. As shown in Fig. 5-13(a), centric-symmetric Ni_MOFs with a space group of I4/ 

mmm exhibited zero polarization along the vertical direction. As expected, designed structural 

distortion was introduced when tetracoordinate Ni ions were partly replaced by Cu ions, leading 

to a different polar bond between the metal-oxygen bond along the vertical direction, which 

further affected the dipole state in the lattice. What’s more, as shown in Fig. 5-13(b), simple 

geometrical consideration explained the enhanced 𝑑33 𝑚𝑎𝑥
𝑒𝑓𝑓

 when the Cu ions molar ratio varied 

from 10% to 20%, which revealed a full replacement of 1/6 Ni ions by Cu ions according to 

symmetrized atomic displacements. When metallic ions positions were equally captured by Ni 

ions, Cu ions, Co ions and Zn ions, as shown in Fig. 5-13(c), the obtained four metallic M-MOFs 

exhibited an absolutely structural distortion but smaller polarization than bimetallic M-MOFs, 

well-matched the characterizing information shown in Fig. 5-14 to Fig. 5-17. 

 

 

Figure 5-13 Ball-and-stick model of the centric-symmetric structure Ni_MOFs (a), non-

centrosymmetric structure Ni0.9Cu0.1_MOFs and non-centrosymmetric structure 

Ni0.25Cu0.25Co0.25Zn0.25_MOFs. 
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Figure 5-14 (a) SEM image of NiCuCoZn-MOFs and its XRD patterns (b), IR spectra (c) 

and Raman spectra (d). 

 

 

 

Figure 5-15 SEM image of NiCuCoZn-MOFs and its element composition value obtained 

by EDX analysis. 
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Figure 5-16 TEM images of obtained MOFs (a) Ni_MOFs (b) Ni0.9Cu0.1_MOFs (c) 

Ni0.25Cu0.25Zn0.25Co0.25_MOFs. 

 

 

Figure 5-17 STEM image of obtained Ni0.25Cu0.25Zn0.25Co0.25_MOFs and its corresponding 

element mapping (a) STEM image (b) C mapping image (c) O mapping image (d) N 

mapping image (e) Ni mapping image (f) Cu mapping image (g) Co mapping image and (h) 

Zn mapping image. 

 

5.7 Mechanical properties of MOFs structures 
 

  This section includes the preparation method and testing of the mechanical properties of 

MOFs systems. Various MOFs including Cu-MOF, Ni-MOF, bimetal M-MOFs and 
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multicomponent-metal M-MOFs have been prepared. Furthermore, hardness and modulus at 

different depths and loads have been analyzed and comparison is presented. After that, the pop-in 

effect and stress distribution at the first pop-in is summarized herewith.   

 

5.7.1 Preparation and testing conditions  

 

In this step, the red product of synthesized MOFs are shifted to hydraulic press machine, 

a pressure of 10 MPa is applied to press all the samples uniformly.  Thick films of Cu-MOF, Ni-

MOF, bimetal M-MOFs and multicomponent-metal M-MOFs have been prepared, and the 

sample surfaces are measured to have a thickness of 1 mm with an average root roughness of 90 

nm. After the migration of all samples on a substrate, the surface of the sample has been cleaned 

with acetone to assure the removal of dust particles which can cause false results. Also, 

mechanical properties can be altered with a rough surface so by cleaning another benefit is 

achieved to make sure the obtained results must be reproducible with the clean and smooth 

surface. Extra precaution has been taken that non-dissolvable chemical is used for cleaning so it 

would not react with samples and vary the reportable results. At last but not least polishing is the 

major parameter required to satisfy the requirement of sample preparation. So, after polishing the 

sample is shifted to the oven for the evaporation of vapor or gases for 5 hours at 80 0C.  

 

5.7.2 Mounting of samples  
 

Mounting the samples on the nanoindentation machine is the 2nd step of sample 

preparation. In order to follow the 2nd step, firstly it is required that samples must be mounted 

firmly with less allowance of movement. Magnet holder, spring and vacuum clamps have been 
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utilized to hold the samples in place because the nano-indenter has a maximum range of 25 µm 

indentation depth and a length of 10 mm to bear the non-axis position of samples. 

 

5.7.3 Calibration of triboindentor 
 

Calibration of the device is another most important factor before performing the test to 

take into consideration. To satisfy the condition, provided fuse quartz is used to calibrate the 

indentation machine with accurate results and it is witnessed that the obtained results are 

acceptable while compared with provided results on fuse quartz. Another factor was to counter 

check the cleanliness of indenter and again it was assured before operating the device on the 

prepared samples.  

Sharp Berkovich indenter is used to perform indentation on samples surface. Berkovich 

pyramid tip indenter was used during experimentation and the machine maximum capacity of 

12000 N is used but for the samples examined for this thesis up to 8000 N was utilized to 

press the indenter in the sample for making elastic and plastic deformation regions in samples. At 

last, tip calibration is required at the lower depths while performing experiments at lower depths, 

and the tip is thus calibrated. 

 

5.7.4 Test cycle 
 

Loading and unloading must be smooth and continuous to avoid the misinterpretation of 

results. The maximum load Pmax is achieved by a small increment to reach the maximum depth 

in samples. Numerous loading and unloading are performed in this experimentation as illustrated 

in Fig. 5-19.  
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Figure 5-18 Various loading and unloading conditions. 

           

The load is increased from 250 µN to 8000 µN initially at an increment of 250 µN to 

reach the 1000 µN, after that the step increment is increased to 1000 µN till reaching the 8000 

µN and the depths in samples have been recorded after every increment. It can be clearly 

observed that mounting depth is directly proportional to load increment and vice versa.  

For this loading and unloading condition, as shown above, the indenter was programmed 

well by the user to perform the loading for 5 seconds and then the unloading for 5 seconds. 

Furthermore, after loading a dwell time is also taken into account to stabilize the indenter into 

the specimen for comparison of results. Normally load control programmed indenter is used to 

examine the samples instead of depth control programmed one. Fig. 5-20 is a classical 

representation of dwell time of 200 seconds to visualize the effect of this on generated 

displacements. 
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It is witnessed that the applied load has a direct relation with a displacement of indenter 

depths, by increasing the load from 3000 µN to 8000 µN the depth is variated from 0 to 

approximately 1200 nm for all the specimen for equal dwell time. Consequently, it is proved that 

by increasing the load, the depths will be increased.  

By using a pyramid indenter, a marker was produced at the surface of the specimen after 

removing the load. The shape of the marker is dependent upon the used indenter, so the pyramid 

is generated with the specification given in table 5-1.  

 

 
 

Figure 5-19 Relationship between load and displacement at 200 sec dwell time. 
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Table 5-1 Characteristics of markers. 

Projected Area  36.8317 µm2 

RMS Roughness (Rq)  87.3046 nm 

Average Roughness (Ra)  67.9222 nm 

Mean Height  186.087 nm 

Max Height  366.915 nm 

Min Height  -156.003 nm 

Peak-to-Valley  522.918 nm 

 

 

The pyramid marker with the abovementioned parameters has been generated at a load of 

800 µN and the shape is exactly the same as that of the indenter, which is shown in Fig. 5-21.  

The three-dimensional indentation marker on the sample is visualized by atomic force 

microscopy. Orthogonal scanning is performed trough the indenter apex.  

 
 

Figure 5-20 Illustration of the generated marker on the surface of Cu-MOF. 



145 
 

5.7.5 Comparison of hardness and elastic modulus  

 

Fig. 5-22 (a) is the classical representation of indentation depth with a load, which shows 

that by increasing load the indentation depth is increased. At a load of 8000 µN maximum depth 

~1000nm is recorded for Cu-MOFs. The modulus also tends to increase with load increments. As 

the loading is performed from 250 µN to 8000 µN, the maximum value of modulus is measured 

to be ~3.5 GPa up to a load of 1000 µN with the step size of 250 µN, but after this limit, the 

modulus is increased dramatically to be more than ~6.5 GPa, as depicted in Fig. 5-22(b). 

The hardness of samples is also measured. At a load of 800 µN, the hardness is ~150 

MPa but it is slightly decreased at a load of 1000 µN due to the looseness in the clamp of 

samples. After that drastic change is witnessed in hardness which are given in Fig. 5-22 (c). 

Analogues to the maximum value of modulus, the values of hardness are recorded under the 

loads in the range of 3000-8000 µN, which is approximately 300 MPa.  
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Figure 5-21 (a) Depth, (b) elastic modulus, and (c) hardness as a function of load for Cu-

MOF. 

 

Fig. 5-23 (a) is a typical representation of indentation depth with respect to load, which 

shows that by increasing load indentation depth is increased and at a load of 8000 µN maximum 

depth ~800 nm is recorded for Ni-MOFs, while as compared to that of Cu-MOFs the modulus of 

Ni-MOFs shows a reciprocal trend. In Cu-MOFs the modulus shows an increasing trend but in 

Ni-MOFs it depicts a vice versa trend.  In contrast to Cu-MOFs, the modulus tends to increase 

with load increments, as the loading is performed from 250 µN to 8000 µN. However, the 

maximum value of modulus is measured to be ~11 GPa up to a load of 1000 µN with a step size 
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of 250 µN. But after this limit, the modulus is slightly decreased to ~9.5GPa, as represented in 

Fig. 5-23(b). 

The hardness of Ni-MOF is also measured, and similar to its modulus it is also revealed 

that the hardness fluctuates with the loads. At a load of 1000 µN, the maximum value of 

hardness is ~700 MPa; but it decreased to 400 MPa at a load of 2000 µN due to looseness in the 

clamp of samples. After that drastic change is witnessed in hardness which can be seen in Fig. 5-

23 (c). As shown in Fig. 5-22(c) and Fig. 5-23(c), the mean value of hardness is almost double in 

Ni-MOFs as compared with Cu-MOFs.   

 

 
 

Figure 5-22 (a) Depth, (b) elastic modulus, and (c) hardness as a function of load for Ni-

MOF. 
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5.8 Conclusion 
 

In summary, MOFs and multicomponent-metal organic frameworks such as Ni_MOFs, 

Cu_MOFs, NixCu1-x_MOFs, and CoNiCuZn_MOFs were obtained via a well-developed bottom-

up method. Meanwhile, their piezoelectric performance was determined for the first time by a 

dual AC resonance tracking piezo-response force microscopy. The results show that bimetal M-

MOFs and quaternary-metal M-MOFs obtained displayed anomalous piezoelectric behaviors 

rather than centrosymmetric single-metal MOFs. 
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6 Conclusion and Future Work 
 

6.1 Conclusion 
 

This thesis is composed of three major investigations where ECE and dielectric properties 

of copolymers and piezoelectric properties of MOFs are analyzed separately. 

Firstly, nanocomposites containing P(VDF-TrFE) and g-C3N4 are engineered to boost the 

dielectric and ferroelectric properties of P(VDF-TrFE). The thermal analyses on the 

nanocomposites reveal that the degree of crystallization of P(VDF-TrFE) is enhanced by the 

addition of g-C3N4. Particularly, when the content of g-C3N4 is less than 33 wt.%, the content of 

polar  phase in P(VDF-TrFE) increases with increasing content of g-C3N4 in the 

nanocomposites. The effects of g-C3N4 on the ferroelectric-to-paraelectric phase transition and 

the crystallization of P(VDF-TrFE) is attributed to the strong interaction between the NH2 groups 

in g-C3N4 and the CH groups in P(VDF-TrFE), which is revealed by the FT-IR spectroscopy. 

The Kauzmann theory is employed to interpret the negative ECE of nanocomposites, and the 

absolute value of ECE temperature change of the nanocomposite is found to be maximized with 

15 wt.% addition of g-C3N4. By the introduction of g-C3N4 in the ferroelectric copolymer, an 

effective approach in improving its dielectric, ferroelectric and ECE properties is suggested. 

Secondly, GO/P(VDF-TrFE) nanocomposite papers with different contents of P(VDF-TrFE) 

are synthesized. The structural, dielectric and ferroelectric properties of the nanocomposites are 

investigated. The Raman spectroscopy analyses on the GO/P(VDF-TrFE) reveal that the defects 

in GOs are reduced significantly by the loading of P(VDF-TrFE). The ferroelectric properties of 

the nanocomposites are enhanced due to the notably increased polarization. The energy storage 

density of 39.89 J/cm3 at 2.8 MV/cm has been obtained. The high dielectric breakdown strength 
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and large energy density suggest that GO/P(VDF-TrFE) could be promising novel materials for 

electrical energy storage. 

In the last investigation, MOFs and multicomponent metal-organic frameworks such as 

Ni_MOFs, Cu_MOFs, NixCu1-x_MOFs, and CoNiCuZn_MOFs are obtained via a well-

developed bottom-up method; meanwhile, their piezoelectric performance is estimated by a dual 

AC resonance tracking piezo-response force microscopy for the first time. The results show that 

the obtained bimetal M-MOFs and quaternary-metal M-MOFs displayed anomalous 

piezoelectric behaviors rather than centrosymmetric single-metal MOFs. The research will pave 

a new avenue for the development of flexible piezoelectric materials. 

 

6.2 Future work 
 

           In this study, the ECE properties of P(VDF-TrFE)/g-C3N4 based nanocomposites were 

analyzed by Maxwell’s thermodynamic relations (the so-called indirect measurement of EC 

effects). In order to confirm and enhance the EC effect, a differential scanning calorimetry (DSC) 

can be employed (the so-called direct measurement of EC effects). Additionally, a large EC 

effect can be achieved by using different coating methods for thin films. Coating with different 

materials with different thicknesses can lead to an interesting result to compare with previous 

work. Furthermore, a multilayered system can be introduced for thin-film P(VDF-TrFE)/g-C3N4 

to measure its EC effect, employing direct measurement using the DSC device. 

            The piezoelectric properties of ferroelectric P(VDF-TrFE) and nano-powder g-C3N4 can 

be investigated by the help of PFM. It can also reveal the interactions between P(VDF-TrFE) and 

the incorporated 2D materials in the nanocomposites P(VDF-TrFE)/g-C3N4 and GO/P(VDF-

TrFE). The research will be conducted on the study of monolayer/few-layer copolymer or MOFs 
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and the application of nanocomposites in ECE. An investigation should be carried out by PFM to 

interpret the strong interaction between the copolymer and graphene oxide. 

 




