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Abstract

:

In current, the energy storage materials based on electrets and ferroelectric polymers are urgently demanded for electric power supply and renewable energy applications. The high energy storage density can be enhanced by conducting or inorganic fillers to ferroelectric polymer matrix. However, agglomeration, phase separation of fillers, interfacial phase regions and crystallinity of matrix remain the main factors for the improvement of energy storage density in those composites. Poly(vinylidene fluoride-hexafluoropropylene) was modified with graphene nanoplatelets for enhanced the dielectric properties and energy storage density, which combines the irradiated by electron beam. Tuning effect of the crystalline regions and polar phases with graphene nanoplatelets and electron irradiation on its surface, structure, electrical and energy storage properties were observed. The film homogeneity was increased by reducing the pores, along with the improvement of surface roughness and hydrophobicity, which related with the dielectric properties and energy storage density. The β-phase fraction and crystallinity improvement significantly affect electrical properties by improving polarization and dielectric constant. As a core, electron beam dramatically reduce the crystals size by two times. Hence, energy storage density of composites was enhanced, while energy loss was reduced under operating conditions. Results on the improvement of energy efficiency were from 68.11 to 74.66% for neat poly(vinylidene fluoride-hexafluoropropylene) (P(VDF-HFP)), much higher than previously reported of 58%, and doubled for P(VDF-HFP)/GNPs composites which will be discussed and evaluated for the practical energy storage materials.
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1. Introduction


The demand for energy storage components such as capacitors and batteries for electric power supply and renewable energy applications is growing drastically [1]. Finding effective ways of improving the energy efficiency of these components is becoming a focus of attention [2]. When produced on a large-scale, especially for miniaturized devices, they need to combine high power output, storage energy density and efficiency with low energy loss in a compact, durable, inexpensive and lightweight form. Moreover, other properties that relate to their surface characteristics, such as self-cleaning, are also important [3].



In general, dielectric materials have high power density which accommodates fast charging and discharging process [4]. Nevertheless, their application in energy storage components is limited by their low energy density. For instance, biaxially oriented polypropylene (BOPP), the polymer most often used in capacitors, has a high breakdown strength (7500 kV/cm) [5] and a low dielectric loss at 1 kHz (0.0002), but a low energy density and therefore poor energy efficiency [6]. The low energy density of BOPP is associated with its low dielectric constant. In contrast, the relatively high dielectric constant and breakdown strength of polyvinylidene fluoride (PVDF) and its copolymers and terpolymers are excellent electroactive properties for energy storage components [7], but, despite being considered superior to other dielectric ferroelectric materials, PVDF-based materials have a relatively high dielectric loss and high energy loss, which limits their applications. A brief summary of the electrical properties of some various polymers was presented by Table 1.



These examples illustrate two key aspects for achieving higher energy efficiency: improving the dielectric constant and simultaneously lowering its loss. The following approaches to improve the dielectric constant of materials have been reported: poling, or high voltage polarization [17], adding nanofillers [18], electrospinning [19] and mechanical stretching [20]. However, the vital factors on which they have all focused are microstructural changes in crystallinity and crystal phase transition from the most stable α-phase to the most electroactive polar β-phase. Among the three modes of molecular conformation denoted as TTTT, T3GT3G’ and TGTG´ and the five crystalline phases known as the α-, ε-, δ-, γ- and β-phase in PVDF [20], the α- and ε–phase are the most stable due to the anti-parallel alignment of their dipole moments. The most electrically active phase is the polar all trans-TTTT zigzag β-phase, which has a high polarization per unit cell of 8 × 10–30 C∙m [18].



Whereas most recent studies have only focused on one approach to improving the electroactive properties of materials, this paper presents the combined use of two relatively untypical approaches: adding a nanofiller and electron-beam irradiation. In the first approach, graphene nanoplatelets (GNPs) were used as the nanofiller. It was chosen due to its benefit to apply in wide area. For the example, the work related to GNPs on modifying electrocaloric effect for the cooling system is currently reported by our prior work [21]. For the other applications, their unique characteristics make them one of the most promising candidates for nanocomposite storage, batteries and supercapacitors [1]. Compared with carbon nanotubes, carbon fibers, pure graphene and other carbon-based materials, GNPs are more suitable for low-cost mass production [22]. The positive charge of the carbon in GNPs will interact with the negative charge of the fluorine in the poly(vinylidene fluoride-hexafluoropropylene) (P(VDF-HFP)) matrix. The polar β-phase once constructed, should improve polarization and the dielectric constant [23].



The obtained ferroelectric material, while having huge domains of spontaneously aligned dipoles, exhibited a relatively large hysteresis loop, which described its energy loss. Reducing energy loss was, therefore, an important objective. Electron-beam irradiation was employed to achieve it since it was reported to be effective at reducing dielectric loss by breaking large domains into smaller ones [24] and micron-sized ferroelectric domains had been previously created by both positive and negative charges [25]. Interestingly, electron-beam irradiation was effectively carried out by the electron probe [26] of a conventional scanning electron microscope (SEM) and had the benefits of control over the position and focus of the electron-beam and lower hydrocarbon contamination of materials during low-energy irradiation.



This work reports the effects of GNP nanofillers and electron-beam irradiation on poly(vinylidene fluoride-hexafluoropropylene) (P(VDF-HFP)), a relative low-cost material that demonstrated outstanding breakdown strength, allowing it to generate an energy efficiency of 58% [13], compared to 30.2% for PVDF [12]. In addition to modified energy and electrical properties, this study also observed changes in micro-domains, which affected parameters such as surface roughness, microstructure and hydrophobicity of the material. These changes can be important since certain surface parameters, such as hydrophobicity, bring benefits to smart material applications in terms of their anti-sticking and self-cleaning abilities [3]. Even though these surface properties are not directly related to energy efficiency, they are characteristics that support the potential application of P(VDF-HFP) in smart electronic devices.




2. Materials and Methods


2.1. Materials


Solef 11010/1001P(VDF-HFP) copolymer powders were from Solvay Solexis, Brussels, Belgium. N,N-Dimethylformamide (≥99% purity DMF solvent) was from RCI Labscan, Bangkok, Thailand. 306633-25G GNP powder was from Sigma Aldrich, St. Louis, MO, USA.




2.2. Film Preparation Method


Neat P(VDF-HFP) and P(VDF-HFP)/GNP composite, referred to as HFP/GN, were investigated in this study. All samples were produced by the solution casting method. Neat P(VDF-HFP) thin film was fabricated by mixing P(VDF-HFP) powder with 10% of HFP monomer and DMF solvent at room temperature for 16 h using a magnetic stirrer. The copolymer concentration in the solution was 20 wt% with the ratio between copolymer and solvent was 1:4. The solution was then rested for 1 h to allow the dispersion of bubbles. Next, glass plates were prepared and the solution was cast on them using a blade of the desired thickness. The cast solution was then dried in an oven for 12 h at 80 °C. The final thickness of all samples was controlled to a tolerance of 30 ± 5 µm. In the preparation of HFP/GN composite films, GNP powder was first dispersed in DMF using a sonicator for 20 min before being mixed with P(VDF-HFP) powder and stirred for 16 h. HFP/GN films were then prepared as described above. The GNP nanofiller powder loading was varied at 1, 2, 3, 4 and 5% by weight. These films were denoted HFP/GN1, HFP/GN2, HFP/GN3, HFP/GN4 and HFP/GN5, respectively.




2.3. Electron-Beam Irradiation


The surfaces of all samples were irradiated by an electron beam using an SEM (HITACHI TM3030Plus, Tokyo, Japan) at an acceleration voltage AV of 15 kV. The 15 keV energy of electron beam was emitted to the irradiation areas of 3 mm × 4 mm of the samples. The exposition time was fixed for all condition at 300 s. The electron beam current of 42.5 µA could generate the electron charge dose by 106.25 × 103 µC/cm2 which emitted to the thin films in a vacuum chamber.




2.4. Characterization


Atomic force microscopy (AFM) measurements were carried out with an Easyscan 2 (Nanosurf AG, Liestal, Switzerland) operated in dynamic force mode to characterize the interfacial morphology and the surface area topography of the samples. The water contact angle was determined using a contact angle device, model OCA 15EC (Dataphysics, Filderstadt, Germany). Measurements were taken using an input power of 55 W, 12 V DC voltage and a 6.3 AT fuse with the liquid volume controlled at 2 µL. Morphological structure and dispersion were observed with an SEM (TM3030Plus, Hitachi, Germany) using various magnifications.



The phase of crystalline materials was determined by X-ray diffractometry (XRD) (Empyrean, PANalytical, The Netherlands). Samples were scanned over range (2θ) of 5 to 90° using a 0.154 nm (CuKα) wavelength with a speed of 0.04° s−1 in the Cu tube at 30 mA and 40 kV. Structural aspects of functional groups were identified by Fourier transform infrared spectrometry (FTIR VERTEX 70, Bruker, Germany). Spectra were recorded from 4000 to 400 cm−1 in attenuated total reflectance (ATR) mode.



Thermal behavior was characterized by differential scanning calorimetry (DSC 7, Perkin Elmer, Waltham, USA). Measurements were conducted on 1–3 mg of thin film from 20 to 200 °C. The heating rate was controlled at 10 °C min−1 in a nitrogen atmosphere. The value of the melting enthalpy (ΔHm) was generated from the area of the peak, while the maximum endothermic peak was associated with the melting temperature (Tm). Crystallinity (Xc) was calculated based on the equation:


Xc = ∆Hm/((1−ϕ) ∆H100%) × 100



(1)




where ΔHm and ΔH100% denote the measured melting enthalpy and fusion enthalpy of 100% P(VDF-HFP) crystals, 104.6 J g−1, respectively, while ϕ refers to the mass fraction of the fillers in the matrix [27].



AC conductivity, as well as dielectric properties were measured using an LCR meter (IM 3533 HIOKI). Measurements were taken at frequencies from 1 Hz to 100 kHz at room temperature by connecting a voltage of 1 V AC to the samples through two electrodes. Conductance (G), capacitance (C) and dielectric loss were measured directly while the dielectric constant (εr) and AC conductivity (σac) were calculated from the following equations:


εr = (C d)⁄ε0 A)



(2)




and


σac = (G d)⁄A



(3)




where C is the measured capacitance, d is the thickness of the films, ε0 and A are permittivity of vacuum (8.854 × 10−12 F m−1) and the area, respectively. G represents the measured conductance [27].



The hysteresis loops representing polarization (P) vs electric field (E) were produced using a high voltage power amplifier (Trek 601E) with a low current. All samples were subjected to an E of 40 MV m−1 at 10 Hz at temperatures from 21 °C to 140 °C. The loops obtained were analyzed by calculating the area inside and outside which denoted the ferroelectric energy loss and storage, respectively. Energy efficiency was calculated from the equation:


η = (Ue)/(Ue + Ul)



(4)




where η is energy efficiency, Ue is energy density and Ul is energy loss [28].





3. Results and Discussion


3.1. AFM Measurements


AFM produced topographic images which providing information about the structural formation of the spherulites. Figure 1a shows topographic image of neat P(VDF-HFP) before electron-beam irradiation. Large spherulites were presented with relatively big gaps between them. These relatively big spherulites were associated to the non-polar α-phase conformation mode that strongly affected by the film preparation technique. Ribeiro et al. have reported the effect of the different preparation methods, including solvent casting method, to the crystalline phase nucleation [29]. In this case, the solution was casted on the glass plate by using blade and was put in the oven to evaporate the solvents. High evaporation temperature, more than 70 °C, could increase the material’s evaporation rate. So that the stability of the material is quite high, leading to α-phase crystallization [30].



After introducing GNPs conducting nanofillers, the large gaps observed in neat P(VDF-HFP) tended to be filled with GNPs in the HFP/GN composites. Hence, a network of smaller parallel spherulites could be formed. This spherulites reduction was strongly caused by the interface reduction that occurs between each spherulites [31]. The spherulitic microstructures of HFP/GN composites were similar to that of neat P(VDF-HFP) (Figure 1b–f), but with smaller spherulites. This observation was consistent with a previous work reporting that adding compatible fillers in the gaps between particles of composite materials is effective to increase its cross-linking density, which is the density of a small area where parts of polymer chains are connected [32].



GNPs demonstrated good adhesion with the polymer matrix since there were no significant gaps at the interface of GNPs and polymer. Adding a small amount of GNPs produced good dispersion and efficient electrostatic interaction preventing significant agglomeration [33]. The strong electrostatic interaction between GNPs and polymer chains was associated with the strong dipole moment of the nanofillers and the size reduction of the spherulites [33]. This morphological change also influenced other properties, such as the dielectric constant, which will be discussed below.



Adding GNP conducting nanofillers not only affected the spherulite size but also the surface topography of the composites, specifically the surface roughness (Sq). In neat P(VDF-HFP), the Sq value was lower because its surface comprised of a dense skin [3]. The Sqs of all HFP/GN composites before electron-beam irradiation were higher than that of neat P(VDF-HFP). This property was associated to the full exfoliation of the GNPs, which help their dispersion in the P(VDF-HFP) copolymer matrix. Good dispersion of nanofillers in the matrix tended to generate a good interfacial strength between the nanofillers and the matrix. It was also confirmed by an prior work, which addressing a morphological change from a micro- to nano-structure and an improvement of its surface roughness [3]. After irradiation, there were no significant changes in surface topography or spherulites that observed. It shows the same trend with the AFM result before electron-beam irradiation; the spherulites of neat P(VDF-HFP) after electron-beam irradiation were also bigger than that of all HFP/GN composites (Figure 2a–f).



Nevertheless, according to the Sq parameter, the roughness of neat P(VDF-HFP) copolymer and HFP/GN composites was increased after electron-beam irradiation. This rougher surface topography was derived from radial lamellar structures of the arrangement of the spherulites [33] and may also be related to the electron beam’s ability to cut and break the polymer chains [24]. This finding confirms the early work reported by Gregor et al. (2014). The creation of micro-domains after electron-beam irradiation improved the surface roughness of materials [26].




3.2. SEM Results


P(VDF-HFP) copolymers were dispersed in the DMF solvent (Figure 3a). It shows that neat P(VDF-HFP) thin films with 20 wt% concentration in the solution possess a relative compact structure morphology with addition of small pores that spread out along the film. The black zones in Figure 3a referred to the pores. The pores were ascribed from the gap that left by the DMF solvent during evaporation time. The morphology of P(VDF-HFP) was reported in a prior work that studied about the influence of concentration loading of the polymer and the evaporation temperature on P(VDF-HFP) matrix [34]. Along with this work, the stated prior work also reported that higher concentration of P(VDF-HFP) leads to decrease the pore size of the matrix. On the other hands, a high evaporation temperature (in this case is 80 °C) can also decrease the pore size by improving the evaporation rate in DMF solvents and the polymer chain was able to occupy and fill out the space left by the DMF solvent during evaporation. As the result, this also affected the diffusion of polymers and the mobility of polymer chains [35]. It is resulting in more compact film that separated by those small pores, along with the AFM results in Figure 1 above, that describing the spherulitics.



Moreover, the morphology of the composites was also observed. GNPs particles were spread out within the P(VDF-HFP) matrix (Figure 3b,c). The presence of GNPs in the P(VDF-HFP) dielectric matrix causing some properties of the matrix to change. In respect of the electrical properties, such as the dielectric constant, AC conductivity and dielectric loss, the mechanism can be analogized to the mechanism of a capacitor, where the GNPs closed to each other acts as the electrode, and the P(VDF-HFP) matrix between them as the dielectric material. Further, the composite films acted as a large group of micro-capacitors.



In Figure 3b, there were only a few white spots indicating GNPs since the nanofiller content was only 1 wt%. However, there were more white spots in Figure 3c since the nanofiller content was increased to 5 wt%, which imaging many micro-capacitors that formed. The comparison of Figure 3b,c reveals that the gaps between each GNPs were much smaller at higher loading of the fillers. Thus, adding a higher percentage of GNPs conducting filler to the P(VDF-HFP) matrix could improve overall electrical properties that will be explained in the more detail below.



In addition to the spreading pattern of the filler, another factor that can be observed in Figure 3 is the homogeneity of the matrix itself. In neat P(VDF-HFP) thin film, it can be seen clearly that the matrix (Figure 3a) containing the pores/holes that represented by the black zones. In the opposite, the gaps or pores in the composites (Figure 3b,c) were much smaller compared to those of the neat P(VDF-HFP). Thus, the SEM images also show the similar results and confirming the AFM results. Due to a good dispersal of the GNP nanofillers in the P(VDF-HFP) matrix, the nano-sized GNPs (0.34–100 nm) [22] could easily fill the gaps or holes in the P(VDF-HFP) matrix and thus successfully alter its microstructure, resulting in more homogeneous and flexible films [22]. It firmed GNPs ability as one of the most attractive materials to use in nanocomposites since they show a good dispersion performance, especially when used with a solvent. In addition to its homogeneous dispersion, GNP fillers are also well known for their affinity for radicals and excellent exfoliation in the polymer matrix.




3.3. Water Contact Angle


PVDF and its copolymers are categorized as environmentally and chemically stable, hydrophobic fluorinated polymers. In simple term, hydrophobicity is a combination of two things. The first is chemical low surface energy that was defined as the measured unrealized bond energy. This is usually addressed to the molecular level of the materials. Second, the physical nano- or micro-scaled surface structure that usually quantified by surface roughness/topography measurement [3]. The hydrophobicity of a material is usually determined by the water contact angle. There are two main ways of increasing hydrophobicity either by reducing the surface energy of a material with high surface roughness, or improving the surface roughness of a material with low surface energy.



Before irradiation, the water contact angle of neat P(VDF-HFP) that observed in this work was around 110°, much higher than that of a previously reported PVDF polymer (around 90°) [36]. Emulsion polymerization of the HFP monomer on the PVDF polymer [37] not only improved mechanical strength and solubility but also increased its hydrophobicity. Further, adding a small amount of GNPs to the copolymer matrix increased its water contact angle as well (Figure 4). In simple terms, hydrophobicity is the opposite of surface energy, which depends on the type of chemical bonds created on a surface. When the more energy is required to break strong chemical bonds, such as metallic bonds, so their surface energy are also high. Then, the hydrophobicity is low. In contrast, the energy required to break weak chemical bonds, such as those in hydrocarbons, is low, so the surface energy is also low and the hydrophobicity is high.



P(VDF-HFP) is categorized as a hydrophobic material since it has weak hydrocarbon bonds. GNPs with their high density of carbon were effective at modifying the structure and producing surface roughness, as shown by the AFM results. Therefore, improving the surface roughness of hydrophobic materials with low surface energy will significantly affect the water contact angle and improve its hydrophobicity [3]. If the surface of hydrophobic materials is roughened, the total surface area will increase so that when water drips onto such a surface, more air can be trapped on it, resulting in a higher contact angle [3].



The water contact angle of all samples was increased after electron-beam irradiation (Figure 4). This result confirmed those of other works that reporting the improvement of water contact angles after electron-beam irradiation [26,38]. Electron-beam irradiation could modify hydrophobicity by cutting chemical bonds either by chemical contamination or electron charge induction [38]. During electron-beam irradiation, charge induction begins with the pairing of electrons with holes inside the dielectric materials. The localized states of the amorphous areas trap the weak and heavy mobile holes and the electrons can then fill the dielectric bulk much more deeply. The electrons trapped on the bulk level will generate a negative charge, while a positive charge will be generated by localized holes around the surface.



Gregor et al. (2014) suggested that hydrophobicity improvement may be associated with the creation of micro-domains [26], in which case much higher hydrophobicity would be detected. This micro- to nano-structure change could boost hydrophobicity without any change in morphology. The creation of microdomain leads to improve surface roughness after electron-beam irradiation. Thus, higher water contact angle could be obtained through that mechanism.




3.4. XRD Results


As a semi-crystalline material, PVDF and its composites, including P(VDF-HFP), consist of both crystalline and amorphous areas. After casting, they are well known to present a dominant α-phase whereas the crystalline phase with the most useful piezoelectrical and dielectric properties is the planar zig-zag/TTTT β-phase conformation mode [39]. In common with this present work, many previous studies have focused on how to change the α-phase to the polar β-phase. In some cases, the two phases will only be detected in specific characteristic peaks. At those peaks, it is impossible to find other crystalline phases.



In the diffraction patterns of neat P(VDF-HFP) and HFP/GN composites before and after electron-beam irradiation, the intensity of the diffraction peak at 17.7° that associated to (100) crystallographic plane specifically corresponds to the non-polar α- and δ-phase (Figure 5). At that peak, there is no possibility of overlapping with the γ- or β-phase. However, the intensity of these diffraction peaks in the patterns of HFP/GN composites was significantly reduced from 4755 in the neat P(VDF-HFP) to 4530. This means that adding GNP conducting nanofillers lowered the intensity of the non-polar α-phase. Physically, this α-phase intensity reduction is an indicator that introducing GNPs conducting nanofillers to the P(VDF-HFP) matrix could manipulate the crystalline phase of the polymer matrix. It was suggesting that GNPs is effective to interact with the amorphous region of the P(VDF-HFP) chains and its inter-phases [23]. As the consequence, the P(VDF-HFP) segments diffusion could be prohibited towards the crystallization fronts.



Other non-polar α-phase diffraction peaks are found at 18.5° and 39.0°, corresponding to the (020) and (211) crystallographic planes, respectively. Along with the previous mentioned, the intensity of these characteristic α-phase peaks was also lower after adding GNPs conducting nanofillers. Moreover, the characteristic peak of the γ-phase was also detected at 18.5° and 36.2° and referred respectively to the (020) and (200) crystal planes [40].



Interestingly, while the α-phase characteristic diffraction peaks were reduced, the polar β-phase diffraction peak intensity shows the opposite trend. The peak intensity of the β-phase at 36.6°, corresponding to the (101) crystal plane was increased from 1151 to 1225. Another observed diffraction peak that was also attributed to the polar β-phase appears at 20.2° associated to the (200) crystal plane [23,33]. Physically, these diffraction peak improvements of the polar β-phase ascribed to the formation of more regular and order molecules in the P(VDF-HFP) matrix that promoted by GNPs loading addition. Hence, this most electroactive polar phase formation could be generated. In addition to the change on diffraction peak intensity of polymer crystalline phases, introducing GNPs also significantly boosted up the diffraction peak at 26.5°, which was identified as the GNPs characteristic of the (002) crystal plane [23].



Over those aforementioned above, the most significant effect was shown by electron-beam irradiation. At 39.0°, the intensity of the non-polar α-phase diffraction peak referred to (211) crystal plane was significantly reduced and even get nearly disappeared for both neat P(VDF-HFP) and HFP/GN composites. It indicates that electron beam could facilitate the more polar β-phase and stabilize it at the same time.



To confirm the XRD results, FTIR analysis was conducted. This method was very useful in determining the β-phase fraction in the material and a combination of XRD and FTIR measurements helped to determine the microstructural changes which occurred inside the material during electron-beam irradiation.




3.5. FTIR Results


Figure 6a shows the FTIR spectra of neat P(VDF-HFP) and HFP/GN composites before irradiation. The characteristic absorption peaks of the α-phase at 532, 613, 764 and 978 cm−1 were attributed to the vibration mode of CH2 and CF2 groups in neat P(VDF-HFP) [23,33]. Peaks were also detected at 875, 1069 and 1402 cm−1 that referred to the CF2 stretching mode in pure P(VDF-HFP) [39]. The peak at 875 cm−1 is attributed to the C-C group of the α-phase in the P(VDF-HFP). Hence, at that wavenumber, it is impossible to find any other crystalline phase. However, the absorption peak at 1170 cm−1 can be assigned to γ- and α-phases.



Absorption at peaks attributed to the α-phase was slightly decreased for HFP/GN composites. For example, the intensity of α-phase absorption peaks at wavenumber of 875, 1069 and 1402 cm−1 in the P(VDF-HFP) were decreased from 0.71, 0.34 and 0.30 to 0.63, 0.32 and 0.27, respectively, in HFP/GN5. Further, as predicted, the reduction of α-phase absorption peaks at several wavenumbers tends to affect the intensity of the absorption peaks at 811 and 1031 cm−1, that corresponded to γ- and β-phases, respectively. The absorption peak at 1031 itself refers to the CF2 bending vibration modes of the β-phase [40]. The intensity at those wavenumbers was increased slightly from 0.19 and 0.16 to 0.21 and 0.17, respectively. Those intensity changing indicates that the GNPs ability on prohibiting the non-polar α-phases as well as tailoring and transforming the most order β-phase conformation mode. Hence, these FTIR results strongly confirm and support the XRD results that firstly described.



Electron-beam irradiation also caused structural changes in the crystallinity of P(VDF-HFP) and HFP/GN composites. In the spectra of P(VDF-HFP), the α-phase absorption peaks at 875, 1069 and 1402 cm−1 before irradiation (Figure 6a) are reduced from 0.71, 0.34 and 0.30 to 0.54, 0.25 and 0.23, respectively, after electron-beam irradiation (Figure 6b). Similar reductions in α-phase absorption peaks also occurred in the HFP/GN composites. The FTIR absorption data were used to calculate the crystalline fraction of the polar β-phase (F(β)) in P(VDF-HFP) and HFP/GN composites by assuming it is in an agreement with the Lambert–Beer law expressed in the following equation:


F(β) = Aβ/((Kβ/Kα) Aα + Aβ)



(5)




where Aα and Aβ are the absorbance at wavenumber of 764 cm−1 and 840 cm−1, while the absorption coefficients at those wave numbers are Kα equal to 6.1 × 104 cm2 mol−1 and Kβ equal to 7.7 × 104 cm2 mol−1, respectively [27].



The calculated β-phase fractions (F(β)) of all loadings before and after irradiation were shown by Figure 7. The graph illustrates the increased β-phase content of the P(VDF-HFP) matrix after the addition of GNPs. Electron-beam irradiation was also effective in optimizing the polar β-phase. In summary, therefore, both GNPs and electron-beam irradiation promoted β-phase formation.



The increased overall β-phase content of HFP/GN was due to interfacial electrical interactions between positively charged carbon atoms in GNPs and partially negative fluorine atoms in the P(VDF-HFP), which causing a bigger dipole moment. The positively charged carbon in the GNPs tends to rotate the C–F bonds near the C–C chain backbone of the P(VDF-HFP). Hence, the β-phase could form. This result was consistent the findings of He et al. (2016) who used positive organosilicate to modify the β-phase content in PVDF [41].



Irradiating the samples with the electron beam also affected their microstructure because the negative charge of the electron was able to interact with the positive charge of the hydrogen atoms of the P(VDF-HFP) chains. As reported in another work, interactions that occurred between the negative charge of a nanofiller and the positive charge of hydrogen, or between positively charged nanofillers and negatively charged fluorine CF2 groups in PVDF chains generated a polar crystalline phase [42]. In deeply, the negative charge from the electron beam will produce the local electric field in the interface of the P(VDF-HFP). This negative charge will pull the bonds that contain the opposite charges with the specific direction of the dipoles around them. Since CH2 bonds have more positively charge than CF2, the electron beam will rotate the CH2 bonds resulting on more order arrangement of the dipoles. This interface interaction leads to create the β-phase nucleation.



In addition to providing data relating to changes in the crystalline phase from α- to β-phase, XRD measurements also provided useful information about crystal size. According to other studies, electron-beam irradiation could cut crystal domains into smaller sizes [24,28]. Through electron-beam irradiation, the width of the diffraction peaks of the neat P(VDF-HFP) and the HFP/GN composites at half-maximum gradually increased. These data could be used to control the thickness or size of crystal sheets (D) by using the Scherrer formula [43]:


D = (K λ)/(B cosθ)



(6)




where K (K = 0.89) is the Scherrer constant, λ (λ = 0.154 nm) is the X-ray wavelength and B and θ are the width of the half-maximum and the location of the diffraction peak.



Table 2 shows the crystallinity (Xc) as well as the width of the diffraction peak of neat P(VDF-HFP) and HFP/GN composites at half-maximum (B) and the crystal size (D) for all conditions, before and after electron-beam irradiation. The width at half-minimum of neat P(VDF-HFP) had increased from 0.58 rad to 1.02 rad after irradiation while the crystal size had reduced from 0.60 nm to 0.48 nm. The HFP/GN composites also exhibited the same trend. For example, the width at half-minimum of HFP/GN5 had increased from 0.55 rad to 1.10 rad after electron-beam irradiation, whereas, the crystal size of the HFP/GN5 composites had decreased from 1.38 nm to 0.54 nm.



Crystal size is strongly associated with dielectric loss, which itself relates to the relaxation of the crystal domain with high polarity. In normal ferroelectrics, the β-phase is irreversible since it has a large domain/crystal size. Many researchers have investigated ways to crack or break the crystals to reduce their size and by doing so, change the loop from normal to relaxor ferroelectric, entailing a smaller dielectric loss. Larger crystals lead to a strengthening of the interaction coupling between each domain. Since the electron beam cuts the crystal into smaller domains, the interaction couplings between each domain tended to decrease [44]. This has the advantage of enabling the dipole moment/ crystal grains to be more reversible. Hence, when the external electric field is removed, the relaxation speed of the dipole moment or crystal grains will increase and this is useful for releasing the charge stored on the material’s surface. It is for that reason that dielectric loss after electron-beam irradiation decreased along with a decrease in the crystal domain size [43].




3.6. DSC Results


DSC measurements provided useful information about melting temperature (Tm) and melting enthalpy (ΔHm) of the films. Moreover, the degree of crystallinity (Xc) could also be calculated.



The melting temperatures (Tm) of the HFP/GN composites were higher than that of neat P(VDF-HFP) both before and after irradiation (Figure 8a,b). The Tm is related to the form of the crystalline phase. The increase in melting temperature were associated with the increased β-phase formation in the films [45] and indicated that GNPs induced the formation of the polar β-phase. Furthermore, before irradiation, the melting enthalpy (ΔHm) of the HFP/GN composites was generally greater than that of the neat P(VDF-HFP) as was the degree of crystallinity (Xc) (Table 2). The ΔHm itself is related to the nucleation of GNPs with the P(VDF-HFP) matrix [45].



Naturally, smaller fillers such as GNPs will be dispersed more effectively than larger fillers, and the outstanding characteristics of GNPs as a reinforcing agent for polymer nanocomposites will have an impact on the polymer’s properties.



Figure 9 presents a schematic of the proposed mechanism of GNPs dispersal within P(VDF-HFP). P(VDF-HFP) is categorized as a semi-crystalline material and this kind of material contains both crystalline and amorphous areas in its structure. Actually, adding nanofillers is only one of the well-known methods to get the most electroactive crystalline phase. Compared to others such as melting process, applying external electric field or ultra-fast cooling, adding nanofillers, which is currently developed, has additional advantages that has no microstructural limitations or causing undesired deformation of the structure [30]. When GNP nanofillers were introduced into the P(VDF-HFP) matrix, the GNPs spread throughout the whole of the polymer matrix in both crystalline and amorphous areas.



The mechanism of the specific phase nucleation process cannot be generalized. The prior works have reported that it has also influenced either by the nanofillers size or the nanofillers amount [30]. Nevertheless, all of them are agreed with the dominant role of the interface interactions between the fillers and the matrix. The appearance of GNPs conducting nanofillers will produce local electric field that occurs around the nanoparticles. This electric field then attracting the randomly arranged dipoles of P(VDF-HFP). The nucleation of β-phase could be gained during this process. The dipoles that rotate depend on the type of the nanofillers itself. Simply, more positively charged particles will attract the negative CF2 groups of the polymer, while the more negatively charged particles will induce the CH2 group of the polymer.



In the composite containing the lowest GNP content of 1 wt%, the conducting fillers tended to interact with the crystalline areas as a consequence of the positively charged carbon atoms on GNPs, that attracted by the negative charge of the fluorine atoms in P(VDF-HFP). The crystalline areas of the P(VDF-HFP) matrix consisted of five crystalline phases including the α-phase, γ-phase and β-phase [20]. This kind of interface interaction led to the transition of α-phases to β-phases, especially in those areas very closed to GNPs. Further, the γ-phase occurred in areas close to the β-phase and not too distant from GNPs. In areas far away from GNPs, the non-polar α-phase still existed, as illustrated in Figure 9. The polymer chain rotation resulted in planar zig-zag conformation modes. Here, the C–F bond, which has higher electronegativity was reoriented parallel to the opposite side of the C–H bond [18] and that is why the β-phase fraction increased significantly after the addition of only 1 wt% of GNPs, as shown by the FTIR results in Figure 7 of β-phases fraction.



When the filler content was higher than 1 wt%, GNPs not only attracted the crystalline areas but also attracted the amorphous areas of the polymer. In the amorphous areas, the interaction that occurred between the P(VDF-HFP) matrix and the GNP nanofillers led to the creation of new crystalline areas, causing an improvement in overall crystallinity and overall crystalline phases. However, since overall crystallinity increased, the interaction between GNPs and amorphous areas created not only β-phases but also other crystalline phases including the non-polar α-phase formation. Therefore, the percentages of β-phase fraction seem to slightly decline as a proportion of the overall crystalline phases after increasing the GNPs filler content as shown by Figure 7.



Nevertheless, the crystallinity and melting enthalpy of the films decreased after electron-beam irradiation compared to their values before electron-beam irradiation, as shown in Table 2 and Figure 8b, respectively. The Tm of the neat P(VDF-HFP) film decreased from 160.67 to 160.17 after electron irradiation with a similar reduction in the HFP/GN composites. Tan et al. (2013) suggested that the reduction in melting temperature was caused by reduced crystallinity and smaller crystal size, which was confirmed by XRD analysis [43] domain size [43].




3.7. Dielectric Properties and AC Conductivity


At room temperature, before and after electron-beam irradiation, the dielectric constant (εr) of neat P(VDF-HFP) and various HFP/GN composites was dependent on the frequency of the electric field from 1 Hz to 100 kHz (Figure 10a,b). The non-irradiated HFP/GN composites had a higher dielectric constant than non-irradiated neat P(VDF-HFP) over the whole frequency range. It indicates that the dielectric constant is also dependent on the fillers content.



As explained above, GNPs acted as micro-capacitor electrodes closely arranged in serial or parallel to each other but still in isolated systems [23]. As found in a previous study [41], the higher polarization of HFP/GN composites could improve the dielectric constant in two ways. The charged surface of the GNPs could provide a charge-movement contribution, and the GNPs could facilitate polar β-phase formation, which increased dipole density and charge storage capacity. GNPs acted as nucleation agents that promoted crystallization. In addition, interfacial interactions between GNPs and the P(VDF-HFP) matrix stabilized the β-phase TTTT chain sequences of the P(VDF-HFP) and limited movement of the molecular chains during the process of crystal-formation [41]. The molecular chains located near the β-phase TTTT chain sequences will even change into γ-phase TTTG without the direct influence of the surface of GNPs. Nevertheless, the α-phase TGTG chains were still found in the P(VDF-HFP) molecular chains but only when it is far enough from GNPs.



At low frequency of 1 Hz, the addition of 1%wt GNP increased the dielectric constant from 3.34 for neat P(VDF-HFP) to 5.26. The dielectric constant increased gradually with further GNPs loading to 5.27, 5.32, 5.62 and 5.77 for HFP/GN2, HFP/GN3, HFP/GN4 and HFP/GN5, respectively. In contrast, as the frequency increased, net polarization dropped due to the cessation all polarization mechanisms. The inability of the structural components in all repeat units to couple with the electric field prevented maximum reorientation of the dipoles [46]. Hence, higher frequencies produced a reduction in the dielectric constant.



GNPs also improved AC conductivity of P(VDF-HFP) and dielectric loss (Figure 11 and Figure 12) which represent typical insulating behavior. The AC conductivity of the neat P(VDF-HFP) shows non-monotonous behavior. It can be seen that the AC conductivity increase almost linearly with the increasing of frequency. It might occur because it approaches or is closely the same with the resonance frequency of the charge carriers in the polymer chain. This frequency dependence of AC conductivity could be related to the activated trapped charges release [47].



The increased AC conductivity in the HFP/GN composites may have been caused by their dipole density and GNPs themselves that are highly conductive. Although it is not significant, this AC conductivity improvement could be affected by several factors such as filler conductivity and filler concentration. Polymers that electrically resistant normally possess the electrical conductivity ranges of 10−14 to 10−17 S/cm. Those numbers are much lower than that of the Carbon-based fillers of 102 to 105 S/cm. Hence, the composites that incorporated by conducting filler will have higher conductivity as well. Further, the introduction of the filler into the matrix could gradually decrease the resistivity of the polymer. Nevertheless, the low filler concentration that used in this work does not affect to the conductive path formation that indicated by the very few amount of the GNPs particles that located nearly or contact each other as shown by SEM result in Figure 3. In addition to filler conductivity and its concentration, another factor that influences the HFP/GN AC conductivity improvement is the aspect ratio of the filler. Graphene-based filler itself is well known as the material with high aspect ratio. As the aspect ratio boost up, the conductive path could be reached at lower filler concentration. This work confirmed the prior study that also reporting AC conductivity improvement that caused by GNPs nanofillers [23].



As the fillers content increase (beyond 5 wt%), the formation of micro-capacitor that parallel each other will increase too. Continuously, the possibility of conductive network formation and leakage current will be higher too. So that, in one point, the percolation threshold could be reached. As the mechanism, the polymer’s insulating layer that is sandwiched by two GNPs conducting particles will decrease and cased the fillers to almost contact each other. At the percolation threshold or beyond, the dielectric constant and AC conductivity could be slightly improved. Along with the result of this work, a prior work has been reported the AC conductivity improvement that caused by GNPs incorporation [23]. Moreover, it was reported also that the percolation threshold for GNPs conducting nanofillers in PVDF/PMMA matrix was beyond 4 wt%.



As aforementioned, the dielectric properties for both dielectric constant and dielectric loss were dropped as increasing the frequency. Inability of the dipoles to reorient following the applied electric field at high frequency led the reduction of the dielectric loss as well. As shown by Figure 12, the dielectric loss for neat P(VDF-HFP) before and after electron-beam irradiation was decreased as increasing of frequency. When the GNPs conducting nanofillers were introduced to the P(VDF-HFP) matrix, the dielectric loss was increased since dielectric loss are also determined by the material’s conducting nature [23]. Nevertheless, as neat P(VDF-HFP), the dielectric loss of the composites was also decreased as increasing of frequency. As well known, the dielectric properties including dielectric constant and dielectric loss for polar materials can be explained by the contribution of several types of polarizability components such as deformational period including electronic and ionic polarization and relaxation period including orientational and interfacial polarization. In low frequency, the total polarization was determined by the sum of those four polarization types. Since the ionic polarization does not play the significant role in the total net polarization, and the orientational polarization that usually take longer time to occur compared to electronic and ionic polarization, will lead to the reduction of the net polarization. Hence, at high frequency range, the polarization was only corresponded to the interfacial polarization.



The dielectric constant of both neat P(VDF-HFP) and the HFP/GN composites was higher after electron-beam irradiation at 1000 Hz (Figure 13a), which was probably a result of the microstructural and morphological changes inside the material caused by the electron beam. As previously explained, microstructural changes in the samples due to electron-beam irradiation also influenced their electrical properties. The positively charged hydrogen atoms inside the P(VDF-HFP) chains attracted negatively charged electrons [42]. Since the most stable non-polar α-phase dominates the original state of P(VDF-HFP) copolymer, the negative charge from the electron beam produced a more ordered crystalline phase and transitioned α-phases to γ-phases and β-phases [33]. In addition, the electron beam helped the GNPs in the HFP/GN composites to act as nucleation agents in the formation of polar β-phases.



Both AC conductivity and dielectric loss were also increased after adding GNPs nanofillers to P(VDF-HFP) matrix. This condition could lead to the formation of conductive path and leakage current. It was suggested the GNPs framework interconnection in the P(VDF-HFP) matrix that resulting on charge transfer improvement in the composites. The AC conductivity and dielectric loss improvement of HFP/GN1 composites looks sharper than others. It might be caused by the dispersion of the GNPs in the HFP/GN composites. According to SEM results in Figure 3, the agglomeration of the GNPs filler in HFP/GN1 composites can be observed associated to the bigger size of the GNPs group. It is along with the work that was previously reported that explains that the non-uniform distribution of the filler in the polymer matrix could lead to improve the conductivity, and dielectric loss as well due to the agglomeration [48]. This phenomenon was commonly observed in many polymer composites behavior. Further, the curve of dielectric loss shows the similar pattern to the AC conductivity since it is also well known that the dielectric loss is originally determined by the natural electrical conductivity of the materials [49].



Meanwhile, AC conductivity and dielectric loss of all composites were lower after electron-beam irradiation (Figure 13b,c). A previous study of electron-beam irradiation of Poly(vinylidene fluoride-trifluoroethylene) copolymer with 50 mol% TrFE (P(VDF&HIPHEN;co-TrFE)) reported the effects on chemical pinning of the reduced crystal domains [24]. However, the specific mechanism inside the material by which this occurs is still unclear, although the researchers considered that electron-beam irradiation caused cross-linking in the material. Chemical cross-linking expands the length of the inter-chain and pins polymer chains. As a consequence, it may decrease the crystal domain size and help the dipole moments to rotate during electrical discharge. Hence, the dielectric loss will decrease and the dielectric constant will increase [43]. These electrical properties mechanism finally affect to other parameter such as ferroelectric loop as well as energy properties of the materials. Uniquely, the ability of the electron beam on suppressing the AC conductivity and dielectric loss seems stronger than the effect of GNPs conducting nanofiller itself on gaining those parameters. Hence, as shown by Figure 13b,c, the AC conductivity and dielectric loss of the composites look not significant change after electron-beam irradiation even though the filler contents were increased.




3.8. P-E Loop


PVDF-based polymers, including P(VDF-HFP), are semi-crystalline materials in which amorphous and crystalline areas moderate the polarization response to an external electric field. Since PVDF-based polymers are ferroelectric materials, the polarization response to the electric field exhibits a ferroelectric hysteresis loop. Normal ferroelectric materials contain a large number of spontaneous dipoles that are packed on a relatively wide ferroelectric crystalline domain. This condition can produce a strong polarization response to an applied electric field.



As regards the mechanism when E is applied to thin films, the dipoles in the film will be rearranged to align with the direction of E, which is known as the charging process until the maximum polarization (Pmax) value is reached. However, the dipole directions will revert to a random state when E is removed from the system, and polarization will drop until E is equal to zero. This step is known as the discharging process. Nevertheless, not all the dipoles will rearrange themselves in their original state and larger crystalline domains will retain some charge, which is trapped and cannot be released. As a consequence, some dipoles will still exhibit an ordered orientation and will remain polarized. This state is described as the remnant polarization (Pr), at E = 0. Here, polarization is not zero even though there is no longer an applied electric field, and remnant polarization can be high.



The polarization (P) response of neat P(VDF-HFP) and HFP/GN composites to an externally applied electric field (E) was measured at room temperature (30 °C). The P-E hysteresis loop gradually increased in size with increments of GNP and remnant polarization was exhibited (Figure 14). Loop size is an indication of the size of the ferroelectric domain and is closely linked to dipole reversibility. A larger crystal size means a bigger energy loss. A large domain normally formed a large coupling force with other aligned domains nearby [50]. Strong interactions between domains will prevent the relaxation of the dipoles during the discharging process, preventing dipole reorientation once the external E is removed. This was also confirmed by dielectric measurements. Dielectric constant, AC conductivity and dielectric loss all improved after adding GNPs, since the GNPs are a conducting material. As a result, the composites possessed higher remnant polarization resulting in bigger loops compared to the loop of neat P(VDF-HFP).



Electron-beam irradiation had a similar effect to GNPs on the dielectric constant of P(VDF-HFP), promoting β-phase formation. The additional beneficial effects of irradiation included improved dielectric constant and possess better energy storage properties. Previous studies reported that electron-beam irradiation was effective at reducing dielectric loss [28]. Its ability to pin the all-trans conformation domain size of neat P(VDF-HFP) and HFP/GN composites improved dipole reversibility [24]. The large domains of normal ferroelectrics can be pinned and cut into smaller domains. Electron-beam irradiation is also able to shorten P(VDF-HFP) segments and facilitate dipolar switching during discharge. After being pinned by the electron-beam, the small domains/crystal sizes were able to reverse freely because the forces holding domains were lower. As a result, dielectric loss decreased. Moreover, the P-E loops (Figure 14) confirmed that remnant polarization also decreased in all composites after electron-beam irradiation. The loops were clearly slimmer after electron-beam irradiation.




3.9. Energy Efficiency


As previously mentioned, even though the GNPs conducting nanofillers improved the dielectric constant by promoting β-phase formation, GNPs also promoted increased dielectric loss. Compared to neat P(VDF-HFP), storage energy density of the composites tended to be lower at all loadings of GNPs from 1 to 5 wt%. The energy density was decreased by the increasing of the filler content. Hence, the energy loss was significantly increased, as shown in (Figure 15a,b). As explained, GNPs could lead the improvement of AC conductivity and dielectric loss as well. Thus, the increasing of the proportion of GNPs in the composites produced a bigger loop indicating bigger energy loss. The reversibility of the dipoles was decreased resulting to the difficulties of the dipoles on following the electric field when it was removed from the system. Hence, this energy loss improvement affected to reduce the storage energy density.



Interestingly, different with the effect of adding GNPs conducting nanofillers, electron-beam irradiation was able to improve the storage energy density but reduce the energy loss of all samples. It also reduced the remnant polarization of the loop, thus assisting the release of the charge stored on the film’s surface [43], resulting in lower dielectric and energy loss.



The final parameter considered was energy efficiency, which describes the ratio of storage energy density to energy loss. There are two ways to improve the energy efficiency of materials: increasing the storage energy or decreasing the energy loss. The storage energy density is the energy that can be released per unit volume and is usually calculated during electric field discharge. Energy loss relates to unreleased energy and occurs when energy is transferred from one system, place or condition to another. Mathematically, storage energy density (Ue) and energy loss (Ul) can be expressed by the following equations:


   U e  = ∫ E d D =  1 2  D E =  1 2   ε r   ε 0   E b 2   



(7)




and


   U l  =  1 2  ω ε ″  ε 0   E b 2   



(8)




where E and D are respectively the applied electric field and electrical displacement, while εr, ε0 and Eb are the dielectric constant (measured permittivity), vacuum permittivity (8.85 × 10−12 F/m) and electrical breakdown strength, respectively. ω represents frequency and ε” refers to the dielectric loss [28,43]. According to these equations, in the same applied electric field, storage energy density will depend only on the dielectric constant, while energy loss is closely related to dielectric loss.



Electron-beam irradiation considerably improved the energy efficiency of P(VDF-HFP) and HFP/GN composites (Figure 15c) by increasing the dielectric constant while simultaneously reducing the dielectric loss, thus increasing Ue and reducing Ul. For example, the energy efficiency of neat P(VDF-HFP) increased from 68.11 to 74.66% after irradiation, which is much higher than the efficiency reported by Guan et al. (2010) [13] who only achieved 58% for P(VDF-HFP) without electron-beam irradiation and 30.2% for PVDF [12]. The energy efficiency of HFP/GN1, HFP/GN2, HFP/GN3, HFP/GN4 and HFP/GN5 also increased after electron-beam irradiation, in some cases almost doubling, from 26.65, 37.10, 16.98, 16.16 and 18.75%, to 57.7, 44.23, 31.34, 30.59 and 32.06%, respectively.





4. Conclusions


Two main approaches were adopted in this study: adding GNP conducting nanofillers and electron-beam irradiation. The good spreading and strong electrostatic interactions of GNPs within the polymer matrix produced smaller spherulites and a rougher surface topography compared to the neat P(VDF-HFP). The GNP nanofiller also reduced the pores and resulting in more homogeneous film. Electron-beam irradiation also increased surface roughness of both GNPs and electron-beam irradiation so that it is able to facilitate the formation of a more hydrophobic surface. The measured water contact angle after electron-beam irradiation were varied from 113° to 116° for neat P(VDF-HFP) and HFP/GN composites, respectively. These values were much higher than that of currently reported of 90° for PVDF. In addition, both approaches were effective in facilitating the transformation of the non-polar TGTG α-phase to the polar TTTT β-phase, which improved the dielectric constant. Nevertheless, adding GNP conducting nanofillers boosted AC conductivity and dielectric loss leading to a bigger P-E hysteresis loop. As results, it must be noted that the HFP/GN composites exhibited lower energy density and higher energy loss. Interestingly, however as the core of this work, electron-beam irradiation acted in the opposite way by effectively reducing crystal size, considerably improving the dielectric constant and reducing AC conductivity as well as dielectric loss. Energy loss, therefore, tended to be lower after electron-beam irradiation leading to better storage energy density and storage energy efficiency both for neat P(VDF-HFP) and HFP/GN composites at all loadings. For neat P(VDF-HFP), the energy efficiency was increased from 68.11 to 74.66% after electron irradiation, much higher than previously reported of 58%. Meanwhile, the increasing of it on HFP/GN composites after electron irradiation is almost doubled.







Author Contributions


Conceptualization, C.P.; data curation, A.A.P.; formal analysis, A.A.P.; funding acquisition, S.C. and C.P.; investigation, A.A.P.; methodology, A.A.P. and C.P.; project administration, C.P.; resources, S.C. and C.P.; software, A.A.P.; supervision, C.P.; validation, S.C. and C.P.; visualization, A.A.P.; writing—original draft, A.A.P.; writing—review and editing, A.A.P. and C.P. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Acknowledgments


This work was conducted at the Department of Physics, Faculty of Science, Prince of Songkla University (PSU) Thailand, with support from the Thailand Center of Excellence in Physics (ThEP-61-PIP-PSU3), Center of Excellence in Nanotechnology for Energy (CENE) and Institute of Biomedical Engineering, Faculty of Medicine, Prince of Songkla University (PSU) Thailand.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Qiao, Y.; Yin, X.; Zhu, T.; Li, H.; Tang, C. Dielectric polymers with novel chemistry, compositions and architectures. Prog. Polym. Sci. 2018, 80, 153–162. [Google Scholar] [CrossRef]

	



Jiang, J.; Shen, Z.; Qian, J. igh discharge efficiency in multilayered polymer nanocomposites of high energy density. Energy Storage Mater. 2019, 18, 213–221. [Google Scholar] [CrossRef]

	



Moradi, R.; Karimi-sabet, J.; Shariaty-niassar, M.; Koochaki, M.A. Preparation and Characterization of Polyvinylidene Fluoride/Graphene Superhydrophobic Fibrous Films. Polymers 2015, 7, 1444–1463. [Google Scholar] [CrossRef]

	



Feng, Y.; Li, J.; Li, W.; Li, M.; Chi, Q.; Zhang, T. Effect of BaTiO3 nanowire distribution on the dielectric and energy storage performance of double-layer PVDF-based composites. Compos. Part A 2019, 125, 105524. [Google Scholar] [CrossRef]

	



Hardy, C.G.; Islam, Md. S.; Gonzalez-Delozier, D.; Morgan, J.E.; Cash, B.; Benicewicz, B.C.; Ploehn, H.J.; Tang, C. Converting an Electrical Insulator into a Dielectric Capacitor: End- Capping Polystyrene with Oligoanilnie. Chem. Mater. 2013, 25, 799–807. [Google Scholar] [CrossRef]

	



Thakur, V.K.; Gupta, R.K. Recent Progress on Ferroelectric Polymer-Based Nanocomposites for High Energy Density Capacitors: Synthesis, Dielectric Properties, and Future Aspects. Chem. Rev. 2016, 116, 4260–4317. [Google Scholar]

	



Wang, Y.; Huang, X.; Li, T.; Wang, Z.; Li, L.; Guo, X.; Jiang, P. Novel crosslinkable high-k copolymer dielectrics for high-energy-density capacitors and organic field-effect transistor applications. J. Mater. Chem. A Mater. Energy Sustain. 2017, 5, 20737–20746. [Google Scholar] [CrossRef]

	



Xie, L.; Huang, X.; Huang, Y.; Yang, K.; Jamg, P. Core Double-Shell Structured BaTiO 3—Polymer Nanocomposites with High Dielectric Constant and Low Dielectric Loss for Energy Storage Application. J. Phys. Chem. C 2013, 117, 22525–22537. [Google Scholar] [CrossRef]

	



Gross, S.; Camozzo, D.; Di Noto, V.; Armelao, L.; Tondello, E. PMMA: A key macromolecular component for dielectric low- k hybrid inorganic–organic polymer films. Eur. Polym. J. 2007, 43, 673–696. [Google Scholar] [CrossRef]

	



Huang, X.; Jiang, P.; Tanaka, T. A Review of Dielectric Polymer Composites With High Thermal. IEEE Electr. Insul. Mag. 2011, 27, 8–16. [Google Scholar] [CrossRef]

	



Song, Y.; Shen, Y.; Liu, H.; Lin, Y.; Li, M.; Nan, C. Improving the dielectric constants and breakdown strength of polymer composites: Effects of the shape of the BaTiO3 nanoinclusions, surface modification and polymer matrix. J. Mater. Chem. 2012, 22, 16491–16498. [Google Scholar] [CrossRef]

	



Guan, F.; Pan, J.; Wang, J.; Wang, Q.; Zhu, L. Crystal Orientation Effect on Electric Energy Storage in Poly(vinylidene fluoride-co-hexafluoropropylene) Copolymers. Macromolucules 2010, 43, 384–392. [Google Scholar] [CrossRef]

	



Li, W.; Meng, Q.; Zheng, Y.; Zhang, Z.; Xia, W.; Xu, Z. Electric energy storage properties of poly(vinylidene fluoride). Appl. Phys. Lett. 2010, 96, 192905. [Google Scholar]

	



Xu, H. Dielectric Properties and Ferroelectric Behavior of Poly(vinylidene fluoride-trifluoroethylene) 50/50 Copolymer Ultrathin Films. J. Appl. Polym. Sci. 2001, 80, 2259–2266. [Google Scholar] [CrossRef]

	



Bharti, V.; Zhao, X.Z.; Zhang, Q.M.; Romotowski, T.; Tito, F.; Ting, R. Ultrahigh field induced strain and polarization response in electron irradiated poly(vinylidene fluoride-trifluoroethylene) copolymer. Mat. Res. Innov. 1998, 2, 57–63. [Google Scholar] [CrossRef]

	



Das, A.K.; Sinha, S.; Mukherjee, A.; Meikap, A.K. Enhanced dielectric properties in polyvinyl alcohol-Multiwall carbon nanotube composites. Mater. Chem. Phys. 2015, 167, 286–294. [Google Scholar] [CrossRef]

	



Hartono, A.; Satira, S.; Djamal, M. Electric Field Poling 2GV/m to Improve Piezoelectricity of PVDF Thin Film. AIP Conf. Proc. 2016, 1719(030021), 2–6. [Google Scholar]

	



Roy, S.; Thakur, P.; Hoque, N.A.; Bagchi, B.; Das, S. Enhanced electroactive β-phase nucleation and dielectric properties of PVdF-HFP thin films influenced by montmorillonite and Ni(OH)2 nanoparticle modified montmorillonite. RSC Adv. 2016, 6, 21881–21894. [Google Scholar] [CrossRef]

	



Mansouri, S.; Sheikholeslami, T.F.; Behzadmehr, A. Investigation on the electrospun PVDF/NP-ZnO nanofibers for application in environmental energy harvesting. J. Mater. Res. Technol. 2019, 8, 1608–1615. [Google Scholar] [CrossRef]

	



Ruan, L.; Yao, X.; Chang, Y.; Zhou, L.; Qin, G.; Zhang, X. Properties and applications of the β phase poly(vinylidene fluoride). Polymers 2018, 10, 228. [Google Scholar] [CrossRef]

	



Salea, A.; Chaipo, S.; Permana, A.A.; Jehlaeh, K.; Putson, C. The microstructure of negative electrocaloric Polyvinylidene fluoride-hexafluoropropylene copolymer on graphene loading for eco-friendly cooling technology. J. Clean. Prod. 2020, 251, 119730. [Google Scholar] [CrossRef]

	



Cataldi, P. Graphene Nanoplatelets-Based Advanced Materials and Recent Progress in Sustainable Applications. Appl. Sci. 2018, 8, 1438. [Google Scholar] [CrossRef]

	



Yang, D.; Xu, H.; Yu, W.; Wang, J.; Gong, X. Dielectric properties and thermal conductivity of graphene nanoplatelet filled poly(vinylidene fluoride) (PVDF)/poly(methyl methacrylate) (PMMA) blend. J. Mater. Sci. Mater. Electron. 2017, 28, 13006–13012. [Google Scholar] [CrossRef]

	



Yang, L.; Li, X.; Allahyarov, E.; Taylor, P.L.; Zhang, Q.M.; Zhu, L. Novel polymer ferroelectric behavior via crystal isomorphism and the nanoconfinement effect. Polymer (Guildf). 2013, 54, 1709–1728. [Google Scholar] [CrossRef]

	



Plecenik, T.; Tofail, S.A.M.; Gregor, M.; Zahoran, M.; Truchly, M. Direct creation of microdomains with positive and negative surface potential on hydroxyapatite coatings. Appl. Phys. Lett. 2012, 98, 113701. [Google Scholar] [CrossRef]

	



Gregor, M.; Plecenik, T.; Tofail, S.A.M.; Zahoran, M.; Truchly, M.; Vargova, M.; Laffir, F.; Plesch, G.; Kus, P.; Plecenik, A. Hydrophobicity of electron beam modified surface of hydroxyapatite films. Appl. Surf. Sci. 2015, 337, 249–253. [Google Scholar] [CrossRef]

	



Thakur, P.; Kool, A.; Bagchi, B.; Das, S.; Nandy, P. Effect of in situ synthesized Fe2O3 and Co3O4 nanoparticles on electroactive β-phase crystallization and dielectric properties of poly(vinylidene fluoride) thin films. Phys. Chem. Chem. Phys. 2015, 17, 1368–1378. [Google Scholar] [CrossRef]

	



Zhu, Y.; Jiang, P.; Zhang, Z.; Huang, X. Dielectric phenomena and electrical energy storage of poly(vinylidene fluoride) based high- k polymers. Chin. Chem. Lett. 2017, 28, 2027–2035. [Google Scholar] [CrossRef]

	



Ribeiro, C.; Costa, C.M.; Correia, D.M.; Nunes-Pereira, J.; Oliveira, J.; Martins, P.; Goncalves, R.; Cardoso, V.F.; Lanceros-Mendez, S. Electroactive poly (vinylidene fluoride)-based structures for advanced applications. Nat. Publ. Gr. 2018, 13, 681–704. [Google Scholar] [CrossRef]

	



Martins, P.; Lopes, A.C.; Lanceros-Mendez, S. Electroactive phases of poly(vinylidene fluoride): Determination, processing and applications. Prog. Polym. Sci. 2014, 39, 683–706. [Google Scholar] [CrossRef]

	



Chenyang, X.; Zhao, M. Ionic liquid modified poly(vinylidene fluoride): Crystalline structures, miscibility, and physical properties. Polym. Chem. 2013, 4, 5726–5734. [Google Scholar]

	



Jenkins, A.D.; Kratochvíl, P.; Stepto, R.F.T.; Suter, U.W. Glossary of basic terms in polymer science (IUPAC Recommendations 1996). Pure Appl. Chem. 1996, 68, 2287–2311. [Google Scholar] [CrossRef]

	



Gérard, J. Structural dependence of cations and anions to building the polar phase of PVDF. Eur. Polym. J. 2018, 107, 236–248. [Google Scholar]

	



Sousa, R.E.; Nunes-Pereira, J.; Ferreira, J.C.C.; Costa, C.M.; Machado, A.V.; Silva, M.M.; Lanceros-Mendez, S. Microstructural variations of poly(vinylidene fluoride co-hexa fluoropropylene) and their influence on the thermal, dielectric and piezoelectric properties. Polym. Test. 2014, 40, 245–255. [Google Scholar] [CrossRef]

	



Magalhaes, M.; Duraes, R.; Silva, N. The Role of Solvent Evaporation in the Microstructure of Electroactive β-Poly(Vinylidene Fluoride) Membranes Obtained by Isothermal Crystallization. Soft Mater. 2011, 9, 1–14. [Google Scholar] [CrossRef]

	



Kitabata, M.; Taddese, T.; Okazaki, S. Molecular Dynamics Study on Wettability of Poly(vinylidene fluoride) Crystalline and Amorphous Surfaces. Langmuir 2018, 34, 12214–12223. [Google Scholar] [CrossRef] [PubMed]

	



Wang, X.; Xiao, C.; Liu, H.; Huang, Q.; Hao, J.; Fu, H. Poly(vinylidene Fluoride-Hexafluoropropylene) Porous Membrane with Controllable Structure and Applications in Efficient Oil/Water Separation. Materials 2018, 11, 443. [Google Scholar] [CrossRef] [PubMed]

	



Aronov, D.; Rosenman, G. Surface energy modification by electron beam. Surf. Sci. 2007, 601, 5042–5049. [Google Scholar] [CrossRef]

	



Daneshkhah, A.; Shrestha, S.; Siegel, A.; Varahramyan, K.; Agarwal, M. Cross-selectivity enhancement of poly(vinylidene fluoride-hexafluoropropylene)-based sensor arrays for detecting acetone and ethanol. Sensors 2017, 17, 595. [Google Scholar] [CrossRef]

	



Khalifa, M.; Mahendran, A.; Anandhan, S. Probing the synergism of halloysite nanotubes and electrospinning on crystallinity, polymorphism and piezoelectric performance of poly(vinylidene fluoride. RSC Adv. 2016, 6, 114052–114060. [Google Scholar] [CrossRef]

	



He, F.A.; Lin, K.; Shi, D.; Wu, H.; Huang, H.; Chen, J.; Chen, F.; Lam, K. Preparation of organosilicate/PVDF composites with enhanced piezoelectricity and pyroelectricity by stretching. Compos. Sci. Technol. 2016, 137, 138–147. [Google Scholar] [CrossRef]

	



George, B.K. PVDF-ionic liquid modified clay nanocomposites: Phase changes and shish-kebab structure. Polymer (Guildf). 2017, 115, 70–76. [Google Scholar]

	



Tan, S.; Hu, X.; Ding, S.; Zhang, Z.; Li, H.; Yang, L. Significantly improving dielectric and energy storage properties via uniaxially stretching crosslinked P(VDF-co-TrFE) films. J. Mater. Chem. A. 2013, 1, 10353–10361. [Google Scholar] [CrossRef]

	



Guan, F.; Yuan, Z.; Shu, E.W.; Zhu, L. Fast discharge speed in poly(vinylidene fluoride) graft copolymer dielectric films achieved by confined ferroelectricity. Appl. Phys. Lett. 2009, 94, 10–13. [Google Scholar] [CrossRef]

	



Thakur, P.; Kool, A.; Bagchi, B.; Das, S.; Nandy, P. Enhancement of β phase crystallization and dielectric behavior of kaolinite/halloysite modified poly (vinylidene fluoride) thin films. Appl. Clay Sci. 2014, 99, 149–159. [Google Scholar] [CrossRef]

	



Shrivastav, B.D.; Barde, R.; Mishra, A.; Phadake, S. Frequency and Temperature Dependence of Dielectric Properties of Fish Scales Tissues. Res. J. Phys. Sci. 2013, 1, 24–29. [Google Scholar]

	



Laxmayyaguddi, Y.; Mydur, N.; Pawar, A.S.; Hebri, V.; Vandana, M.; Sanjeev, G.; Hundekal, D. Modified Thermal, Dielectric, and Electrical Conductivity of PVDF-HFP/LiClO4 Polymer Electrolyte Films by 8 MeV Electron Beam Irradiation. ACS Omega. 2018, 3, 14188–14200. [Google Scholar] [CrossRef]

	



Moharana, S.; Mishra, M.K.; Chopkar, M.; Mahaling, R.N. Enhanced dielectric properties of surface hydroxylated bismuth ferrite–Poly(vinylidene fluoride-co-hexafluoropropylene) composites for energy storage devices. J. Sci. Adv. Mater. Devices 2016, 1, 461–467. [Google Scholar] [CrossRef]

	



Nawaka, K.; Putson, C. Enhanced electric field induced strain in electrostrictive polyurethane composites fibers with polyaniline(emeraldine salt) spider-web network. Compos. Sci. Technol. 2020, 198, 108293. [Google Scholar] [CrossRef]

	



Soulestin, T.; Ladmiral, V.; Dos Santos, F.D.; Améduri, B. Vinylidene fluoride- and trifluoroethylene-containing fluorinated electroactive copolymers. How does chemistry impact properties? Prog. Polym. Sci. 2017, 72, 16–60. [Google Scholar] [CrossRef]








[image: Crystals 10 00633 g001 550] 





Figure 1. AFM topography images of: (a) neat P(VDF-HFP); (b) HFP/GN1; (c) HFP/GN2; (d) HFP/GN3; (e) HFP/GN4; and (f) HFP/GN5 before electron-beam irradiation. 
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Figure 2. AFM topography images of: (a) neat P(VDF-HFP); (b) HFP/GN1; (c) HFP/GN2; (d) HFP/GN3; (e) HFP/GN4; and (f) HFP/GN5 after electron-beam irradiation. 
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Figure 3. SEM morphology images of: (a) neat P(VDF-HFP); (b) HFP/GN1; and (c) HFP/GN5 composites. 






Figure 3. SEM morphology images of: (a) neat P(VDF-HFP); (b) HFP/GN1; and (c) HFP/GN5 composites.



[image: Crystals 10 00633 g003]







[image: Crystals 10 00633 g004 550] 





Figure 4. The water contact angle of neat P(VDF-HFP) and HFP/GN composites before and after electron-beam irradiation. 
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Figure 5. XRD patterns of: (a) neat P(VDF-HFP); (b) HFP/GN1; and (c) HFP/GN5 composites before and after electron-beam irradiation. 
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[image: Crystals 10 00633 g005]







[image: Crystals 10 00633 g006 550] 





Figure 6. FTIR spectra of neat P(VDF-HFP) and HFP/GN composites: (a) before; and (b) after electron-beam irradiation. 
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Figure 7. β-phase fractions in neat P(VDF-HFP) and HFP/GN composites before and after electron-beam irradiation. 
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Figure 8. DSC thermograms showing Tm of neat P(VDF-HFP) and HFP/GN composites: (a) before; and (b) after electron-beam irradiation. 
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Figure 9. The schematic of the structure of HFP/GN composites. 
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Figure 10. Plots of the dielectric constant vs the frequency of the electric field for neat P(VDF-HFP) and various HFP/GN composites of: (a) before; and (b) after electron-beam irradiation. 
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Figure 11. AC conductivity of neat P(VDF-HFP) and HFP/GN composites of: (a) before; and (b) after electron-beam irradiation depended on the frequency of the electric field. 
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Figure 12. Dielectric loss of neat P(VDF-HFP) and HFP/GN composites of: (a) before; and (b) after electron-beam irradiation depended on the frequency of the electric field. 
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Figure 13. (a) Dielectric constant; (b) AC conductivity; and (c) dielectric loss of neat P(VDF-HFP) and HFP/GN composites as a function of graphene nanoparticle (GNP) content before and after electron-beam irradiation at 1000 Hz. 
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Figure 14. Polarization-applied electric field (P-E) hysteresis loops of neat P(VDF-HFP) and HFP/GN composites before and after electron-beam irradiation. 
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Figure 15. (a) Storage energy density; (b) energy loss; and (c) storage energy efficiency of neat P(VDF-HFP) and HFP/GN composites before and after electron-beam irradiation. 
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Table 1. The electrical properties comparison of different various polymers.
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	Polymer Materials
	Breakdown Strength (kV/cm)
	Dielectric Loss (1 kHz)
	Storage Energy Density (J/cm3)
	Energy Efficiency (%)
	References





	Polyvinyl chloride (PVC)
	400
	0.018
	
	
	[6]



	PMMA
	2500
	0.05
	1.5 (at ~3300 kV/cm)
	
	[8,9,10]



	BOPP
	7500
	0.0002
	3 (at 5000 kV/cm)
	
	[5]



	High-density polyethylene (HDPE)
	222.9
	0.0002–0.0007
	
	
	[6,10]



	PVDF
	1500–5000
	0.04
	2.8 (at 4500 kV/cm)
	
	[6,11]



	PVDF (alpha)
	4000
	0.025
	4 (at 3000 kV/cm)
	30.2
	[12]



	PVDF (beta)
	2000
	
	1.5 (at 1500 kV/cm)
	75
	[12]



	PVDF (gamma)
	5000
	0.025
	14
	59.57
	[12]



	P(VDF-HFP) (96/4 mol %)
	6000
	0.4
	12.5
	58
	[13]



	P(VDF-TrFE) (50/50 mol %)
	1621
	<0.1
	1.13 (at 1300 kV/cm)
	
	[14,15]



	Irradiated P(VDF-TrFE) (50/50 mol %) @80-Mrad
	
	0.06
	
	
	[15]



	Polyvinyl alcohol
	1000
	0.3
	
	
	[16]



	Polyurethane
	200
	0.02
	
	
	[6]



	Epoxy
	250–450
	0.015
	
	
	[6,10]
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Table 2. The crystallinity (Xc), width at half-maximum (B) and crystal size (D) of neat P(VDF-HFP) and HFP/GN composites before and after electron-beam irradiation at the 20.2° diffraction peak.
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GNP Content (wt%)

	
Xc (%)

	
B (rad)

	
D (nm)




	
Before

	
After

	
Before

	
After

	
Before

	
After






	
0

	
26.52

	
26.06

	
0.58

	
1.02

	
0.60

	
0.48




	
1

	
35.56

	
32.24

	
0.71

	
0.92

	
1.46

	
0.68




	
2

	
38.34

	
30.57

	
0.39

	
0.82

	
2.60

	
0.81




	
3

	
31.47

	
35.20

	
0.87

	
1.07

	
1.91

	
0.58




	
4

	
27.25

	
28.07

	
0.47

	
0.82

	
1.07

	
0.82




	
5

	
31.67

	
32.25

	
0.55

	
1.10

	
1.38

	
0.54












© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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