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The d33 coefficient = 28 pC/N of PVDF-TrFE piezoelectric films was achieved by the in situ polarization. Compared with traditional poling methods, the in situ polarization is performed with low poling voltage and short poling time, and it can ensure the PVDF-TrFE film with enhanced piezoelectric performances and uniform distribution among a large area of 200 mm2 × 200 mm2. The processing influence of drying, annealing, and poling on the crystalline properties and piezoelectric performances were investigated. Besides, the obtained PVDF-TrFE films present a good piezoelectric response to different extents of mechanical stimulations, which have great potential in energy harvesting applications.
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INTRODUCTION
Since Kawai initially reported the poly(vinylidene fluoride) (PVDF) in 1969 (Moyle, 1969), PVDF has attracted considerable attention (Furukawa, 1989; Bune et al., 1998) owing to its unique piezoelectricity. The piezoelectricity allows it to convert the ambient mechanical stimulations to electricity, which has been widely used in energy harvesting applications such as the piezoelectric nanogenerators (PENGs). Recently, the PENGs are used as power sources to drive the low-power wearable devices. With the rapid development of smart wearable devices, the energy conversion efficiency, flexibility, and transparency are the most important features of PENGs. As the most studied polymer for PENG, PVDF-TrFE has relative low remnant polarization and piezoelectric coefficient but irreplaceable flexibility and transparency (Chan et al., 2003; Pi et al., 2014; Mcginn et al., 2020). Thus, it is vital to improve the piezoelectric properties of PVDF to promote its value in the smart wearable device applications.
The piezoelectricity of PVDF originates from its crystalline structures. As a semicrystalline polymer, PVDF presents a complex crystalline structure and crystalline phases (commonly α-, β-, and γ-) (Dai et al., 2016). The nonpolar α-phase has a TGTG chain conformation, resulting in the self-cancelation of dipoles (Lovinger et al., 1983). The β-phase has an all trans (TTTT) planar zigzag with the strongest polarity, while the γ-phase (Hasegawa et al., 1972; Masahiko et al., 1977; Lovinger, 1983; Sajkiewicz et al., 1999) displays a T3GT3G chain conformation which is partially polar. However, the α-phase is the most favorite form in thermodynamics with nonpolar crystalline phases. By thermal treatment (Prest and Luca., 1978) or poling under a high electric field (150kV/mm) (Davis et al., 1978; Banik et al., 1980), the α-phase can be transformed to the γ-phase or β-phase.
In order to increase the β-phase and simultaneously reduce the crystallinity of the α-phase, many methods have been developed during the preparation of PVDF materials. Copolymers of PVDF, such as P(VDF-TrFE), have been synthesized to achieve an intrinsic β-phase crystal. Besides, special treatment including electrospinning (Li et al., 2008), solvent-casting (Hu et al., 2015), mechanical stretching, and polarization under high electric fields (Fukada and Sakurai., 1971; Cheng-Lu et al., 2014) of PVDF (Sencadas et al., 2009; Sharma et al., 2013; Won et al., 2016) have been employed. According to the research report on the electrospinning process of the high β-phase PVDF membrane, the micro-patterned device as an energy harvester can generate an open circuit voltage density of 1.42 V m−2 (Fadzallah et al., 2020). However, the electrospinning and solvent-casting usually induce some undesired structure deformation or microstructure defeats. And additional requirement such as long-lasting heating or poling may impede the large-area processing and uniform distribution of PVDF films. As the most used method, electrical poling faces a problem such that when the thickness of the film is low (μm or thinner), the leakage current may cause breakdown during the poling. Thus, alternative methods are needed to improve the processing efficiency and uniformity.
In this study, a large area of 200 mm × 200 mm of the PVDF-TrFE film with enhanced piezoelectric coefficients was prepared via in situ polarization. The in situ polarization has shorter processing time than the traditional methods. The prepared PVDF-TrFE films have good piezoelectric performance with great distribution uniformity. The crystalline structure and the piezoelectric properties of the P(VDF-TrFE) on different processes were investigated. It was found that the in situ poling process can enhance the crystalline structure of the β-phase and generate the preferred orientation of its polymer chain.
EXPERIMENT
Materials
The materials were used with no further purification and purchased from the following companies: P(VDF-TrFE) (FC20, 80/20 mol%, Piezotech SAS, France) and methyl ethyl ketone (MEK, 99.0%, KESHI, Chengdu, China).
METHODS
Typically, 5.52 g of PVDF-TrFE was dissolved in 40 ml of MEK and stirred by a magnetic stirrer for 5 h. Then, 3 ml of the solution was slit-coated on the ITO glasses and was transferred to a vacuum plate to evaporate the solvent and form the PVDF-TrFE films with thickness of 10 μm. These films were further annealed at 140°C for 1 h. Subsequently, the PVDF-TrFE films were in situ poled by a laboratory-made equipment. The preparation process was shown in Figure 1. For electrical measurements, Ag was vacuum-sputtered on both sides of the films to form electrodes and compose a metal–insulator–metal structure. Plastic is used as the sealing cover of the PVDF-TrFE device.
[image: Figure 1]FIGURE 1 | Preparation process of PVDF-TrFE films.
The morphology of the PVDF-TrFE films was observed by a field-emission scanning electron microscope (SEM, S-3400, Hitachi). X-ray diffraction (XRD) was carried out on a D/Max2500 VB2t/PC X-ray diffractometer (Rigaku, Japan) with a Cu target radiation for a 2θ range of 5–50° at an angular resolution of 0.5°. The differential scanning calorimetry (DSC) test was performed with Mettler-Toledo DSC instrument under nitrogen to heat the film to 200°C at 10°C/min. The piezoelectric coefficients of the PVDF-TrFE film sample tested by piezoelectric tester (d33 METER, YE2730A, APC) was introduced. The energy harvesting performances of PVDF-TrFE devices were tested under the repeated impact with different accelerated speeds drove by the NTI AG HS01-37 × 166 linear motor, and the output voltage or current generated simultaneously were collected using a Keithley 6,514 system electrometer and a Stanford Research SR570 low-noise current preamplifier. The energy harvesting experiment diagram is shown in Figure 2.
[image: Figure 2]FIGURE 2 | Energy harvesting experiment diagram of PVDF-TrFE films.
RESULTS AND DISCUSSION
Figure 3 shows the schematic diagram of the in situ polarization process used in the study. The laboratory-made polarization equipment primarily consisted of source, grid, and rotated stage. After the source and grid move above the sample, a voltage of 7.5 kV was applied on the source electrode to generate electronegativity ions; then, these electronegativity ions were accelerated by the grid with a voltage of 3.0 kV and deposited on the surface of the sample evenly. The rather close distance (equal to the thickness of film, 15 μm) between the virtual electrode formed by the electronegativity ions and the bottom electrode can generate a tremendous electrical field which leads to an effective polarization. During the poling process, the substrate rotated for 360° slowly, which ensured the uniform piezoelectricity of the PVDF-TrFE coatings. The poling process only lasted for about 5 min, which is much shorter than that reported in many other poling methods, as provided in Table 1.
[image: Figure 3]FIGURE 3 | Schematic diagram of in situ polarization.
TABLE 1 | Comparison of in situ polarization and common methods.
[image: Table 1]After the in situ polarization, the piezoelectric coefficient (d33) of the PVDF-TrFE film is tested, and the result is shown in Table 2. The PVDF-TrFE films show rather low piezoelectricity (d33 = 0 pC/N) after drying in the oven. The value of d33 improved slightly to 2.5 pC/N after the PVDF-TrFE films annealed in 140°C for 1 h due to the formation of β-phase crystals caused by heat treatment. After poling, the PVDF-TrFE film showed dramatically enhanced piezoelectric coefficient of d33 = 25 pC/N. Then the d33 constants slightly increased from 25 to 28 pC/N after 2 days. Our PVDF-TrFE possesses higher d33 coefficient than the d33 coefficient of reported PVDF-based piezoelectric materials PVDF (d33 = 20 pC/N) (Liu et al., 2017), PVDF-PZT (d33 = 20 pC/N) (Chen et al., 2019). Besides, it has been reported that the residual electronegativity ions during the poling process may create an electric field which still improves the orientation of the dipole (Koten et al., 1987). And the piezoelectric properties of PVDF-TrFE coatings stayed stable in 6 months as we investigated. Besides, the piezoelectric coefficient of the 200 mm2 × 200 mm2 PVDF-TrFE film after polarization was characterized by a d33 mapping detector, and the results are shown in Figure 4. The piezoelectric coefficient of the polarized film was 25 ± 2 pC/N, with excellent distribution.
TABLE 2 | Comparison of d33 of PVDF-TrFE films after different processing stages.
[image: Table 2][image: Figure 4]FIGURE 4 | (A) Large-area PVDF-TrFE polymer film and (B) mapping image of the polarized PVDF-TrFE film.
The crystalline properties of PVDF-TrFE after drying, annealing, and poling were characterized by XRD, as provided in Figure 5. In Figure 5, the XRD patterns show that after drying the PVDF-TrFE films, two peaks at 18.27° and 20.12° were observed. The peak at 2θ = 18.27° is corresponding to the (100) crystal planes of the α-phase. Meanwhile, the γ-phase is present at the superposition point of the peaks located at 18.5° associated with (020) crystal planes (Xue et al., 2013). Albeit α- and γ-phase showed the same diffraction peaks around 18.3, it was more likely attributed to the γ-phase (Nan et al., 2017). The sharp peak at 20.12° represents the Bragg diffraction of (110)/(200) of the β-phase (Ohigashi et al., 1995) and is from the ferroelectric β-phase having all-trans conformation. After annealing at 140°C for 1 h, the only sharp peak at 20.12°, which referred to the ferroelectric β-phase, became more obvious. The calculated crystallinity of the sample after annealing is 75%. There were two extremely weak and broad peaks at 2θ = 35.51° and 40.91°, respectively, which indicates a highly preferred orientation for the PVDF-TrFE films (Lutkenhaus et al., 2010). And the peak at 2θ = 18.27° vanished, indicating that the γ-phase disappeared in the high temperature. The calculated crystallinity of PVDF-TrFE films after the poling process is 77%, which indicated the distinct β-phase peak was also found after polarization.
[image: Figure 5]FIGURE 5 | XRD patterns of PVDF-TrFE films after poling (A), annealing (B), and drying (C).
To further understand the crystalline behavior, DSC has been employed to characterize the crystalline behavior of different processing stages of PVDF-TrFE films. As shown in Figure 6, two peaks including a broad one at 120°C and a sharp one at 146°C were observed in the sample after drying. These two peaks are attributed to the F–P transition (TC) and melting point (Tm) of β-PVDF-TrFE, respectively. The imperfect ferroelectric phase and grains dispersing in large size range can be indicated from the broad temperature range of the TC. After annealing at 140°C for 1 h, the TC peak became sharper and gained an increased △HC at about 14°C higher than that of the sample after drying. That indicates the annealing process improves the formation of large ferroelectric domains. As for the Tm peak, melting and recrystallization of the crystal grains at 140°C led to higher and sharper peak with melting point increasing for 3°C, which implied both crystallinity and crystal size are increased. The entire phenomenon can be attributed to the increased cohesion energy associated with a high melting point, which prevents the easy deformation of polymers.
[image: Figure 6]FIGURE 6 | DSC curves of PVDF-TrFE films after drying, annealing, and poling.
The SEM of PVDF-TrFE films after drying, annealing, and poling is provided in Figure 7. It can be seen that the surface of PVDF-TrFE films dried in the vacuum oven was smooth in Figure 7A. After annealing at 140°C for 1 h, the PVDF-TrFE films (Figure 7B) showed a lot of grains which were composed of randomly distributed 200–300 nm rod-like crystallites. This is a typical characteristic of the β-phase PVDF-TrFE. It has been reported that the content of TrFE can influence the crystalline polymorphs of PVDF-TrFE. When the PVDF-TrFE content in TrFE is over 20 mol%, it can directly form the β-phase crystal (Wang et al., 2007). The image of PVDF-TrFE after poling (Figure 7C) showed more distinct grain than that of the PVDF-TrFE films after annealing. This proves the in situ polarization process leads a dramatic improvement of the formation of the β-phase crystal in PVDF-TrFE films.
[image: Figure 7]FIGURE 7 | SEM images of PVDF-TrFE after (A) drying, (B) annealing, and (C) poling.
The output performances of the PVDF-TrFE film were measured under linear motor impact with different accelerated speeds. Figure 8A and Figure 8B show the open-circuit voltage and short-circuit current of the mental/PVDF-TrFE/mental stacked piezoelectric devices. Every time the linear motor impact on the surface of PVDF-TrFE devices, it may generate a piezoelectric response evidenced by the sharp voltage and current pulse peak. For the open-circuit voltage, the voltage pulse peak contains a positive peak and a larger negative peak. Since the PVDF-TrFE films were polarized in one direction, the negative peak is always lager than the positive peak. Besides, with the accelerated speed increasing from 0.1 to 5 m/s2, pressure increased from 0.1 to 5 N, and the output voltage increased from 2.0 to 8.7 V because the higher accelerated speed impact may lead to larger deformation of the β-phase crystal.
[image: Figure 8]FIGURE 8 | (A,B) Output voltage and current of the PVDF-TrFE film under linear motor impact with different accelerated speeds. (C) Graph of the relationship between current density and applied stress. (D) The curves between power density and load resistance.
As for the current, positive and negative pulses are generated by the direct impact and relaxed stress from the damping effect, respectively. In Figure 8B, the PVDF-TrFE devices generate a positive current between 40 and 656 nA and a negative current ranging from 58 to 480 nA, with the accelerated speed increasing from 0.1 to 5 m/s2. From the voltage and the current output curves, it was found that the difference between positive and negative voltage is greater than the difference between the current peaks. Since the PVDF-TrFE device equals to a capacitor, the induced charges will be stored on the surface of the electrodes when they are generated. These induced charges will counteract as the opposite voltage is applied. Therefore, the negative voltage peaks are larger than the positive ones. As for the short-circuit current, it only depends on the impact of accelerated speed. The output current generated by direct impact and the relaxed stress has no significant difference. Therefore, the positive and negative current peaks almost have no differences. At the same time, we also tested the current density and power density of the PVDF-TrFE piezoelectric device under different forces and loads, as shown in Figure 8C and Figure 8D. The current density increases from 2 nA/cm2 to 32.8 nA/cm2 as the force increases, because the greater the force, the greater the deformation of the crystal. For the power density, the maximum power density is 9.78 mW/cm3 when the load is 80 MΩ.
CONCLUSION
In this study, PVDF-TrFE films with a large area of 200 mm2 × 200 mm2, high d33 coefficient, and uniform distribution of 25 ± 2 pC/N were prepared by in situ polarization. The in situ polarization was performed with low poling voltage, and short poling time compared with traditional poling methods, which enable the quantity production of PVDF-TrFE films in industrial and commercial applications. Besides, the XRD and DSC results proved the in situ polarization can promote the transition from the α-phase crystal to the β-phase crystal and the formation of the β-phase crystal in the PVDF-TrFE film, which will further improve its piezoelectricity. Thus, the high efficiency, easy processing, and the excellent and uniform d33 value of PVDF-TrFE films make the in situ polarization a great potential in piezoelectric material processing methods.
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