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Abstract

:

Polyvinylidene fluoride (PVDF) shows piezoelectricity related to its β-phase content and mechanical and electrical properties influenced by its morphology and crystallinity. Electrospinning (ES) can produce ultrafine and well-aligned PVDF nanofibers. In this study, the effects of the presence of carbon nanotubes (CNT) and optimized ES parameters on the crystal structures and piezoelectric properties of aligned PVDF/CNT nanofibrous membranes were examined. The optimal β content and piezoelectric coefficient (d33) of the aligned electrospun PVDF reached 88% and 27.4 pC/N; CNT addition increased the β-phase content to 89% and d33 to 31.3 pC/N. The output voltages of piezoelectric units with aligned electrospun PVDF/CNT membranes increased linearly with applied loading and showed good stability during cyclic dynamic compression and tension. The sensitivities of the piezoelectric units with the membranes under dynamic compression and tension were 2.26 mV/N and 4.29 mV/%, respectively. In bending tests, the output voltage increased nonlinearly with bending angle because complicated forces were involved. The output of the aligned membrane-based piezoelectric unit with CNT was 1.89 V at the bending angle of 100°. The high electric outputs indicate that the aligned electrospun PVDF/CNT membranes are potentially effective for flexible wearable sensor application with high sensitivity.






Keywords:


polyvinylidene fluoride (PVDF); carbon nanotube (CNT); piezoelectricity; electrospinning; rotating drum collection; aligned nanofibrous membrane












1. Introduction


With different demands from many consumers and advancing technology, smart textiles and portable electronic devices that sense human motion and environmental changes have become important research topics. Past wearable sensors in textile garments and accessories were rigid, mainly achieved using traditional inorganic electronic devices. Inorganic materials are stiff materials and electronic devices are typically rigid, inappropriate for textile applications, as they do not provide comfort, durability, low energy consumption, or the ability to stretch or bend. As a result, much research has been devoted to the development of low-cost, flexible, and lightweight sensors with high sensitivities and quick dynamic responses.



Among different piezoelectric materials, polyvinylidene fluoride (PVDF) has been widely studied because it offers conformability that facilitates its application in complex structures. PVDF has five crystalline phases [1]. Among the five polymorphs, the α phase is nonpolar and commonly found in commercial PVDF films. The β phase is polar; in this phase, the dipole moments are oriented in the same direction, thus providing the piezoelectric, pyroelectric, and ferroelectric properties of PVDF and exhibiting the highest electroactive properties [2]. The polar β phase can be obtained through various pretreatments, such as mechanical stretching and high-electric-field poling [3]. The blending of PVDF with iron-based nanomaterials and conductive additives is the most common way to obtain the β phase and improve the electrical properties [4,5,6,7,8,9].



The enhancement of the β phase in solution-cast films of PVDF and PVDF-based copolymers through blending with carbon nanotubes (CNT) was first reported by Carroll’s group [10]. CNT have become widely used because they offer high aspect ratios and electron-rich large surface areas and are thus ideal for chemical functionalizing and the embedding of electromechanical and electrochemical sensing transduction mechanisms within composite film structures. PVDF/CNT composites with well-dispersed CNT exhibited remarkably improved ferro-, pyro-, and piezoelectric properties [11,12,13]. Nanocomposites composed of PVDF and CNT may potentially act as smart materials because of the combination of the piezoelectricity of PVDF, the conductivity of CNT, and the high levels of β-phase formation in electrospun nanofibers. Interfacial polarization occurs in electrically heterogeneous materials [14], that is, composites of materials with different conductivities, such as CNT-polymer composites. Mobile charges within the conductive phase can facilitate composite polarization. Therefore, interfacial polarization increases the dielectric constant of the material [15,16,17].



Electrospinning (ES) is a promising manufacturing technique that forms continuous fibers from polymer solutions or melts under strong electrostatic fields. It can produce fibers with submicrometer-scale diameters through the action of electrostatic forces. In our previous work [18], commercial PVDF film with no treatment possessed only 14% β phase; PVDF film treated by mechanical stretching (stretching ratio = 3.5) showed an increased β phase content of 52%; and PVDF nanofibrous membranes prepared by ES possessed a much higher β phase content of 83%. The results showed that mechanical stretching could induce PVDF crystal arrangement in the polarization structure (β phase), and that the mechanical stretching and electrical poling provided simultaneously in ES could further polarize the crystal structure into the β phase.



Apart from the predominant parameters of precursor solution preparation and applied electric field, different collector types used in ES can affect the morphologies of the electrospun membranes. Electrospun fibrous membranes collected on a fixed collector screen are randomly oriented [19]. Wang and his co-workers used a rotating drum collector in ES to produce PVDF nanofibrous membranes [20]. They compared the electrospun PVDF fibrous membranes obtained under different drum rotation speeds and reported that the alignment of the PVDF nanofibers was significantly affected by the rotation speed of the drum collector. High rotation speeds provided enhanced mechanical drawing on the PVDF fibers, thus increasing the β phase content.



In piezoelectric materials, the piezoelectric performance can be examined by applying stresses or strains and measuring and analyzing the electric outputs of the piezoelectric materials. Wang et al. designed a piezoelectric PVDF unit [21]. The randomly oriented electrospun PVDF nanofibrous membrane was sandwiched between flexible indium tin oxide (ITO) electrodes. Then, the prepared piezoelectric PVDF unit was subjected to a load between 3 and 5 N to observe its piezoelectric response. Among the piezoelectric units with PVDF nanofibers prepared with varied ES parameters, the optimal piezoelectric output under the applied loading reached 140 mV. Liu et al. collected aligned PVDF nanofibers as nonwoven fiber fabric (NFF) on a rotating drum and placed the fibers on a polyethylene terephthalate (PET) substrate with both ends tightly bonded to two copper foil electrodes using silver paste [22]. To obtain better protection between the NFF and electrodes, a thin flexible polymer layer was used to package the entire structure. Under the applied loading frequency of 7 Hz, the generated average peak voltage output value of the prepared piezoelectric unit was 76 mV. Another aligned electrospun PVDF nanofiber mat was incorporated into a piezoelectric unit by Yu et al. [23]. The PVDF-based piezoelectric unit contained two outermost polydimethylsiloxane (PDMS) layers, two aluminum electrodes and a PVDF fibrous mat in center. The piezoelectricity of the fiber mats was measured through a pressure sensor in a home-made testing system. In the applied gas pressure range between 0.145 MPa and 0.165 MPa, the piezoelectric unit exhibited a sensitivity of 178 mV/kPa.



In the aforementioned research on the piezoelectric performance of electrospun PVDF fibrous membranes, the application directions of mechanical forces to the PVDF samples were similar. Whether the force was compression, vibration, or gas pressure, all were applied vertically to the PVDF samples. However, materials do not require flexibility if external forces are only applied vertically. The flexibility of PVDF cannot be observed in the piezoelectric measurements of the above studies. In addition, examining the practical energy conversion abilities of the piezoelectric units, purely vertical forces in nature or in the surrounding environment are rare. Considering human motion as an example, compressive forces occur underneath the foot while walking; muscles experience tensile force while stretching; and bending forces apply at the joints, such as the knees, while walking and jumping.



Therefore, in this study, PVDF fibrous membranes were prepared through ES as three sample types of randomly oriented PVDF fiber mat, well-aligned PVDF fiber mat, and well-aligned PVDF fiber mat with added CNT. The influence of the rotating collector and conductive additives on the β phase content and piezoelectricity of PVDF were investigated. To characterize the piezoelectric performance, the PVDF samples were tested under common mechanical forces: compressive, tensile, and flexural (bending). Finally, the piezoelectric output results were analyzed and compared. These are the highlights of the research in the present work.




2. Results and Discussion


2.1. Morphology of Electrospun Nanofibrous Membranes


Figure 1 represents the morphologies of the three sample types optimized by adjusting the ES parameters. Figure 1a is the scanning electron microscopy (SEM) image of the randomly oriented electrospun PVDF sample, which has the average fiber diameter of 155 ± 17 nm. Figure 1b,c shows the SEM images of the aligned electrospun PVDF without and with CNT with average fiber diameters of 118 ± 23 and 116 ± 21 nm, respectively. Thinner nanofibers are obtained using the rotating drum. A transmission electron microscopy (TEM) image of the aligned electrospun PVDF/CNT nanofibrous membrane is shown in Figure 1d. It is evident that individual CNT are well dispersed in the PVDF nanofibers. Most CNT are embedded within the PVDF nanofibers and oriented along the fiber axes without entangled CNT bundles. Thus, ultrafine electrospun PVDF nanofibrous membranes featuring high surface areas are successfully prepared both with and without CNT. To quantify the alignment of the fibers in each electrospun PVDF sample, the fiber alignment was determined by measuring the degrees of deviation between fibers. The fiber alignments of the randomly oriented electrospun PVDF, aligned electrospun PVDF, and PVDF/CNT are 73° ± 41°, 4.3° ± 7.4°, and 6.1° ± 8.3°, respectively. By comparing the results, it can be clearly understood that a lower fiber deviation angle indicated better fiber alignment, which is further improved by using the rotating collector. However, the addition of CNT did not affect or alter the membrane morphology.




2.2. Crystallinity of Electrospun Nanofiber Membranes


To quantify the variation of the PVDF crystal phases, Fourier-transform infrared (FTIR) spectroscopy was used in this study. Figure 2 shows the FTIR spectra for the randomly oriented electrospun PVDF, aligned electrospun PVDF, and PVDF/CNT, respectively. The α phase is indicated by the bands at 765, 795, and 975 cm−1, and the β phase by those at 840 and 1278 cm−1 [15]. As expected, clear β phases are observed in the aligned electrospun PVDF and PVDF/CNT samples. The relative β-phase fractions of the PVDF samples, F(β), are estimated through the FTIR spectra; the absorption is assumed to follow the Lambert–Beer law [15], and F(β) is calculated using Equation (1):


  F  ( β )  =    X β     X α  +  X β    =    A β     (     K β     K α     )   A α  +  A β     



(1)




where Aα and Aβ are the ratios of incident and absorbed intensity at 765 and 840 cm−1, respectively. Kα and Kβ are the absorption coefficients at the respective wavenumber, and Xα and Xβ the degree of crystallinity of each phase. The value of Kα is 6.1 × 104 cm2/mol and Kβ is 7.7 × 104 cm2/mol. Thus, the constant factor 1.3 is obtained from the absorption coefficient rate Kβ/Kα at the corresponding wave number.



The values of F(β) for the PVDF samples are shown in Table 1. The randomly oriented electrospun PVDF collected on a fixed copper grid has 79% β phase. By adjusting the electric field and the rotation speed of the rotating drum, the β phase of the aligned electrospun PVDF reaches 88%. Moreover, the aligned PVDF nanofibrous membranes with CNT show a further increased β phase content of 89%. Therefore, by using the rotating collector in ES, β phase formation is effectively and significantly induced. Thus, CNT addition induces charge accumulation at the material boundary, facilitating the arrangement of PVDF chains in the β-phase conformation [11].



Reinforcements commonly affect polymer crystallization by: (i) acting as nucleation sites for polymer crystallization; and (ii) the immobilization of polymer chains. These effects are intrinsically in opposition, because nucleation increases the crystallinity while chain immobilization delays the crystallization process [24]. Thus, the crystallinity may be influenced by the addition of CNT.




2.3. Piezoelectric Properties of Electrospun Nanofibrous Membranes


Measurements of the piezoelectric coefficient (d33) were used to examine the relationship between the crystallization and piezoelectricity. Table 1 lists the d33 values of the PVDF samples. The d33 values of randomly oriented electrospun PVDF, aligned electrospun PVDF, and PVDF/CNT are 16.8 pC/N, 27.4 pC/N, and 31.3 pC/N, respectively. The d33 value of aligned electrospun PVDF is approximately 1.6 times higher than that of randomly oriented PVDF nanofibrous membranes. Therefore, the mechanical stretching provided by the rotating collector facilitates the crystallization of the β phase and the piezoelectric coefficient is increased with the F(β) value. Although the β phase fraction is only slightly improved in the aligned electrospun PVDF/CNT, this sample exhibits a higher piezoelectric coefficient. The poor enhancement of crystallinity may cause a low dielectric constant. However, the results show that the piezoelectric coefficient of the aligned electrospun PVDF/CNT is higher. The polarization can be enhanced by adjusting the permittivity or dielectric constant of the piezoelectric PVDF polymer by incorporating a conductive phase within the nanofibers [17].




2.4. Mechanical Properties of Electrospun Nanofibrous Membranes


The representative tensile load-displacement curves of the randomly oriented electrospun PVDF, aligned electrospun PVDF, and PVDF/CNT nanofibrous membranes are shown in Figure 3. The load-displacement curves of the three fiber membranes display significant yielding because of the de-entanglement of the nanofibrous webs with applied force. The average tensile strengths of the three PVDF samples are 2.9 N, 5.1 N, and 7.4 N, respectively. The significant improvement is due to the increase in the degree of fiber alignment. When the fibers are oriented in the loading direction, the uniaxial orientation of the fibers helps to distribute the tensile force equally among all fibers [19]. After CNT incorporation, the tensile strength is further increased. The increase in the tensile strength is attributed to the alterations in the polymer microstructure produced through ES and poling [17] and the presence of high-tenacity CNT that are well incorporated within the PVDF nanofibers. Furthermore, the mechanical properties of the aligned electrospun PVDF/CNT are drastically improved; these specimens show higher elongation at break. This is mainly attributed to the physical interaction between the polymer chains and CNT, which may reinforce the electrospun fibers.




2.5. Piezoelectric Responses of Electrospun Nanofibrous Membranes


2.5.1. Piezoelectric Responses under Dynamic Compression


For the compression test, the PVDF samples were cut into circular shapes with diameters of 4 cm. To form piezoelectric units, the samples were simply sandwiched between two copper foils as electrodes with two polypropylene (PP) films placed on the top and the bottom of each unit. The prepared piezoelectric units with randomly oriented electrospun PVDF, aligned electrospun PVDF, and PVDF/CNT were then compressed between two stainless steel cylinders of 3 cm in diameter by a material testing system. The piezoelectric units were assessed under the same compression conditions. Firstly, a prestressing force of 8 N was applied to ensure close contact between adjacent layers of the units. Compressive forces were then applied to the piezoelectric unit at the frequency of 0.5 Hz from 200 N to 350 N. The piezoelectric responses were measured by a source meter unit (SMU) and the results are shown in Figure 4.



To compare the output voltages of the piezoelectric PVDF units, the values of the output voltages under varied compressive forces were averaged as shown in Figure 5. The results show that the output voltage values of the units containing aligned electrospun PVDF are almost twice those from units with randomly oriented electrospun PVDF. The addition of CNT further improves the piezoelectric properties; the output voltages are even higher than those obtained from units with aligned electrospun PVDF. The sensitivities of the piezoelectric PVDF units with randomly oriented electrospun PVDF, aligned electrospun PVDF, and PVDF/CNT are 1.30 mV/N, 1.93 mV/N, and 2.26 mV/N, respectively. The results indicate that the three PVDF samples show excellent sensitivities.




2.5.2. Piezoelectric Responses under Dynamic Tension


For tensile testing, the PVDF samples were cut to 3 × 3 cm2. To keep the flexibility of the PVDF samples, elastomeric nonwoven material was coated with gold for use as the electrodes. The samples were sandwiched between layers of the gold-coated elastomeric nonwoven. During the tensile tests, the prepared piezoelectric units with PVDF samples were subjected to strain by a universal testing machine. Based on the mechanical properties results from Section 2.4, the yield points of the PVDF samples are observed as ~12% strain. Therefore, the piezoelectric PVDF units were evaluated under 4–10% strain at the frequency of 1 Hz. The piezoelectric responses are shown in Figure 6. The values of the output response curves depend on the applied strain. The electrical signals are stable and repeatable. Furthermore, when more than 8% strain is applied to the randomly oriented electrospun PVDF, the response signal becomes unstable. This is because the strain yielding point is <7% for this PVDF membrane.



To compare the output voltages of the piezoelectric PVDF units, the applied strains of the PVDF samples were conversed to forces. The relationships between tensile strains and output voltages are plotted in Figure 7. The sensitivities under tension of the piezoelectric PVDF units containing randomly oriented electrospun PVDF, aligned electrospun PVDF, and PVDF/CNT are 1.16 mV/%, 3.47 mV/%, and 4.29 mV/%, respectively. The PVDF samples show higher sensitivities under tension than under compression, because the tension is applied in the direction vertical to the polarization direction of the PVDF samples [25].




2.5.3. Piezoelectric Responses under Dynamic Bending


In addition to compression and tension, other kinds of forces appear in human motion. In this study, the PVDF samples were evaluated under bending forces to demonstrate their practical piezoelectric outputs. In the bending-induced piezoelectric response tests, the PVDF samples were cut into 3 × 3 cm2 squares. To maintain the flexibility of the PVDF samples, copper tapes were used as the electrodes and black Bristol paper was used as the insulating layers. The piezoelectric PVDF units were fixed by double-sided tape between two acrylic boards and bent to angles from 10° to 180°. Each piezoelectric output value induced by a certain bending angle was measured and averaged. The results are shown in Figure 8. The output voltages of all three PVDF samples reach the highest values when they are bent to 100°. The output voltage values of the randomly oriented electrospun PVDF, aligned electrospun PVDF, and PVDF/CNT are 0.75 V, 1.52 V, and 1.89 V, respectively. It can be seen that the output voltage values are decreased for bending angles of ≥110°. This observation is explained based on the following causes: the induced dipoles of the electrospun PVDF membranes are oriented parallel to the thickness direction. For increased bending angles, the PVDF membranes are folded. This decreases the piezoelectric output because of the dramatic decrease of the net dipole moment attributed to the opposite dipole arrangement in the folded structure [26].



To enhance the output voltage and current, several piezoelectric units of aligned electrospun PVDF/CNT were connected in series and parallel and loaded by bending at 100°. The piezoelectric output results are shown in Figure 9. The output voltages and currents of the two piezoelectric PVDF units in series and parallel connections are 2.92 V and 11 nA, respectively. Although the output voltage and current are increased with the number of piezoelectric PVDF units in connection, the output values do not increase linearly. This is caused by internal current losses from resistance in the connecting wires, which induces insignificant increases in the voltage and current. The multiply connected piezoelectric PVDF units do show improved output voltage and current and increased overall sensitivity.






3. Materials and Methods


3.1. Materials


PVDF pellets (Kynar®720, Arkema Group, Colombes, France) with a molecular weight of 263,000 and multiwall CNT of 95% purity and diameters of 10–20 nm (Golden Innovation Business Company, Taipei, Taiwan) were used in this study.




3.2. Preparation of Aligned Electrospun PVDF/CNT Nanofibrous Membranes


A suspended CNT/n-dimethylformamide (DMF) solution was prepared by adding 0.025 g of CNT powder to 6 g of DMF solution and sonicating for 20 min at 40 Hz with an ultrasonic cell disruptor. Then, 2.2 g of PVDF pellets were added to the as-prepared CNT/DMF solution at 100 °C with stirring, and the solution was held at 25 °C. The PVDF/CNT solution (18 wt %) for ES was prepared by adding 4 mL acetone to the as-prepared PVDF/CNT solution to enhance evaporation.



An ES device consisting of an injection spinneret was powered by a syringe pump (KDS 101 Series, KD Scientific Inc., Holliston, MA, USA), which was connected to a Teflon tube attached to a stainless-steel needle (diameter = 0.23 mm). The electrostatic controller (SM 4030-24NIR, You-Shang Technical Corp., Taoyuan, Taiwan), connected to the spinneret and collector, was grounded. The PVDF nanofibrous membranes were directly electrospun and deposited on two kinds of collectors of a fixed copper grid and a rotating drum to obtain different morphologies in the electrospun membranes. The CNT content of electrospun PVDF/CNT nanofibrous membranes was 1 wt %.




3.3. Characterization


The morphologies of the electrospun nanofibrous membranes were analyzed using SEM (JSM-6390,JEOL Ltd., Akishima, Japan) at 20 kV. The membranes prepared by ES were directly placed onto a copper grid coated with a holey carbon film and examined through TEM (F20, Philips, Andover, MA, USA) operated at 200 kV.



During differential scanning calorimetry (DSC) (DSC-4000, Perkin Elmer, Waltham, MA, USA), the electrospun nanofibrous membranes were scanned from 25 to 230 °C at a rate of 20 °C/min and then maintained at isothermal conditions for 3 min at 230 °C. The membranes were subsequently cooled to ambient temperature at 20 °C/min. FTIR (FTIR-4600, JASCO, Easton, MD, USA) scans were recorded over the range 1500–650 cm−1 at the resolution of 4 cm−1.



A universal testing machine (QC-508M2, Cometech, Taichung, Taiwan) was used to perform tensile testing of the electrospun nanofibrous membranes at room temperature, according to ASTM D882. Dumbbell specimens with a gauge length of 33 mm and a width of 6 mm were prepared for each tensile test. The crosshead speed was 50 mm/min. All reported tensile properties were the average of at least five tests.



The piezoelectric coefficients of the poled electrospun nanofibrous membranes were analyzed with a wide-range d33 meter (d33, YE2730, APC International Ltd., Mackeyville, PA, USA). This system is used to directly measure the d33 values of piezoelectric materials. For the piezoelectric response characterization, the electrospun nanofibrous membranes were sandwiched between conductive electrodes and loaded with different types of mechanical forces. The piezoelectric responses of the electrospun nanofibrous membranes were measured using a source meter unit (SMU, Keithley 2400, Tektronix Inc., Beaverton, OR, USA), and the data were collected and observed by a computer.





4. Conclusions


In this study, PVDF membranes were prepared through ES, and the effects of morphology and β phase content on their piezoelectric properties were investigated. The conclusions are as follows:




	
The randomly oriented electrospun PVDF, aligned electrospun PVDF, and aligned PVDF/CNT nanofibrous membranes were successfully prepared by using fixed or rotating collectors.



	
By adjusting the ES parameters, the β content and the d33 value of the aligned electrospun PVDF are increased relative to those of randomly oriented electrospun PVDF, because the rotating drum provided additional mechanical poling to the aligned electrospun PVDF. The aligned PVDF/CNT showed even greater enhancements in β phase content and d33 value.



	
The tensile sensitivities of the PVDF samples were much higher than the compressive sensitivities because the tension was applied vertical to the polarization direction of the PVDF membranes.



	
When the PVDF samples were subjected to bending, the output voltage did not increase linearly with increased bending angles because of the complicated forces involved. However, the ease of achieving high electric outputs indicates that bending forces are promising sources with high sensing sensitivity and resolution.
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Figure 1. SEM images of: (a) randomly oriented electrospun PVDF; (b) aligned electrospun PVDF; and (c) aligned electrospun PVDF/CNT. (d) TEM image of aligned electrospun PVDF/CNT nanofiber. 
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Figure 2. FTIR spectra for the PVDF samples. 
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Figure 3. Tensile load-displacement curves of PVDF samples. 
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Figure 4. Piezoelectric output voltage waves of the piezoelectric units with: (a) randomly oriented electrospun PVDF; (b) aligned electrospun PVDF; and (c) aligned electrospun PVDF/CNT under compressive forces from 200 N to 350 N. 
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Figure 5. Applied compressive force vs. output voltage of the piezoelectric PVDF units. 
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Figure 6. Piezoelectric output voltage waves of the piezoelectric units with: (a) randomly oriented electrospun PVDF; (b) aligned electrospun PVDF; and (c) aligned electrospun PVDF/CNT under tensile strains from 4% to 10%. 
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Figure 7. Applied tensile strain vs. output voltage of the piezoelectric PVDF units. 
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Figure 8. Bending angle vs. output voltage of the piezoelectric PVDF units. 
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Figure 9. (a) Output voltage waves of the piezoelectric units with aligned electrospun PVDF/CNT under 100° bending in series connection. (b) Output current waves of the piezoelectric units with aligned electrospun PVDF/CNT under 100° bending in parallel connection. 
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Table 1. F(β) values and piezoelectric coefficients of the PVDF samples.
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	Sample
	F(β) (%)
	d33 (pC/N)





	Randomly oriented electrospun PVDF
	79 ± 3
	16.8 ± 1.4



	Aligned electrospun PVDF
	88 ± 1
	27.4 ± 1.5



	Aligned electrospun PVDF/CNT
	89 ± 2
	31.3 ± 2.1
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