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Abstract

:

This study was undertaken to synthesize and characterize PVDF/CB (polyvinylidene fluoride/carbon block) nanofiber composites for flexible, wearable electronic applications. Nanofibers were produced by electrospinning method and used to produce thin films. Fiber surface morphologies were investigated by FE-SEM and HR-TEM, crystalline structures by FT-IR and P-XRD, and thermal characteristics by TGA and DSC. The prepared materials are thermally stable up to 390 °C. Mechanical properties were ascertained using tensile characteristics, and results showed that the addition of carbon black (CB) powder to PVDF polymer solution decreased Young’s modulus values and reduced the dielectric constant of PVDF nanofiber films. The obtained dielectric constants of nanofibers loaded with various concentrations of CB were found from 1.4 to 2.0. Flexible electronics materials are essential for the production of wearable electronics and various biomedical engineering applications. The PVDF/CB nanofibers containing 1% showed maximum Young’s moduli of 101.29 ± 15.94. Nanofiber thin films offer various advantages, including simplicity of manufacture, low power consumption, flexibility, and exceptional stability, all of which are crucial for flexible, wearable device applications.
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1. Introduction


The sophistication of smart electronics and healthcare robots has advanced significantly over recent years. Wearable gadgets, which are crucial components of robots, must not only be highly sensitive but also be flexible and safe for human use [1,2,3,4]. Silicone rubber and polydimethylsiloxane have been employed as innovative materials, but their sensitivities are lacking. It has been demonstrated that increasing the porosity of the dielectric layer, lowering the stiffness of a material, increasing material deformability, and enhancing the structural design of the dielectric layer may all enhance a material’s outcome efficiency [5]. In this context, fabrics comprised of nano- and microfibers are becoming more popular. Textile-based materials are durable, breathable, and flexible, which makes them ideal for extended usage, and are used to make pressure sensors [6,7,8]. PVDF (polyvinylidene difluoride, (C2H2F2)n) has excellent thermal stability and has been used by many researchers in this area because of its exceptional qualities, particularly its chemical resistance. PVDF is a semi-crystalline polymer which is usually produced in the form of nonpolar crystals but can be produced in a piezoelectric form by stretching or a ferroelectric form by heating Beta crystals. These properties stem from the strong electronegativity of fluorine atoms. Furthermore, Beta crystals are piezoelectric because when stress is applied, PVDF polymer chains produce parallel dipoles, and, thus, a net dipole moment. On the other hand, ferroelectricity is the result of spontaneous polarization that can be reversed by applying an external voltage. As a result, PVDF has attracted attention recently as a material for piezoelectric sensors [9] and electromechanical actuators [10], and, at a research level, for organic solar cells.



Carbon black (CB) is commonly dispersed in electrical media to modify physical characteristics. CB is produced by partially burning oil and is difficult to process because of its dusty nature. The principal applications for carbon black are in automotive and aircraft tires and industrial belts and hoses. CB particles are 3–500 nm and confer the capacity to resist UV degradation on polymeric media. The purity of CB and its surface properties depend on the manufacturing procedure. For instance, thermal CB (a large particle form) is produced by thermally breaking down gases, usually methane. Acetylene CB is created when acetylene is subjected to exothermic breakdown and is distinguished by its extreme purity. Other forms of CB include contact black and furnace black [11].



Nanofibers are fine fibrous materials <500 nm thick, which is around 1/200th of the thickness of a human hair and may be natural or synthetic, inorganic, or organic [12,13,14]. Because of their high specific surface areas, molecular arrangement effects, and enhanced mechanical, thermal, and optical properties, nanofibers have a wide range of applications, including in breathable and waterproof clothing. In addition, they are being considered for medical (e.g., artificial blood vessels) and health monitoring applications and in the environmental domain for filters and biosensors [15]. In particular, nanofibers have many possible uses in the biomedical industry, including as scaffolds for cartilage, skin, and capillaries in regenerative medicine. Scaffolding materials used to rebuild diverse organs must be stable and safe for use in the human body and possess suitable absorbability, porosities, mechanical strengths, oxygen permeabilities, and cell adhesion characteristics. Nonwoven textiles are considered to be suitable for drug-containing wound dressings if they can absorb 20 times their weight of water, but nanofibers are able to absorb twice this amount. Furthermore, nanofibers produce a structure similar to skin, which speeds up recovery.



Several techniques, such as electrospinning, melt-blowing, and the sea-island conjugate spinning method, have been developed to manufacture nanofibers [16,17,18]. However, electrospinning provides the most straightforward, affordable, and straightforward means of producing synthetic and natural nanofibers [19]. This technique entails filling a syringe with a polymer solution and applying a high voltage [20,21,22,23,24]. The nanofibers are then produced by an electrostatic effect [14]. The effects of electrospinning parameters have been well explained by several researchers, and current studies focus on applications and processing improvements [25,26,27,28,29]. Prominent industrial applications include filters and masks [30,31,32], electrodes for batteries and capacitors [33,34], materials for scaffolding in regenerative medical engineering [35,36], and wound dressings [37]. The nanostructures produced by electrospinning include fiber, Janus, and three-layer core–shell structures, which include tree-like and other complex structures. In addition, the technology is rapidly expanding to include more complicated nanofiber structures, such as coaxial, side-by-side, and triaxial forms. Furthermore, nanofibers can be functionalized by adding certain substances to the base polymer. These can be added by simple mixing, which is the method most often used [38]. The remarkable adaptability and flexibility of electrospinning have been well demonstrated. Fibers have been produced with special benefits, such as the ability to produce multidimensional structures in one to three dimensions or continuous, homogeneous nanofibers of required morphologies from many synthetic and natural polymers. Consequently, nanofibers can act as excellent carriers for bioactive substances as they can be targeted to specific locations and tailored to release drugs in a prescribed manner.



In the present study, we sought to produce nanofibers from PVDF, a material recently popularized by its electronic properties. PVDF is a semi-crystalline polymer with good heat and high-temperature stability. However, to reduce its Young’s modulus to match end use requirements, we loaded PVDF with different amounts of CB.




2. Experimental


2.1. Materials


As a polymeric material for creating nanofibers, polyvinylidene fluoride (PVDF; Mw; 350,000, Sigma-Aldrich, St. Louis, MO, USA) was used. The solvent acetone and DMF were procured from Wako, Japan (99.9%), and Sigma-Aldrich in the United States provided carbon black (CB) as the solute (40 μm, 150–250 m2/g, >100 ppm). The materials were used as purchased without further purification.




2.2. Instrumentations


Sample surfaces and morphologies were examined by transmission electron microscopy (TEM; JEM-2100, JEOL, Tokyo, Japan) and scanning electron microscopy (SEM; JSM-6010LA, JEOL, Tokyo, Japan). FT-IR (Fourier-Transform Infrared Spectroscopy, FT/IR-6600, JASCO, Tokyo, Japan) (range of 4000 to 400 cm−1, resolution 4 cm−1) was used to confirm the identities of the manufactured materials and the background and samples in reflection mode. The crystal structures of samples were studied by XRD (X-ray diffraction, MiniFlex300, Rigaku, Shibuya, Japan). The thermal properties of nanofibers were investigated by thermal gravimetric analysis (TGA 8120, Rigaku, Tokyo, Japan) at 10 °C/min over the temperature range 0 to 600 °C. Differential scanning calorimetry (DSC) was performed at 5 °C/min using a Shimadzu (Kyoto, Japan) instrument in the temperature range 0 to 180 °C. A thermomechanical analyzer (TMA; Tokyo, SS6100, SII) was used to determine fiber thermal shrinkages.




2.3. Electrospinning Method


DMF and acetone were mixed at a ratio of 2:3 (v/v), and 25% of PVDF was then added with stirring at 80 °C. CB 1 wt%, 3 wt%, 5 wt%, 7 wt%, or 10 wt% was then added with mixing. The electrospinning device was equipped with a high-voltage supply of maximum output 100 kV (Har-100*12, Matsusada Co., Ltd., Tokyo, Japan) and a grounded rotating drum collector coated with oiled paper. Electrospinning was performed using a 20 mL plastic syringe fitted with a capillary tip of inner diameter 0.6 mm. There was a 15 cm gap between the tip collectors for both polymer solutions. Spinning was performed using an applied voltage of 12 kV. The nonwoven fabric manufactured was fastened with a ceramic plate in a high-speed electric furnace (SUPER-BURN: NHV-1515D, Motoyama, Japan) at 0 °C for 6 h. A schematic representation of the crystalline structure of PVDF and the preparation of PVDF/CB are provided in Figure 1i–iii [37].




2.4. Mechanical Studies


The tension control decreases stress to 0.1 MPa and increases the heating rate to 5 °C/min, and TMA measurements were taken throughout a temperature range of 20–200 °C. A Tensilon universal testing unit (RTC-1250A, A&D Co., Ltd. (Tokyo, Japan)) was used for the mechanical testing of prepared samples. The following calculations, (1) and (2), were used to compute stress and strain after the tension [29,37].


  ε =   ∆ l   l    



(1)






  σ =   F   A    



(2)




where   ε   is strain, σ is stress. Also, l is the original length of the specimen, and ∆l is the change in length, F is power, A is the cross-sectional area.



The dielectric constant was measured by impedance measuring equipment (Solartron-1260/1296, Analytical, Farnborough, UK). The dielectric constant was measured using the two-terminal approach, which involved sandwiching the nanofiber nonwoven fabric between two electrodes.





3. Results and Discussion


3.1. FT-IR Analysis


FT-IR analysis was utilized to establish the existence of functional groups in the nanofiber material and to determine its crystallinity. The FT-IR spectra of the pre- and post-stabilized PVDF/CB nanofibers are displayed in Figure 2a,b. The peak at 765 cm−1, 795 cm−1, and 975 cm−1 denotes the crystal phase, whereas the peak at 840 cm−1 and 1278 cm−1 of the generic PVDF molecule indicates the crystal phase [39]. When CB is added to PVDF, the peak intensity of the α crystal phase increases while the peak intensity of the β crystal phase decreases, as seen in Figure 2b. The findings point to a shift in the crystalline phase in PVDF. The β crystalline phase fraction F of each sample (β) was measured using FT-IR absorbance, which allowed for the calculation of the crystallinity of the nanofiber material. Assuming that the absorbance follows the Lambert–Beer equation, F(β) is Formula (3), computed using [40,41,42]:


  F ( β ) =   A ( β )   1.3   A   α   + A ( β )    



(3)







Absorbances at 765 and 840 cm−1, respectively, are represented by the variables A(α) and A(β), and the constant 1.3 was derived from the absorption coefficient at the appropriate wave number [40,41,42]. For PVDF nanofibers, obtained F(β) values were 81.1%, 74.0%, 68.9%, 58.6%, 56.0%, and 50.6%.



The FT-IR spectra of thermally stabilized PVDF nanofibers and PVDF/CB nanofibers are given in Figure 2b and show that β crystalline phase peak intensity increased at 840 and 1278 cm−1. The obtained F(β) values of stabilized PVDF/CB were 4.0%, 75.5%, 64.6%, 62.3%, 59.2%, and 52.7%, respectively. Adding CB reduced the β crystalline phase, much like it did before thermal stabilization. The results are comparable to DSC results and show that the presence of CB increases the amorphous character of PVDF. Additionally, PVDF/CB nanofibers and thermally stabilized nanofibers showed a slight increase in the β crystalline phase, presumably because thermal stabilization reduced the amorphous fraction but increased the crystalline portion.




3.2. P-XRD Results before and after Stabilization of PVDF/CB


Figure 3a,b shows powder XRD spectra of PVDF and PVDF/CB nanofibers before and after thermal stabilization. The α crystalline phase of PVDF was observed between 1.7.6° and 18.4°, whereas the β crystalline phase was observed at 20.9° [43,44,45,46]. Increasing the amount of CB reduced peak intensities. In particular, the peak at 18.4°, which represents the crystal phase, reduced noticeably. In addition, the peak at 20.9°, corresponding to the crystal phase diminished. These findings confirmed that adding CB reduced the crystalline fraction and increased the amorphous fraction. In addition, a peak corresponding to the γ crystal phase of PVDF was observed for all nanofibers at 20.3° [43]. Because the crystal phase has an intermediate structure between the crystal phase and the crystal phase, it can be seen that the PVDF nanofibers and PVDF/CB nanofibers before heat treatment are mostly constituted of the crystal phase and the crystal phase.



The XRD patterns of thermally stabilized PVDF nanofibers and PVDF/CB nanofibers are shown in Figure 3b. According to the results, the peak at 18.4° represents the α crystalline phase, whereas the peak at 20.9° represents the β crystalline phase. Similarly, the peak at 20.3° denotes the γ crystalline phase, and this peak shifts to 20.9° after PVDF/CB nanofiber stabilization. Most of the intermediate γ crystalline phase changed to become the β crystalline phase after stabilization. Furthermore, when the crystalline phase’s peak intensity grows, the amorphous fraction drops, indicating that the crystalline phase has risen. DSC, FT-IR, and this, similar to how thermal stabilization decreases the amorphous portion, prove that the crystalline phase has increased.



It is also expected that both the crystalline structures of fibers and the fiber morphologies may play a crucial role in the mechanical properties of nanofiber filaments. PVDF shows four polymorphs (α, β, γ, and δ), depending on the thermal treatment. The most studied and important polymorphs are α and β phases. Figure 3 shows WAXD patterns of PVDF nonwoven nanofibers and PVDF nanofiber filaments prepared with different numbers of twists. The PVDF nonwoven nanofibers showed the characteristic peaks at 2θ = 18.5°, 20.0°, and 20.6°, corresponding to α(202), α(111), and β(200/110) phases, respectively, indicating the coexistence of the α phase and the β phase in the PVDF nonwoven nanofibers. On the contrary, in the case of PVDF nanofiber filaments, the strong characteristic peak at 2θ = 20.6° was drastically reduced, whereas a new peak appeared at 2θ = 20.0°, which corresponds to the α(111) phase that became evident, suggesting that the transformation from β to α phase occurred by the sheer force driven by twisting.




3.3. Surface Morphology Analysis


FE-SEM images of stabilized PVDF/CB nanofibers are shown in Figure 4. The images show clean surfaces without beads but increased surface roughness after adding CB. The images are representative of 50 randomly selected fibers. The average fiber diameter of PVDF nanofibers at 1%, 3%, 5%, 7%, and 10% CB were 450, 415, 432, 404, and 413 nm, respectively. That is, CB loadings did not significantly affect fiber diameter. Images of corresponding thermally stabilized nanofibers are shown in Figure 4. Their surfaces were rougher than those of non-thermally stabilized fibers due to fiber thermal contraction during thermal stabilization. The twisted character on the nanofiber surface is the outcome. The average fiber diameters of thermostabilized nanofibers containing CB at 1%, 3%, 5%, 7%, and 10% were 394, 553, 447, 422, 493, and 468 nm; that is, average fiber diameters were increased by thermal stabilization and possibly shrinkage.



HR-TEM was used to investigate the surface morphologies of nanofibers further (Figure 5). Increasing the CB loading caused more aggregation and increased fiber roughness. At the highest loading of 10%, fibers were obviously rougher.



Figure 6a represents the machine setup of the electrospinning, the prepared PVDF/CB nanofiber before and after stabilization is depicted in Figure 6b,c, and the flexibility of the nanofiber is shown in Figure 6d. The surface roughness of the PVDF/CB nanofiber composites was analyzed by AFM analysis (Figure 6e–h). The average surface roughness of the PVDF/CB before stabilization was calculated to be 344.6 nm, and after the stabilization of PVDF/CB, it was calculated as 397.7 nm. The obtained results suggest the stabilization process increases the surface roughness of the nanofiber.




3.4. Thermal Analysis


The thermal characteristics of stabilized PVDF and PVDF/CB nanofibers were investigated using TGA and DSC. TGA showed that PVDF nanofibers exhibit no weight loss from ambient temperature to 390 °C (Figure 6) but weight loss between 390 and 450 °C and at ~530 °C (Figure 7). The first weight loss was attributed to depolymerization and degradation of the polymer structure [47,48]. The second weight loss was attributed to the instability of aromatic compounds generated during the first weight loss. Interestingly, PVDF/CB was more thermally stable than PVDF nanofiber. The weight loss of PVDF nanofibers began at 390 °C, whereas the weight loss of nanofibers containing 10% of CB began at 450 °C. That is, the addition of CB to PVDF increased thermal stability [47,49].



DSC thermographs of PVDF nanofibers and PVDF/CB nanofibers are shown in Figure 8a,b. During heating and cooling, a small endotherm was detected between 49 °C and 51 °C. This is typically observed for crystalline polymers and is attributed to the crystallization of amorphous material [50]. A prominent peak was observed at ~136 °C, corresponding to the melting point of PVDF/CB nanofiber. The result also displays the corresponding melting enthalpies and temperatures at which they melt at different temperatures. The melting enthalpy of PVDF nanofiber was increased by CB addition. A DSC thermograph of PVDF crystallization was taken between 107 and 109 °C [51]. Adding CB to PVDF decreased the enthalpy of crystallization, suggesting that CB retards the crystallization of PVDF. However, it was not determined whether the crystal phase that formed was piezoelectric.



DSC thermographs of thermally stabilized PVDF and PVDF/CB nanofibers are shown in Figure 9. The figure shows the presence of two peaks between 99 and 136 °C, which represent the melting points of the crystalline phases of PVDF. The PVDF/CB nanofiber crystalline phase caused the low-temperature peak, and the PVDF/CB nanofiber crystalline phase the high-temperature peak [52]. In contrast to the enthalpy of fusion preceding thermal stabilization, the enthalpy of fusion following thermal stabilization is greater. Thermal stabilization is presumed to have increased the crystalline component at the expense of the amorphous component.




3.5. Mechanical Strength Analysis


Figure 10 shows thermally stabilized PVDF and PVDF/CB nanofiber stress–strain curves, and Figure 11 reveals corresponding stress–strain curves for different CB loadings. PVDF nanofibers failed at 20.07 ± 3.58 MPa, whereas PVDF/CB nanofibers at the different loadings failed at 1.49 ± 0.79, 8.06 ± 0.47, 8.25 ± 0.22, 8.00 ± 0.39, and 7.57 ± 0.40 MPa, respectively. The reduction in fracture stress was assumed to be due to CB aggregation, which causes stress concentrations and increases the likelihood of fractures. Because of the average fiber diameter, the CB quantity applied was 1 wt%. A previous study showed larger-diameter fibers have greater breaking strain [53]. The Young’s modulus of PVDF nanofibers was calculated by estimating the slope of a straight line drawn through the stress–strain diagram at a strain value of 2%. PVDF/CB nanofibers containing 1%, 3%, 5%, 7%, and 10% CB had Young’s moduli of 101.29 ± 15.94, 94.75 ± 10.40, 58.80 ± 4.63, 71.78 ± 3.54, 57.84 ± 3.67, and 68.75 ± 3.20 MPa. The addition of 1% of CB exhibited the greatest Young’s modulus.



The thermal shrinkage behaviors of thermally stabilized PVDF and PVDF/CB nanofibers were investigated by thermomechanical analysis; results are shown in Figure 12. At temperatures higher than 90 °C, PVDF nanofibers start to shrink, possibly caused by loss of the β phase to amorphization and relaxation [54,55,56,57]. Nanofiber contraction peaked at 131 °C; there was a thermal shrinkage of 2 mm, and it broke at a melting point of 140 °C. Young’s moduli explain why PVDF/CB nanofibers elongated at 112 °C. PVDF/CB nanofibers had a lower Young’s modulus and were more readily deformed than PVDF nanofibers. When CB was added at 1%, nanofibers shrank at 112 ℃, and this peaked at 134 ℃, resulting in a 900 μm contraction. Furthermore, nanofibers containing 3 wt% of CB exhibited shrinkage at 110 °C and peak shrinkage at 123 °C, which resulted in a thermal shrinkage of 17 μm. The 5, 7 and 10 wt% of CB loaded PVDF/CB nanofiber exhibited a small amount of thermal shrinkage at 115 °C. These observations show that CB at 5% loading is believed to have little effect on heat shrinkage. Crystal structure, crystal relaxation, and amorphization, and, thus, molecule mobility, were diminished due to the aggregation of CB within PVDF nanofibers.




3.6. Dielectric Constant Measurements


The dielectric constants of PVDF/CB are presented in Figure 13a,b in the frequency range of 100–10−6 Hz at room temperature. According to the findings, the produced nanofiber’s dielectric constant at 1000 Hz is, correspondingly, 1.4, 1.5, 1.6, 1.7, and 2.0. The dielectric constant of the PVDF resin was 7.70. When the dielectric constants of PVDF resin and the nanofibers produced were compared, the dielectric constants of nanofibers were found to be obviously lower. The low-density nanofiber nonwoven fabric had a sponge-like structure and much air, which markedly affected measured dielectric constants. On the other hand, the inclusion of CB dose-dependently increased the dielectric constant due to its conductivity. Furthermore, polarization and electron mobility were enhanced by the presence of CB in nanofibers [58,59]. Relations between dielectric loss coefficients and frequency are plotted in Figure 13b. The energy lost when an alternating electric field is applied to an insulator (dielectric) is referred to as dielectric loss, and the dielectric losses of PVDF/CB at 1000 Hz were 0.010, 0.022, 0.028, 0.015, 0.028, and 0.053. At 1000 Hz, the dielectric loss of PVDF resin was 0.018 [58], and the dielectric loss of nanofibers increased dose dependently on adding CB to PVDF due to the increased electron mobility caused by adding CB.





4. Conclusions


In this study, PVDF/CB nanofibers were created using an electrospinning process, and the nanofibers were thermally stabilized to improve their properties. Nanofiber shapes were determined by FE-SEM and HR-TEM, and the results showed fiber diameters were increased by CB addition due to CB aggregation and as a result of thermal contraction during the thermal treatment. DSC study revealed that crystallization enthalpy was inversely proportional to the amount of CB added, which suggested that the ability of PVDF to crystallize was reduced by the presence of CB. Furthermore, crystal structures were verified by FT-IR, which also showed the β crystalline phase was present in all nanofibers produced. The γ crystalline phase, which is intermediate between the α and β crystalline phases, and the amorphous state were evident in nanofibers by P-XRD before thermal stabilization. Thermogravimetric measurements showed CB conferred remarkable thermal stability on PVDF/CB. Tensile experiments showed adding CB to thermally stabilized PVDF/CB nanofibers reduced Young’s moduli and fracture stress. Thermomechanical analysis was used to assess the thermal stability of PVDF/CB nanofibers. By adding CB, thermal shrinkage might be reduced. Furthermore, 5 CB wt% heat shrinkage was unaffected by the addition of the quantity above. Dielectric constant measurements demonstrated that PVDF/CB nanofibers had considerably lower dielectric constants than PVDF resin, and, in addition to lower Young’s moduli, PVDF/CB nanofibers were softer and more easily deformed than PVDF nanofibers. These properties and their excellent thermal stabilities indicate that PVDF/CB nanofibers are a promising raw material for flexible electronics and biomedical applications.
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Figure 1. The schematic representation of the preparation of PVDF/CB nanofiber (i), the molecular structure and the crystalline alignment of PVDF (ii), and the electrospinning process for the preparation of nanofiber (iii). 
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Figure 2. FT-IR spectra of PVDF/CB nanofiber (a) and stabilized PVDF/CB nanofiber (b). 
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Figure 3. XRD patterns of PVDF/CB nanofiber (a) and PVDF/CB nanofiber after stabilization (b). 
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Figure 4. The FE-SEM images of the stabilized PVDF/CB nanofiber at various loading percentages. 






Figure 4. The FE-SEM images of the stabilized PVDF/CB nanofiber at various loading percentages.



[image: Coatings 14 00035 g004]







[image: Coatings 14 00035 g005] 





Figure 5. HR-TEM images of stabilized PVDF/CB nanofiber at various percentages; circle: loaded CB particle on the surface of PVDF nanofiber. 
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Figure 6. The electrospinning machine setup (a), the PVDF/CB nanofiber images before (b) and after (c) stabilization, flexibility (d), and the AFM results of the nanofibers (e–h). 
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Figure 7. TGA curves of stabilized PVDF/CB nanofiber. 
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Figure 8. Heating (a) and cooling (b) DSC thermograms of PVDF/CB nanofiber. 
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Figure 9. Heating DSC thermograms of stabilized PVDF/CB nanofiber. 
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Figure 10. Stress–strain curves of PVDF/CB nanofibers at various concentrations. 
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Figure 11. The stress–strain curves of PVDF/CB nanofibers at various concentrations and different loadings (lower to higher; black < lavender < pink < green < blue). 
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Figure 12. TMA curve of PVDF/CB nanofibers at various concentrations. 
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Figure 13. The dielectric constants (a) and dielectric loss of PVDF/CB nanofibers (b). 
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