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In this work, non-woven mats of poly(vinylidene fluoride; PVDF) containing different weight fractions (2.5, 5, 10, and 12.5 wt%) of a nanostructured conductive additive based on montmorillonite—dodecylbenzenesulfonic acid—doped polypyrrole (Mt-PPy.DBSA) have been prepared by electrospinning. The effect of Mt-PPy.DBSA content on the properties of PVDF solution, mats morphology, thermo-mechanical, and electrical properties was investigated. Polymorphism of PVDF/Mt-PPy.DBSA mats was investigated by Fourier Transform Infrared (FTIR) spectroscopy. Moreover, the electromagnetic interference shielding effectiveness (EMI SE) and EMI attenuation mechanism was investigated. In order to perform a comparative study, nanocomposites with the same weight fraction of Mt-PPy.DBSA was also prepared by solution casting. The PVDF/Mt-PPy.DBSA mats display fibers with smaller diameters than neat PVDF, due to the increment in the ionic conductivity of the solution. The incorporation of the Mt-PPy.DBSA additive slightly improved electrical conductivity of the mats and they behave like as an electrically insulating material (10−14 S cm−1), due to their porosity, that prevents the formation of a conducting network. Furthermore, the EMI SE of electrospun mats is practically null, indicating that they are almost transparent to magnetic waves. On the other hand, nanocomposites fabricated by solution casting display superior electrical conductivity (10−2 S cm−1) and EMI SE reached values of −5 dB.
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INTRODUCTION

There is a strong scientific and technological interest for producing conductive polymer composites (CPC's) due to the wide design flexibility and properties that can be obtained by combining different materials. Moreover, CPC's can display both the advantages of organic polymers, such as lightweight, flexible and easily moldable, and functionality of conductive additives, especially the electrical conductivity (Kim et al., 2003; Das et al., 2009; Lakshmi et al., 2009; Pirvu et al., 2011; Qin and Brosseau, 2012; Yan et al., 2012; Luzio et al., 2014; Merlini et al., 2017; Ramoa et al., 2018; Ram et al., 2019).

Intrinsically conducting polymers (ICP's), such as polypyrrole (PPy) and polyaniline (PANI), have been used as conductive filler to produce CPC's (Moučka et al., 2011; Jin et al., 2016; Merlini et al., 2017; Ramoa et al., 2018). Considerable efforts have been made in order to improve the dispersion of ICP's into the matrix and to reduce the amount of the filler necessary to achieve high values of electrical conductivity. Works in literature have reported that the synthesis of PPy into layered inorganic host material, such as, montmorillonite (Mt), results in nanostructured conductive filler of Mt/PPy, with an intercalative or exfoliated structure, large surface area, and high electrical conductivity (Moučka et al., 2011; Jin et al., 2016; Merlini et al., 2017; Ramoa et al., 2018). The chemical in situ polymerization has been the most studied method for the production of Mt/PPy nanostructured conductive filler. This technique consists of inserting PPy into Mt layers through the chemical in situ polymerization of pyrrole (Py) in the presence of Mt suspension, using an oxidant. da Silva Ramôa et al. (2015) investigated the effect of the anionic and cationic surfactants used in the pyrrole polymerization, in the morphology and properties of Mt-PPy. The authors concluded that the Mt acts as a template for the Py polymerization, inducing a greater orientation of the PPy chains between the clay layers. Moreover, the anionic surfactants (as DBSA) promoted the intercalation and partial exfoliation of the clay. In this context, the use of nanostructured conductive filler based on Mt-PPy.DBSA can be a strategy to improve the filler dispersion and the electrical conductivity of CPCs, when compared to neat PPy (Ramoa et al., 2018).

Among possible applications of electrically conductive polymer composites containing nanostructured conductive filler, studies in the literature (da Silva Ramôa, 2015; Vargas et al., 2018) have demonstrated the potential for electromagnetic shielding applications (Ramoa et al., 2018). Nowadays, due to the increasing usability of electronic devices in commercial and military setting, electromagnetic interference has become a serious environmental problem (Idris et al., 2015; Liu et al., 2015; Ni et al., 2015; Ramoa et al., 2018). Most of CPC's used as attenuating materials have been processed from conventional manufacturing methods, such as, solution casting or polymer melting procedure, in order to form a conducting network of particles into the matrix (Al-Saleh et al., 2011; Ramoa et al., 2013; Merlini, 2014). However, recent works have been demonstrated the potential of using composite nanofibers for EMI (Im et al., 2009). Among the approaches reported to fabricate non-woven fibrous mat for EMI SE applications, electrospinning can be considered a simple, cheap, and versatile technique (Li and Xia, 2004; Greiner and Wendorff, 2007; Agarwal et al., 2009; Long et al., 2011; Luzio et al., 2014; Ni et al., 2015; Obaid et al., 2016; Liao et al., 2018; Qiao et al., 2018). Basically it is used a syringe filled with the desired polymeric solution where a high electric potential is applied to overcome the surface tension of the fluid, in order to expel it already as fiber (Agarwal et al., 2013; Luzio et al., 2014; Nthumbi et al., 2017; Ji et al., 2018). The nanofiber formation undergoes three stages: (i) stretching and development of a rectilinear jet; (ii) deformation jet with looping and spiraling trajectories, and (iii) fiber solidification with evaporation of solvents resulting fiber solidification deposited in a collector (Reneker and Fong, 2006; Liao et al., 2018).

The electrospinning of polymer composites using ICPs, such as, polypyrrole and polyaniline, is a approach extensively used, in order to provide new functionalities to the mats. The main challenge in the development of electrospun mats is to achieve a good dispersion of conductive additive in order to obtain defect-free fibers (Merlini et al., 2014, 2016). The use of conductive additive also increases the solution charge density and viscosity and usually makes difficult to prepare the electrospun mats. Moreover, great effort has been made to develop mats based on ICP with the good electrical conductivity, since the amount of filer, type of conductive filler, type of dopant and surfactant, chemical compatibility between the components, and porous structure affect the electrical behavior (Yanilmaz and Sarac, 2014). In this context, in our previous work (Merlini et al., 2018), it was investigated the effect Mt-PPy.DBSA, and neat PPy.DBSA on the properties of TPU mats. The TPU/MMT-PPy.DBSA mats exhibited more uniform fibers, and higher mechanical properties, and electrical conductivity than found for TPU/PPy.DBSA.

Relatively few publications on electrospun mats based on conductive nanocomposites for EMI SE applications have been reported in the literature. Jin et al. (2012) have studied the EMI SE of nanocomposites fibers made from polyacrylonitrile (PAN) containing carbon nanotubes (CNTs) and a magnetic nanoparticle of cobalt ferrite (CoFe2O4), fabricated by electrospinning. The mat with 5 wt% of CNTs and 10 wt% of CoFe2O4 (PAN/5CNT-10CoFe2O4) displayed an EMI SE varying from −0.4 to −0.5 dB over the frequency range of 8–12 GHz. In other work, reported by Im et al. (2009), electrospun fibers embedded fluorinated carbon black (CB) were heat-treated and the electrical conductivity of carbon composite reached ~38 S cm−1, and a high EMI shielding efficiency was obtained (−50 dB), over a frequency range from 800 MHz to 8.5 GHz. It is important to highlight that works reporting comparative analysis of the values of conductivity, morphology and EMI SE still limited, making it necessary to develop studies with this approach.

Considering this framework, in this study electrospun mats of PVDF/Mt-PPy.DBSA were fabricated and its structure, properties, and EMI SE were evaluated as a function of the conductive filler amount. The use of Mt.PPy.DBSA instead of neat PPy can be a strategy to ensure homogenous distribution of the conductive filler and to produce homogeneous fibers. The development of electrospun fibers can improve the surface area that could allow a better interaction with the electromagnetic wave, however, morphology, electrical conductivity, and thickness must to be evaluated. To the best of our knowledge, in the open scientific literature were not found studies that report the fabrication of electrospun mats containing nanostructured conductive additive of montmorillonite/polypyrrole (Mt-PPy), and evaluation of potential for EMI SE applications. For comparison purposes, membranes containing different concentration of Mt-PPy.DBSA were also produced by solution casting process. In this study, Poly(vinylidene fluoride) (PVDF) were used as a matrix because of its piezoelectric/pyroelectric (β crystal phase), coupled with superior mechanical properties and easy processability (Sarvi et al., 2013; Merlini et al., 2014).

EXPERIMENTAL

Materials

In this study, the poly (vinylidene fluoride) (PVDF), Solef® 6,010 was provided by Solvay. According to the manufacturer, the PVDF displays density of 1.74 g.cm−3, glass transition temperature of −40°C and melting temperature ranging from 170 to 175°C. It was used pyrrole (Py) monomer (Aldrich 98%) with molar mass of 67.09 g.mol−1. The montmorillonite (Mt), Sodium bentonite (Na+Mt), (VULGEL CN 45) of high purity was produced by Aliança Latina Indústrias and Comércio Ltda, with pH of 5.5 and electrical conductivity of 10−6 S cm−1. The chemical composition of dry Mt is: SiO2 (64.75%), Al2O3 (17.90%), Fe2O3 (3.55%), MgO (3.00%), Na2O (2.35%), CaO (0.60%), TiO2 (0.40%), and K2O (0.15). Iron (III) chloride hexahydrate (FeCl3·6H2O) analytical grade (270.3 g.mol−1) (Vetec) Dodecilbenzenesulfonic acid (DBSA) (Aldrich) with molar mass of 326.54 g.mol−1, acetone and dimethylformamide (DMF), with analytical purity degree (P.A.), from VETEC, were used as provided.

Mt-PPy.DBSA Synthesis

The synthesis of nanostructured conductive additive (Mt-PPy.DBSA) was performed through in situ oxidative polymerization, following the procedure described by da Silva Ramôa (2015). Firstly 2.5 g of clay were mixed in 250 mL of distilled water containing 7.15 g of DBSA (0.0219 mol), which represents a molar ratio surfactant/pirrol (DBSA/Py) of 1:5. This suspension was stirred for 2 h under magnetic stirring at room temperature, further, it was scattered in an ultrasonic processor (Sonics VCX 750) with 35% power (263 W). Then, 125 mL of aqueous solution containing 0.2541 mol of FeCl3.6H2O were added in a oxidant/Py molar ratio of 2.3:1 to the dispersion of Mt, under stirring. After 15 min, 50 mL of aqueous solution containing Py (0.1103 mol) were dropwise into the dispersion. The reaction was carried out for 1 h under magnetic stirring at room temperature. At the end of 24 h resting, the nanostructured conductive additive was filtered and washed several times with distilled water and dried in a vacuum oven at 60°C, up to constant mass.

Preparation of Electrospun Mats

The preparation procedure for electrospun mats of PVDF/Mt-PPy.DBSA were based on the method described by Merlini et al. (2014, 2015). Firstly, a determined amount of PVDF was dissolved in DMF by magnetic stirring in a thermostatic bath for 2 h at 70°C. Once the temperature downs back to 25°C (room temperature), acetone was added under stirring in order to decrease the viscosity of the solution (proportion of DMF/acetone−3:1 by weight). The solution (with a PVDF concentration of 20 wt%) was magnetic stirred for 1 h. The nanostructured conductive additive at various weight concentrations (2.5, 5, 10, and 12.5 wt%) was added into the solution and maintained under magnetic stirring for 15 min, and after, sonicated with an ultrasonic probe for 5 min. The suspensions were electrospun through a 10 mL syringe, with a needle with an internal diameter of 0.66 mm, coupled with a syringe pump (Instor Apparatus). The metallic collector was covered with an aluminum sheet and grounded, while the positive pole was connected to the syringe. The power supply used to generate the electric field has direct current up to 30 kV (Instor Apparatus). The PVDF/Mt-PPy.DBSA solution was electrospun by using a flow rate of 2.5 mL h−1, a voltage of 17.5 kV and needle-to-collector distance of 30 cm, according to the process parameters used by Merlini (2014) to electrospun mats of PVDF/PPy.DBSA. The electrospinning was carried out in an environment with around 20°C and 50% of humidity. The samples have been named as PVDF/Mt-PPy.DBSA [x], where x represents weight amount of conductive additive in the mat.

Preparation of Membranes by Solution Casting

In order to perform a comparative study, dense membranes with the same concentrations of additive were developed by casting process. The suspensions were prepared following the same procedure as the one for electrospinning process. The suspensions were deposited on a Petri dish and then they were placed in an oven under vacuum, at 70°C for 15 h. In the end of the process, the Petri dishes were withdrawals of the oven, and the membrane carefully removed.

Characterizations

To analyse the viscosity of the solutions used in both processes, a vertical laboratory rotating viscosimeter HAAKE™ VISCOTESTER™ 550—DC 10 was used. In each measure, the shear rate was of 0.46 s−1. Once the viscosity depends on the temperature, all measures were performed at 25°C.

The ionic conductivity of the solutions were performed with controlled temperature from 24 to 27°C in a conductivity meter model mCA150 by MS TECNOPON.

Micrographs of nanostructured conductive additive were obtained using a field emission scanning electron microscope (FESEM), Jeol JSM−6701F. The morphology of the electrospun mats and membranes produced by solution casting were analyzed using a Scanning Electron Microscope (SEM) (Jeol, model JSM-6390LV), with source of electrons of tungsten and secondary electron detector. Membranes produced by solution were previously fractured in nitrogen. The samples were fixed with double carbon tape in a sample holder, covered with gold and analyzed under an accelerating voltage of 10 or 15 kV. From the SEM images, the fiber average diameter was measured by using ImageJ free software.

Dynamic mechanical thermal analysis (DMTA) were carried out on a DMA Q-800 (TA Scientific) under the tensile mode on rectangular specimens with a 6.4 mm width and 30 mm length. The analysis were performed from −100 to 130°C at a heating rate of 3°C min−1, by using a frequency of 1 Hz, and a peak-to-peak displacement of 64 mm.

The Fourier Transform Infrared (FT-IR) spectra were obtained on a Bruker spectrometer (model TENSOR 27) equipped with an attenuated total reflectance probe (ATR). The spectra were obtained in wavenumbers from 1,600 to 600 cm−1, by accumulation of 32 scans, with a resolution of 4 cm−1.

The electrical conductivity of Mt-PPy.DBSA and high-conductivity membranes was measured using the four-probe standard method with a Keithley 6220 current source to apply the current and a Keithley Model 6517A electrometer to measure the potential difference. The electrical conductivity (σ) (S cm−1) was determined by Equation (1), where, I is the electric current (A), V is the electrical potential difference (V), and w is the sample thickness (cm).

[image: image]

The PVDF and low-conductivity mats measurements (with values from 10−7 to 10−17 S cm−1) were performed using a Keithley 6517A electrometer connected to a Keithley 8009 test fixture, on circular specimens of 90 mm of diameter, and the electrical resistivity was calculated by Equation (2):

[image: image]

where, d is the sample support's diameter (cm) and g is the distance between sample support and the security ring of the equipment (cm). The electrical conductivity (S cm−1) can be defined as the inverse of the resistivity.

Electromagnetic interference shielding effectiveness (EMI SE) characterization in the X-band frequency range (from 8.2 to 12.4 GHz) were carried out in an Agilent Technology PNA series network analyzer (N5230C Agi-lent PNA-L, Santa Clara, CA) and a standard rectangular waveguide. From complex scattering parameters that correspond to reflection ([image: image]) and transmission ([image: image]), were calculated the EMI SE, reflected energy (SER), transmitted energy (SET), and absorbed energy (SEA) (Ramoa et al., 2018). EMI SE measurements were performed on rectangular samples with 10 mm width, 23 mm length, and thickness of 0.15 mm for electrospun mats and 0.15 and 0.25 mm for membranes by solution casting.

RESULTS AND DISCUSSIONS

During electrospinning process, solution properties can affect the final morphology of fibers and the performance of the process. Viscosity parameter, affects the stretching of charged jet, wherein too high viscosity prevents polymer motion under the electric field (Yanilmaz and Sarac, 2014). The ionic conductivity has a significant influence on Taylor cone formation and on fiber diameter (Merlini, 2014). From Figure 1 it is possible to note that both properties—viscosity and ionic conductivity—increased with the nanostructured conductor additive loading. The Mt/PPy.DBSA is a nanoadditive, which presents a layered structure with nanometric thickness. When the Py is synthetized among Mt layers, a partial exfoliation occurs, and the PPy particles stand among the layers (micrograph shown in Figure 2), resulting in an additive with higher surface area (3.52 m2 g−1) (Vargas et al., 2018), if compared to the neat PPy, without the presence of the clay (2.06 m2 g−1) (Vargas et al., 2018). The large surface area of Mt-PPy.DBSA provides a better dispersion and interaction with the PVDF matrix, however resulting in greater restriction of the polymer chains mobility. As a result, lower amount of Mt-PPy.DBSA (12.5 wt%) can be incorporated into the solution when compared to neat PPy.DBSA (23 wt%) (Merlini et al., 2014). The increment in ionic conductivity can be related to the high electrical conductivity of the additive (8.16 ± 0.32) × 102 S cm−1, to the presence of organic modifier and ions Na+ located between Mt layers (Merlini et al., 2018) and the presence of DBSA surfactant used during in situ polymerization.
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FIGURE 1. Viscosity (left axis) and ionic conductivity (right axis) of the solution containing different amount of Mt-PPy.DBSA.
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FIGURE 2. FESEM micrograph of nanostructured conductive additive of Mt-PPy.DBSA.



SEM micrographs of neat PVDF and PVDF/Mt-PPy.DBSA mats containing different amounts of Mt-PPy.DBSA fabricated by electrospinning and solution casting process are shown at Figure 3. Histograms with the diameter distribution of randomly oriented fibers measured by ImageJ free software are also presented. The electrospun PVDF mat (Figure 3A), as already reported by Merlini et al. (2015), has a three-dimensional network structure with randomly oriented fibers, with a mean diameter of 642 ± 153 nm. From the micrographs of mats containing different filler contents (Figures 3B–E), it is possible to notice that the morphology is quite similar, however, for all mats, fibers diameter were modified with addition of the additive. The fibers became thinner (seen by the graphics of diameter size distribution at the column on the left) and, as the concentration of filler increased (to 12.5 wt%). Usually, it has been reported in the literature that the increase of solution viscosity, result in fibers with larger diameters, due to the greater difficulty to eject the polymer solution from the needle (Merlini et al., 2015). However, in this work, the increase of the ionic conductivity also occurred, which may have strongly influenced the results, since the ionic transport is accelerated/reinforced by the electric current, inducing a greater stretching of the fibers during the process. As reported by Merlini et al. (2018) under the electrical field, by increasing the charge density, high elongation forces are imposed on the solution jet, resulting in thinner fibers and also, the production of beads-free fibers. Moreover, agglomerates outside of the fibers (highlighted at the image) can be seen in the mats with 12.5 wt% of filler, due to the higher amount of Mt-PPy.DBSA in the solution, which hampers the dispersion and distribution of the additive particles.
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FIGURE 3. SEM micrographs of the electrospun mats (middle) and membranes fabricated by solution casting (right): (A,F) PVDF, (B,G) PVDF/Mt-PPy.DBSA [2.5], (C,H) PVDF/Mt-PPy.DBSA [5], (D,I) PVDF/Mt-PPy.DBSA [10], (E,J) PVDF/Mt-PPy.DBSA [12.5]. The histograms are also reported.



Figures 3F–J, show the micrographs of all nanocomposites containing 0.0, 2.5, 5.0, 10.0, and 12.5 wt% of Mt-PPy.DBSA developed by solution casting process. A completely different morphology is observed, if compared to electrospinning mats, with a dense structure and low pores density. It is evident that with the increase of additive concentration, the sample microstructure became rougher, generating more and more porosity due to the formation of agglomerates.

The storage modulus curves (E′) loss factor (Tan δ) as a function of the temperature for the electrospun mats and membranes fabricated by solution casting of neat PVDF and PVDF/Mt-PPy.DBSA are shown in Figures 4A–D. It is important to highlight the decrease of E′ (Figures 4A,B) with the increase of temperature, due to the softening of the polymeric chains. Virtually throughout the temperature range for electrospun mats (Figure 4A), E′ values of PVDF are slightly higher than those found to PVDF/Mt-PPy.DBSA mats. This effect can be attributed to the presence of Mt-PPy.DBSA agglomerates, in the electrospun fibers that induce defects in the structure, reducing the storage modulus. However, this variation, caused by the increase of the additive concentration, is very low comparing with the difference between the storage modulus values for the electrospun mats and dense membranes. The last one (Figure 4B) displays storage modulus from 2,000 MPa up to almost 3,000 MPa, which is around 100 times higher than the electrospun mats values. This behavior can be related to a denser microstructure of membranes prepared by solution casting (Figures 3F–J), when compared to those electrospun mats, which have high porosity, and flexibility. Furthermore, membranes fabricated by solution casting display an opposite behavior when compared to the electrospun mats, for which the modulus increases with the increase of the filler amount, over the entire temperature range. This performance can be explained due to the mechanical reinforcement caused by the conductive additive that display partially exfoliated layers. The behavior obtained in this work for PVDF/Mt-PPy.DBSA is consistent with those reported in the literature for TPU/Mt-PPy.DBSA. Merlini et al. (2018) reported very low mechanical properties for TPU/Mt-PPy.DBSA electrospun mats when compared to nanocomposites prepared by melting process, in the study reported by da Silva Ramôa (2015).
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FIGURE 4. DMTA traces (A,B) storage modulus and loss factor (C,D) of electrospun mats and membranes fabricated by solution casting.



From the loss tangent curves (Tan δ) it is possible to see the peak related to the glass transition temperature (Tg) at around −55°C for electrospun mats (Figure 4C) and −46°C for membranes fabricated by solution casting (Figure 4D). The lower Tg values for electrospun mats indicates that the electrospinning can induce to a higher molecular organization, reducing the secondary bonds strength between polymer molecules. Therefore, lower energy is required to achieve molecular movement of amorphous phase. Moreover, Tg values are not influenced by the amount of the filler in both nanocomposites, but the intensity of the peak related to the glass transition temperature reduces significantly as the concentration of Mt-PPy.DBSA in the membrane increases. A second peak at superior temperatures to 70°C corresponds to the relaxation process associated with molecular motions of crystalline fraction (Merlini, 2014), and are affected by the presence of Mt-PPy.DBSA.

FTIR spectra of Mt-PPy.DBSA, PVDF, and PVDF/Mt-PPy.DBSA are shown at Figures 5A,B. According to previous studies of da Silva Ramôa (2015), Mt presents a broad band at 995 cm−1, which is assigned to the stretching of Si-O-Si groups (da Silva Ramôa, 2015). However, in the spectra of Mt-PPy.DBSA the intensity of the bands associated to the mode of vibration of Si-O-Si groups decreased, indicating the presence of PPy on Mt. The spectrum of Mt-PPy.DBSA exhibits absorption bands at 1,511 and 1,414 cm−1, that correspond to the stretching vibrations of C-C and C-N groups of the pyrrole ring. Absorption band at 1,264 cm−1 is assigned to the deformation in the plane of C-H or C-N bonds, while at 1,110 cm−1 represents deformation in the plane of C-H bonds. Furthermore, deformations at the vibrational plane of N+H2 (formed in doped PPy) entail absorption band at 1,080 cm−1 whereas, bands at 988 and 953 cm−1 are related to the vibrational deformation in and out of the C-H bonds plane of pyrrole ring.
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FIGURE 5. FTIR spectra of PVDF and PVDF/Mt-PPy.DBSA (2.5, 5.0, 10.0, and 12.5 wt%) for (A) electrospun mats and (B) membranes by solution casting.



PVDF has a polymorphic structure, and can present different crystalline structures depending on its processing conditions: as alpha (α), beta (β), gamma (γ), and delta (δ) (Zheng et al., 2007). From the PVDF spectra of electrospun mats and membranes fabricated by solution casting it is possible to note that they display bands assigned to various crystalline phases. Electrospun mats display bands at 1,401 and 876 cm−1 (amorphous phase bands) corresponding to the C-F vibrational stretching and the 1,177 cm−1 band is attributed to the C-C bonds (Kim et al., 2011; Merlini, 2014). In addition to, bands at 1,275, 1,071, and 839 cm−1 are associated to the β phase (Gregorio and Borges, 2008; Merlini, 2014). In membranes produced by solution casting, characteristic bands of amorphous phase were observed at 1,402, 876, and 1,168 cm−1 (and bands associated to the β phase at 1,071 and 834 cm−1, similar to those of the electrospun mats (Gregorio and Borges, 2008; Kim et al., 2011; Merlini et al., 2014). Moreover, bands at 660 and 1,231 cm−1 are related, respectively, to α and γ phase (Yu and Cebe, 2009; Wu et al., 2011). The electrospun fibers mats spectrum showed predominance of β phases (which offers the piezoelectric properties), if compared to the solution casting dense membranes spectrum. This result suggests that electrospinning could induced the formation of the β piezoelectric phase in the PVDF mats. The FTIR spectra of PVDF/Mt-PPy.DBSA shows absorption bands similar to those of neat PVDF, however, membranes produced by casting with 12.5 wt% of filler presents a stronger band at 1,546 cm−1, related to the pyrrole ring vibration.

Figure 6 shows the variation of electrical conductivity (σ) (Scm−1) as a function of Mt-PPy.DBSA concentration for membranes fabricated by solution casting and electrospun mats. It can be observed that the electrical conductivity of dense membranes increases sharply from 3.93 × 10−15 to 0.36 S cm−1 with Mt-PPy.DBSA contents from 0 to 12.5 wt%, respectively. However, the electrical conductivity obtained for electrospun mats did not show a significant growth with the increment of Mt-PPy.DBSA concentration, ranging from 7.06 × 10−18 S cm−1 (raw PVDF) up to 6.13 × 10−14 S cm−1 for the PVDF with 12.5 wt% of additive. This behavior can be explained by the morphology, that displays a fibrous and highly porous structure (shown at Figure 3) as well as the fact that the nanostructured conductive additive is encapsulated within the fibers, preventing conductive paths formation.
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FIGURE 6. Electrical conductivity of (A) electrospun mats and (B) membranes fabricated by solution casting.



Table 1 shows electrical conductivity of electrospun mats with different composition. The electrical conductivity values obtained in this work are significantly lower than those reported in the literature, however, usually significantly high amount of conducting polymer are used to achieve these elevated values. As can be seen in Table 1, electrospun mats can display different ranges of conductivities depending on several factors, as for example, types of polymers, additives, and other chemicals (solvents, dopants, oxidizing agents, etc.), ratios between the components, compactness, and homogeneity of the mats. According to the review work reported by Yanilmaz and Sarac (2014), after investigating several studies, it was reported that the high porosity of fibrous mat structure limits the contact of conductive segments, and high level of conductivity required for many applications may not be achieved.


Table 1. Electrical conductivity for different conductive electrospun mats.
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The EMI SE can be defined as the attenuation of electromagnetic waves performed by the shielding material (Merlini et al., 2017). The total EMI SE is described as a sum of three EMI attenuation mechanisms: reflection loss (SER); absorption (SEA) and multiple internal reflection loss at the material interface (SEM). According to Ramoa et al. (2018) SEM cannot be measured as separated factor; therefore, they were disregard in this study (Im et al., 2010; Al-Saleh et al., 2011).

In order to investigate the contribution of reflection and absorption to the total EMI SE of the composites, Transmittance (T) and Reflectance (R) powers were calculated through the scattering parameters. That represent the reflection S11 (S22) and transmission S12(S21) coefficients, from the vector network analyzer, as described by Equations (3) and (4) (Al-Saleh et al., 2011; Ramoa et al., 2013, 2018;Vargas et al., 2018).
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The absorbed coefficient (A), as product of incident (I), transmitted (T) and reflected (R) waves, was calculated according to Equation (5), considering 1 (Merlini et al., 2017).
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Herewith, the total EMI average, absorption loss (SEA) and reflection loss (SER) were calculated on the basis of transmittance (T) and reflectance (R) coefficients, according to Equations (6–8) (Al-Saleh et al., 2011; Ramoa et al., 2013, 2018; Vargas et al., 2018).
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Figure 7 shows the EMI SE of investigated electrospun mats and dense membranes as a function of weight fraction of Mt-PPy.DBSA filler, over the frequency range of 8.2–12.4 GHz. It is possible to note that EMI SE of electrospun mats is practically null (lower than −2dB), indicating that they are almost transparent to magnetic waves, even with higher concentration of additive (12.5 wt%). This behavior was not expected since works in the literature have demonstrated the potential use of electrospun mats for electromagnetic shielding applications, especially due to the high surface area to interact with the radiation (Im et al., 2010). However, Im et al. (2010) reported a great EMI SE of −42 dB to MWCNT embedded PANI/PEO-based fibers, when a very high amount of fluorinated MWCNTs (120 wt%) were embedded in the PANI/PEO fibers. The low EMI SE of PVDF/Mt-PPy.DBSA electrospun mats can be explained by the low values of electrical conductivity of the mats, as reported previously, as well as the low amount of Mt-PPy.DBSA incorporated into the fibers. The electrical conductivity has been shown to be a critical factor in the development of electromagnetic radiation attenuating materials and required conductivity levels are >102 S m−1 for electromagnetic shielding applications (Sudha et al., 2009). Moreover, these mats display lower thickness (0.15 mm) when compared to conventional nanocomposites used for EMI SE (2 mm). According to the literature (Vargas et al., 2018), EMI SE is significantly influenced by the nanocomposites thickness. Vargas et al. (2018) reported that, by increasing thickness of PU/Mt-PPy.DBSA nanocomposites from 2 to 8 mm, the EMI SE increases from −20.8 to −60.3 dB, when 25 wt% of Mt-PPy.DBSA.
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FIGURE 7. EMI SE in the X-band frequency range for (A) electrospun mats of PVDF/Mt-PPy.DBSA and (B,C) membranes of PVDF/Mt-PPy.DBSA fabricated by solution casting process with thickness of 0.15 mm and 0.25 mm, respectively.



It is possible to note that the EMI SE of membranes produced by solution casting (Figure 7B) is quite similar to those values reported for electrospun mats, even that the electrical conductivity of these membranes are superior to those of electrospun mats. This behavior can be associated to the low thickness (0.15 mm), which allows the transmission of the wave through the material. In order to analyze the effect of the thickness, thicker membranes (0.25 mm) were produced by solution casting. For these membranes (Figure 7C) the EMI SE increased with the Mt-PPy.DBSA loading, indicating that a better interaction of the conductive filler with the radiation. For membranes with lower filler content, the EMI SE values varied over the frequency range, but became almost independent of frequency with the increase of Mt-PPy.DBSA amount. This behavior can be explained due to the reduction of the material skin depth with increasing filler content into the nanocomposites (Al-Hartomy et al., 2011; Choudhary and Gupt, 2011; Ramoa et al., 2018). It is important to highlight that was not possible to fabricate electrospun mats with thickness higher than 0.15 mm.

The contribution of reflection and absorption in the total EMI SE for thicker membranes produced by solution casting is reported at Figure 8. The results are expressed as average values in the frequency range of 8.2–12.4 GHz. It is possible to note that the shielding by reflection and absorption contribute to the total electromagnetic shielding and the contribution of both mechanism increases with the filler loading, resulting in higher EMI SE. The SEA becomes the main EMI shielding mechanism, similar to the results reported by Vargas et al. (2018) for nanocomposites containing Mt-PPy.DBSA.
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FIGURE 8. Effect of conductive filler content on the total EMI SE average, absorption loss (SEA) and reflection loss (SER) of PVDF/Mt-PPy.DBSA membranes by solution casting with a thickness average of 0.25 mm.



CONCLUSIONS

Non-woven mats of PVDF containing different weight fractions of Mt-PPy.DBSA were successfully obtained by electrospinning. The fibers diameter of electrospun mats decreased with the increase of additive loading, due to a higher elongation imposed to the solution caused by the higher ionic conductivity. Mats produced by electrospinning display the piezoelectric phase, indicating effectiveness of this process to produce β phase. Electrospun mats behave as insulating material with electrical conductivity ranging from 10−18 to 10−14 S cm−1 due to the highly porous structure and encapsulation of the filler. Moreover, they did not achieve a satisfactory EMI SE due to the low electrical conductivity and thickness. However, membranes produced by solution casting, showed superior mechanical properties, electrical conductivity (10−2 S cm−1) and those with higher thickness achieve to EMI SE of −5 dB with 12.5 wt% Mt-PPy.DBSA. The values obtained for both systems remains below to that required for commercial application (−20 dB), indicating that is necessary to expand the studies related to shielding efficiency, in order to conclude if these materials are feasible for this application.
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