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Abstract:



Flexible dielectric materials with high dielectric constant and low loss have attracted significant attention. In this work, we fabricated novel polymer-based nanocomposites with both homogeneously dispersed conductive nanofillers and ion-conductive nanodomains within a polymer matrix. An unsaturated ionic liquid (IL), 1-vinyl-3-ethylimidazolium tetrafluoroborate ([VEIM][BF4]), was first coated on the surface of multi-walled carbon nanotubes (CNTs) by the mechanical grinding. The ILs coated CNTs were then well dispersed in poly(vinylidene fluoride) (PVDF) matrix by melt-blending. The ILs on the surface of CNTs were subsequently grafted onto the PVDF chains by electron beam irradiation (EBI). The formed ILs grafted PVDF (PVDF-g-IL) finally aggregated into ionic nanodomains with the size of 20–30 nm in the melt state. Therefore, novel PVDF nanocomposites with both homogenously dispersed CNTs and ionic nanodomains were achieved. Both carbon nanotubes and ionic nanodomains contributed to the enhancement of the dielectric constant of PVDF significantly. At the same time, such homogeneously dispersed CNTs along with the confined ions in the nandomains decreased current leakage effectively and thus led to the low dielectric loss. The final PVDF nanocomposites exhibited high dielectric constant, low dielectric loss and good flexibility, which may be promising for applications in soft/flexible devices.
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1. Introduction


Dielectric materials have attracted significant attention in terms of their energy storage applications [1,2,3,4]. Among the various physical properties, high dielectric constant, low dielectric loss and high electric breakdown strength have become three important parameters for dielectric materials. Dielectric ceramics materials can fulfill such requirements [4]. However, the inherent brittleness of the inorganic materials limits their applications in soft/flexible devices. Flexibility is of great importance for developing electric charge storage capacitors with miniature, lightweight and ultrathin features. Therefore, extensive investigations have been carried out to make the composites by combining the high-permittivity inorganic [5,6,7,8,9,10,11] or conductive nanofillers [12,13,14,15,16,17,18] with flexible polymers. Among the numerous dielectric polymer composites, poly(vinylidene fluoride)/carbon nanotubes (PVDF/CNTs) nanocomposites have been extensively investigated [19,20,21,22,23]. It has been found that an extremely low loading level of CNTs can significantly improve the dielectric constant of PVDF due to its great dielectric constant and long aspect ratio [24,25]. Although CNTs can enhance the dielectric constant of PVDF at a low levels (below the percolation threshold [19]), their agglomeration nature due to the strong van der Waals interaction and/or π–π interaction between CNTs makes this strategy challenging. The CNTs agglomerates with large domain size and the poor PVDF-CNTs interfaces can inevitably cause serious current leakage and dielectric loss for the PVDF/CNTs nanocomposites. Therefore, the key issue to fabricate high-dielectric-performance PVDF/CNTs composites is still located to disperse CNTs in the PVDF matrix homogeneously.



On the other hand, room temperature ionic liquids (ILs) have recently been used as soft additives to enhance the dielectric constant of PVDF due to their high ion conductivity [26,27,28] and good miscibility with PVDF matrix, as reported in our previous works [29,30,31]. However, the ion movements of ILs in the PVDF/IL blends cause considerable dielectric loss under AC electric filed. Fortunately, the dielectric loss due to the ion movements can be effectively suppressed by chemically grafting the ions onto the PVDF main chains by using electron beam irradiation (EBI) [32,33]. A further reduction in dielectric loss of the PVDF/IL blends can be achieved by confining both cations and anions within IL molecules grafted PVDF (i.e., PVDF-g-IL) nanodomains [34,35].



Considering the structure and properties of PVDF/CNTs nanocomposites and the microphase-separated PVDF/IL blends with the PVDF-g-IL nanodomains [34,35], it is interesting to fabricate the PVDF nanocomposites with both CNTs and the PVDF-g-IL nanodomains. More interestingly, it has been reported that ILs show specific interactions with CNTs and that ILs can help the dispersion of CNTs in polymer matrix [31,36,37]. Therefore, the incorporation of ILs may first improve the dispersion of CNTs and then can microphase separate after a grafting-melting-procedure in the PVDF matrix. Such an idea might lead to the new PVDF nanocomposites with both CNTs and ILs nanodomains, and the nanocomposites may show high dielectric performance and good flexibility. In this study, 1-vinyl-3-ethylimidazolium tetrafluoroborate ([VEIM][BF4]) is firstly used to improve the dispersion of CNTs within the PVDF matrix and the cations of the ILs are then chemically grafted onto PVDF chains by electron-beam irradiating PVDF/IL-CNTs films at room temperature in air. A following melting process gives rise to the PVDF nanocomposites with homogeneously dispersed CNTs and organic conductive PVDF-g-IL nanodomains in the PVDF matrix. The as-prepared PVDF nanocomposites exhibited significantly enhanced dielectric constant (>100 at 103 Hz) and low loss (<1 at 103 Hz) with only 1 wt% CNTs content. Moreover, the dielectric loss of CNTs can be significantly suppressed by this strategy. Although numerous strategies have been proposed to meet such requirements, such as coating and surface modification of fillers [38,39,40], filler alignment by electrospinning [39] and injection molding [41], the use of hybrid additives [42,43], the modulation of topological structure [44], and the alignment of fillers by cell growth during polymer foaming [45], blend morphology development [46], the present work provides new avenue to fabricate the high performance dielectric polymer materials.




2. Materials and Methods


2.1. Materials


PVDF pellets (KF850) were purchased from Kureha Chemicals in Tokyo, Japan, with a Mw of 2.09 × 105 and an Mw/Mn of 2. The unsaturated ionic liquid (IL), 1-vinyl-3-ethylimidazolium tetrafluoroborate [VEIM][BF4], was bought from Center of Greenchemistry and Catalysis, Lanzhou, China and was used as received. Multiwall carbon nanotubes (MWCNTs) were kindly provided by Nikkiso Co. Ltd (Tokyo, Japan). The purity of the MWCNTs is higher than 95%. The diameter of MWCNTs is about 20 nm and the average length ranges from 2 to 10 μm.




2.2. Preparation of PVDF/MWCNTs Nanocomposites with IL Nanodomains


The final nanocomposites were prepared by the following steps: (1) preparation of ILs modified CNTs (IL/CNTs)—the MWCNTs were first ground with the ILs at room temperature with various weight ratios, MWCNTs bulky gel was thus prepared and termed IL/CNTs; (2) preparation of PVDF/IL-CNTs nanocomposites—the IL/CNTs were melt compounded with PVDF at 190 °C using a Haake mixer (Haake Polylab QC), (Thermo Fisher Scientific, Waltham, MA, USA) with the screw rotation speed of 50 rpm, the PVDF/IL-CNTs blends were then hot-pressed at 190 °C into films with the thickness of about 300 μm; (3) preparation of EB irradiated PVDF/IL-CNTs nanocomposites—the hot pressed films were irradiated at a dose of 45 kGy in air at room temperature using an electron beam accelerator, the as-irradiated PVDF/IL-CNTs films were thus fabricated and termed ir-PVDF/IL-CNTs (the acceleration energy and beam current were 2.5 MeV and 17 mA, respectively); and (4) preparation of PVDF/CNTs with IL nanodomains—the EBI irradiated PVDF/IL-CNTs nanocomposites were heated to 210 °C for 30 min, followed by a cooling procedure, and the PVDF nanocomposites with IL nanodomains were then prepared; they were termed nano-PVDF/IL-CNTs nanocomposites (for instance, the sample of PVDF/IL-CNTs 100/10-1 meant that the weight ratios of PVDF, IL and CNTs was 100:10:1).




2.3. Morphological Characterization


Field-emission scanning electron microscope (FE-SEM) has been used to characterize the dispersion of MWCNTs in the PVDF matrix. The measurements were carried out using Hitachi S-4800 SEM (HITACHI, Tokyo, Japan) at an accelerating voltage of 5 kV. All the samples were fractured in liquid nitrogen and the fracture surface was then coated with a thin layer of gold before the observation. Transmission electron microscopy (TEM) was also performed using a Hitachi HT-7700 (HITACHI, Tokyo, Japan) operating at an acceleration voltage of 100 kV. The composite samples were ultramicrotomed to a section at −120 °C into a thickness of about 80 nm. The sections were then stained using ruthenium tetroxide (RuO4) for 4 h.




2.4. Properties Measurements


Differential scanning calorimeter (DSC) with a type of TA-Q2000 (TA Instruments, New Castle, USA) was performed to determine the melt-crystallization temperatures (Tc) of samples. Samples were first heated to 230 °C, which is higher than the equilibrium melting point of PVDF, for 10 min under N2 atmosphere to vanish their thermal history. The following cooling down process to −50 °C at a cooling rate of 10 °C/min was recorded.



The crystal forms of samples were determined by using wide-angle X-ray diffraction (WAXD) with a Bruker D8 type (Bruker, Karlsruhe, Germany). The detective angles of the WAXD experiments were from 5° to 40° at 1°/min. The correlations of crystal-amorphous parts in the PVDF and the IL nanoclusters-PVDF matrix were determined by using small-angle X-ray scattering (SAXS) at 16B beam line in Shanghai Synchrotron Radiation Facility in China. The wavelength of X-ray beam, sample-detector distance and exposed time were 1.24 Å, 1943 mm and 200 s, respectively. The obtained two-dimensional array images were processed with a fit 2D software. Alpha-N high-resolution dielectric analyzer (GmbH Concept 40) (Novocontrol Technologies, Montabaur, Germany) was used to evaluate the dielectric properties of PVDF samples. Circle samples with diameter of 1 mm and thickness of 0.3 mm were sprayed with gold layers on both surfaces before measurements at room temperature. The frequency from 10 to –107 Hz and the AC of 1.0 V were adopted, respectively.



Raman spectra were obtained by using a Bruker raman system (Bruker, Karlsruhe, Germany) with a Senterra R200 type. The wavelength of laser was 785 nm and at least three different locations were measured on the samples. The final reported data was averaged.



Thermogravimetric analysis (TGA) with a TA-Q500 type (TA Instruments, New Castle, DE, USA) was used to investigate the thermal stability of samples. Each sample with about 5 mg was heated from room temperature to 650 °C with a heating rate of 10 °C/min under a continuously high purity N2 atmosphere. Note that the excess ILs on the surface of CNTs was removed by resolving the CNTs/IL sample in methanol (CH3OH) and then by a centrifugation treatment before measurement. The CH3OH was the good solvent of IL here.



Mechanical properties of samples were determined by using a universal material testing with an Instron-5966 model (Instron, Norwood, MA, USA). The samples were cut into dumbbell shape before measurements. The stretched speed was 10 mm/min and a fixed gauge length was 18 mm, respectively. An averaged value was reported after at least three measurements.



Direct current (DC) electrical properties of samples were evaluated by measuring their surface resistivity (Rs) with an ultrahigh resistivity meter (MCP-HT450) (Mitsubishi, Nagasaki, Japan) at room temperature. The applied DC voltage was 10.0 V. An average value of Rs was reported after at least five measurements on the samples.





3. Results


3.1. The ILs Coated CNTs and Their Homogeneous Dispersion in PVDF Matrix


A good dispersion state of CNTs within PVDF matrix can decrease their current leakage and dielectric loss effectively. ILs have been demonstrated to modify CNTs via a possible cation-π interaction [47,48,49]. In view of this, CNTs were first grounded with ILs and the corresponding IL/CNTs bulky gel was formed. As shown in Figure 1A, pristine CNTs have large agglomeration in size and their bundles entangle each other. This can be attributed to the strong van der Waals interaction and/or π–π interaction between CNTs. After treatment for CNTs by ILs, CNTs are debundled by ILs and single CNTs can be observed (Figure 1B). Besides, a clear organic layer of IL molecules can be observed in the ILs modified CNTs hybrids. A further confirmation of ILs onto the surface of CNTs is found, according to the TGA curves, as shown in Figure 1C. A decrease of weight percent in IL/CNTs hybrids is in fact the decomposition of ILs that coated on the surface of CNTs by the possible cation-π interaction during heating.


Figure 1. (A) Transmission electron microscopy (TEM) image of pristine carbon nanotubes (CNTs) dispersed in the water; (B) TEM image of ionic liquids (ILs) coated CNTs dispersed in the water; (C) Thermogravimetric analysis (TGA) curves of pristine CNTs, pure ILs and ILs modified CNTs, respectively; (D) Raman spectra of pristine CNTs and IL coated CNTs (i.e., CNTs/IL = 1/10); (E) TEM image of PVDF/CNTs (100/1) composite; (F) TEM image of PVDF/ IL-CNTs (100/10-1) nanocomposites.
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Note that the excess IL molecules in the IL/CNTs hybrids used in the TGA measurements have been removed by centrifugation in advance, as shown in the Experimental Section (2.4). The interaction of CNTs with ILs can be directly characterized by Raman spectra in Figure 1D. Two peaks in Raman spectra for pristine CNTs can be assigned to G-band and D-band. The treatment by ILs leads to a red shift of G-band and a variation of ratio of IG/ID, indicating that the electric properties of surface of CNTs are affected by IL-layers coating. This phenomenon is also reported in other literatures [50].



The IL-coated CNTs were directly dispersed in PVDF matrix by melt blending. Figure 1E,F show the TEM images of PVDF composites with pristine (unmodified) CNTs and IL-coated CNTs, respectively. It is clear that the pristine CNTs agglomerate in the PVDF matrix (Figure 1E), while the significantly improved CNTs dispersion can be observed after the coating of CNTs by ILs (Figure 1F). This can be attributed to the bridging effects of ILs that couples the CNTs with the PVDF matrix [31].




3.2. The Irradiation Induced In Situ Grafting of ILs onto PVDF and the Following Phase Separation of PVDF-g-IL


The above results confirm that the ILs benefit the dispersion of CNTs in the PVDF matrix. However, ILs can generate considerable dielectric loss by their both cations and anions movements in AC electric field [32,33,34]. This obviously impairs the dielectric performance of PVDF/IL-CNTs composites. In order to reduce the dielectric loss induced by the movements of ions of ILs in the nanocomposites, we try to chemically bonding the cations of ILs onto the PVDF molecular chains. The melt-prepared composites films were then exposed upon the electron beam irradiation at room temperature. We have previously reported the chemically grafting of the ILs onto the PVDF by electron beam irradiation in binary PVDF/IL blends [32,33,34]. In that binary system, ILs were located in the amorphous region of PVDF at room temperature [34,35]. Therefore, the high energy electrons from electron beam generators induce free radicals by knocking out the H and/or F atoms from the PVDF backbones and the double bonds of the cations in ILs [32,51]. The cations of ILs were then grafted locally onto the PVDF chains through coupling of these free radicals [35]. In the present case, the ILs are mainly located at the interface between the CNTs and the PVDF matrix. The irradiation will lead to the ILs at the interface to graft onto the PVDF molecular chains at the room temperature. It should be noted that some excess ILs may also locate at the amorphous region of PVDF during the melt mixing due to the miscibility between PVDF and ILs. Thus, those ILs will also be grafted onto the PVDF amorphous region, similar to the behavior in the PVDF/ILs binary systems [32,34,35]. Figure 2 shows the TEM image of the as-irradiated PVDF/IL-CNTs nanocomposites. It is seen that the morphology of the as-irradiated nanocomposites is almost the same with that of the melt-mixed nanocomposites before the irradiation (Figure 1F). This is rational because the irradiation was carried out at room temperature and the chemical grafting occurs locally. No morphology changes can be expected when the samples were irradiated at room temperature [32].


Figure 2. TEM image of as-irradiated poly(vinylidene fluoride) (PVDF)/IL-CNTs (100/10-1).



[image: Polymers 09 00562 g002]






The as-irradiated PVDF/IL-CNTs were then heated to 210 °C and kept at there for 30 min, followed by the cooling down to the room temperature. The samples were then evaluated by TEM and the image is shown in Figure 3A.


Figure 3. (A) TEM image of nano-PVDF/IL-CNTs (100/10-1) and (B) Small-angle X-ray scattering (SAXS) patterns of PVDF/IL-CNTs (100/10-1), irradiated-PVDF/IL-CNTs (100/10-1) and nano-PVDF/IL-CNTs (100/10-1) samples.
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Totally different from the structure of the as-irradiated sample before the melting, numerous black domains with the size of around 20–30 nm are observed, except for the CNTs in the matrix. We can also observe some nanodomains which are adhering to the surface of the CNTs. The formation of the nanodomains during the melting can also be confirmed by the SAXS measurements, as shown in Figure 3B. Only one scattering peak was observed for the PVDF/IL-CNTs and as-irradiated PVDF/IL-CNTs at the q of 0.58 nm−1. This peak originates from the lamellar structure of PVDF matrix. The density difference between the amorphous region and the crystalline region contributes to such scattering. In contrast, the nano-PVDF/IL-CNTs (100/10-1) sample displays a totally distinct scattering pattern. Two strong scattering peaks at q = 0.09 nm−1 and q = 0.53 nm−1, respectively, are observed. Obviously, the scattering peak at q = 0.53 nm−1 originates from the lamellar structure in the PVDF crystals. The other peak at q = 0.09 nm−1 originates from the nanodomains in the PVDF matrix. It is considered that the melting processing of the as-irradiated sample leads to microphase separation of PVDF-g-IL chains from PVDF matrix, similar to the PVDF/IL binary systems [34,35].



Figure 4 shows the TEM and SEM images of nano-PVDF/IL-CNTs samples with various IL/CNTs ratios. The IL content keeps constant with changing the CNTs loadings in the final nanocomposites. It is seen that the CNTs in the all samples are almost perfectly dispersed in the PVDF matrix. The microphase separation in the melt does not induce the re-aggregation of CNTs. This is attributed to the long aspect ratio of CNTs and the high viscosity of the matrix melt. As a dielectric material, the CNTs content within PVDF matrix should be less than their percolation threshold [19] because the formation of conductive pathway in the PVDF is not accessible to the dielectric materials. With increasing the CNTs contents, the number of conductive pathway increases. On the other hand, it is clear that all the samples have the nanodomains and no significant difference could be observed for the nanodomains with varying the CNTs loadings. It is also seen that CNTs form a conductive networks at the loading of 2 wt% CNTs, which means this sample might not be suitable for fabricating dielectric materials.


Figure 4. TEM and SEM images of nano-PVDF/IL-CNTs samples with various content of CNTs: (A) and (a): 100/10-0.1; (B) and (b): 100/10-0.5; (C) and (c): 100/10-1; (D) and (d) 100/10-2, respectively.
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3.3. The Crystallization Behaviors and the Crystal Form in the Nano-PVDF/IL-CNTs


Figure 5 shows the crystallization behaviors of neat PVDF, binary blends PVDF/CNTs (100/1), ternary PVDF/IL-CNTs (100/10-1), as-irradiated PVDF/IL-CNTs (100/10-1) and nano-PVDF/IL-CNTs (100/10-1) composites, respectively. In Figure 5A, neat PVDF shows a crystallization temperature (Tc) at 141.1 °C when cooling down from the melt at a cooling rate of 10 °C/min. However, for the other three samples with CNTs, the Tc increased to about 146.3 °C, indicating the nucleation effects of the CNTs. It is further observed that the crystallization peak of PVDF/IL-CNTs is wider than those of the PVDF/CNTs sample and nano-PVDF/IL-CNTs. ILs are miscible with PVDF matrix, so the simple addition of ILs leads to the depression of the Tc in binary PVDF/ILs [31]. Therefore, the IL-coated CNTs induce higher Tc with the wider crystallization peak. In other words, the ILs at the interface between the CNTs and the PVDF impede the CNTs nucleation effects partially. On the other hand, both the PVDF/CNTs and nano-PVDF/IL-CNTs show significant nucleation effects for the matrix PVDF with a very sharp crystallization peak. The high nucleation effects of CNTs in nano-PVDF/IL-CNTs possibly indicate ILs peeling off from the interface and CNTs directly nucleate the crystallization of PVDF.


Figure 5. Characterization of crystallization behaviors of nano-PVDF/IL-CNTs (100/10-1) nanocomposite in comparison with its counterparts, including neat PVDF, PVDF/CNTs (100/1), PVDF/IL-CNTs (100/10-1) and ir-PVDF/IL-CNTs (100/10-1). (A): Differential scanning calorimeter (DSC) cooling curves with a 10 °C /min cooling rate; (B) Wide-angle X-ray diffraction (WAXD) patterns in the range of 10–40° with a scanning rate of 1°/min.
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PVDF has various types of crystal forms and the polar β or γ crystals exhibit ferroelectric properties. Figure 5B shows XRD patterns of the neat PVDF, PVDF/CNTs (100/1), PVDF/IL-CNTs (100/10-1), as-irradiated PVDF/IL-CNTs (100/10-1) and nano-PVDF/IL-CNTs (100/10-1). Neat PVDF shows the typical nonpolar α phase with the diffractions at 2θ = 17.7°, 18.4°, 20.0° and 26.6°, corresponding to the (100), (020), (110) and (021), respectively. The simple addition of unmodified CNTs does not change the crystal forms of the matrix PVDF. Although literatures reported the CNTs induced crystal form transitions of PVDF [44], the aggregation of CNTs provides very limit contact of CNTs with molecular chains of PVDF. However, significant difference was observed with the addition of ILs coated CNTs. PVDF crystallizes into mainly the polar β phase. The almost zigzag conformation of PVDF was induced due to the specific interactions between >CF2 of PVDF with the planar cationic imidazolium ring wrapped on the CNTs surface; thus, nucleation in polar crystals (β and γ forms) lattice is achieved and polar crystals are obtained by subsequent crystal growth from the nuclei [31]. The electron beam irradiation at room temperature locally grafts ILs onto the PVDF chains and this does not affect the crystal forms of PVDF [32,33,34]. Therefore, the as-irradiated PVDF/IL-CNTs shows almost same WAXD pattern as the PVDF/IL-CNTs and the PVDF is mainly polar crystal forms. However, the melting of the irradiated sample induces the microphase separation of PVDF-g-IL and no specific interaction occurs between cations with CF2 in the melt. The nonpolar PVDF α crystals were obtained when cooling down, as similar to that of neat PVDF. This indicates again that the possible peeling off of ILs from CNTs during the microphase separation.




3.4. Physical Properties of the PVDF Nanocomposites with Both CNTs and Nanodomains


3.4.1. Electrical Conductivity of the PVDF Nanocomposites


Figure 6 shows AC electrical conductivity (Figure 6A) and DC electrical resistivity (Figure 6B) of neat PVDF and PVDF-based composites. CNTs nanofillers reduce the surface resistivity (Rs) of PVDF in PVDF/CNTs (100/1) because of the excellent conductivity of CNTs. The PVDF/IL-CNTs (100/10-1) composites have higher conductivity because of the improved CNTs dispersion and also the good ionic conductivity of IL itself. The grafting of ILs limits the movement of ions, so the conductivity of as-irradiated PVDF/IL-CNTs is lower than that of the PVDF/IL-CNTs. However, the nano-PVDF/IL-CNTs show lowest electrical conductivity in the all samples due to the confinement of the ions in the nanodomains. Figure 6C,D shows the electrical conductivity of the nano-PVDF/IL-CNTs with various amount of CNTs. Obviously, the increasing of CNTs loadings did not affect the conductivity of nano-PVDF/IL-CNTs samples. It can be attributed to the well dispersed CNTs and the confined ions.


Figure 6. Electrical properties of PVDF and PVDF-based samples. (A,B) are AC conductivity and surface resistivity (Rs) of typical samples including neat PVDF, PVDF/CNTs (100/1), PVDF/IL-CNTs (100/10-1), ir-PVDF/IL-CNTs (100/10-1) and nano-PVDF/IL-CNTs (100/10-1), respectively; (C) AC conductivity of nano-PVDF/IL-CNTs samples with various CNTs loading levels; (D) Rv values of three typical systems, including PVDF/IL-CNTs, as-irradiated PVDF/IL-CNTs and nano-PVDF/IL-CNTs with different CNTs contents.
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3.4.2. Dielectric Performance of the PVDF Nanocomposites


Figure 7A,B shows the dielectric constant and the loss for neat PVDF and PVDF based composites. As also shown in Figure 6, the PVDF/CNTs (100/1) and PVDF/IL-CNTs (100/10-1) have high electrical conductivity, and both of the two samples exhibit the dielectric behaviors of conductive materials in Figure 7A,B. Therefore, no dielectric permittivity can be recorded at the low frequency for the conductive composites. Similar phenomena can also be observed for the nano-PVDF/IL-CNTs (100/10-2) (Figure 7C,D). The high CNTs loading leads to the conductive nature of the sample. However, for the microphase separated ternary nanocomposites with the CNTs loadings lower than the percolation threshold, they exhibit higher dielectric constant than the neat PVDF. According to the Maxwell-Wagner-Sillars (MWS) effect [52,53], charges can be accumulated at the interface when electric current flows across the PVDF/CNTs and the PVDF/nanodomains interfaces. This largely enhanced the average electric field and thus the permittivity of PVDF matrix. However, poor compatibility of PVDF with pristine CNTs caused relatively larger CNTs agglomeration, which increased leakage current and induced high dielectric loss. Therefore, the simply melt mixed PVDF/CNTs (100/1) do not show the good dielectric performance. In contrast, the nano-PVDF/IL-CNTs (100/10-1) have the excellent dielectric performance with the high dielectric constant and depressed dielectric loss.


Figure 7. Frequency dependency of dielectric constant (A,C) and loss tangent (B,D) of samples including neat PVDF, PVDF/CNTs (100/1), PVDF/IL-CNTs (100/10-1), as-irradiated PVDF/IL-CNTs (100/10-1) and nano-PVDF/IL-CNTs with various CNTs contents.
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Figure 7C,D show the effects of different CNTs content on the dielectric constant (Figure 7C) and loss tangent (Figure 7D) of microphase separated PVDF ternary nanocomposites. Obviously, too much CNTs loading (2 wt%) leads to the conductive nature of the nano-PVDF/IL-CNTs (100/10-2) sample. However, it is very interesting to find that, in Figure 7C, as the content of CNTs increases, the permittivity of nanocomposite increases significantly in the CNT loadings ranging from 0.1 to 1%. At the same time, all the samples have the almost same dielectric loss in Figure 7D. Specifically, the dielectric constant and loss of the nano-PVDF/IL-CNTs (100/10-1) are 180 and 0.81 at 102 Hz, respectively. The values are 19 and 0.82 for the nano-PVDF/IL-CNTs (100/10-0.1) sample. This means that we can enhance the dielectric constant, but keep almost constant loss simultaneously with increasing the CNT loadings.




3.4.3. Mechanical Properties of the PVDF Nanocomposites


Figure 8 shows the strain-stress curves of the neat PVDF and its nanocomposites with ILs and CNTs. It is clear that the pristine CNTs lead to slightly increased modulus and strength, but with drastically decreased elongation at break. The modified CNTs by ILs can be well dispersed in the PVDF matrix and the interface is improved by the ILs, so PVDF/IL-CNTs (100//10-1) have much higher stretchability than the PVDF/CNTs (100/1) composites. However, the ILs plasticize PVDF simultaneously and the strength of the nanocomposites decreases significantly. The irradiation induces the fixation of the small molecules of ILs and the plasticizer effects of ILs are much depressed. The ir-PVDF/IL-CNTs show enhanced yielding strength and decreased elongation at break when compared with the PVDF/IL-CNTs. The microphase separation leads to the aggregation of PVDF-g-IL. This means that the PVDF-g-IL located at the interface between the CNTs and matrix aggregate together to form nanodomains, so the interface was weakened. Therefore, we observed much decreased elongation at break of about 20%. It should be noted that the nano-PVDF/IL-CNTs (100/10-1) exhibited higher modulus than the nano-PVDF/CNTs (100/10) and show pretty good stretchability of 20%, which is significantly higher than that of the dielectric ceramics.


Figure 8. Strain-stress curves of neat PVDF, PVDF/CNTs (100/1), PVDF/IL-CNTs (100/10-1), ir-PVDF/IL-CNTs (100/10-1), and nano-PVDF/IL-CNTs (100/10-1).
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4. Discussion


For dielectric materials, increased permittivity is usually accompanied with enhanced dielectric loss. It is very interesting to find in the present work that the nano-PVDF/IL-CNTs samples show enhanced dielectric constant with increasing CNTs loading but keep almost the constant dielectric loss, in the range of less than 2 wt% CNTs. The unique behavior can be attributed to the double formation of the nanophases in the PVDF matrix, i.e., the homogeneously dispersed CNTs and PVDF-g-IL nanodomains. It is important to elucidate the formation of the double nanophases structure by the combination of the ILs modification of CNTs with the irradiation process. Figure 9 depicts the schematic diagrams of the formation of the double nanophases. ILs were first coated on the surface of CNTs due to the specific cation-π interactions by grinding (Figure 9A), which is confirmed by the enhanced D-band to G-band intensity ratio after the coating compared with the pristine CNTs in Raman spectra (Figure 10). The surface-coated CNTs can be homogeneously dispersed in PVDF matrix (Figure 9B). This is attributed to the cation-CF2 interactions between the PVDF and ILs [31]. Therefore, ILs significantly improve the dispersion of CNTs in the PVDF matrix, which leads to the reduction of the current leakage under the AC electric field during the dielectric measurements. In this stage, the ILs are mainly still located on the surface of CNTs, that is, at the interface, as evidenced by the almost no intensity ratio change compared with that of the IL-coated CNTs samples. However, the cations and anions in ILs in the simply blended PVDF/IL-CNTs are mobile and easily move under the electric field, therefore, we still observed high dielectric loss. The electron beam irradiation induces the grafting of the cations with the double bonds onto the PVDF chains (Figure 9C). The irradiation was carried out at room temperature, so the ILs grafting occurs locally and large amount of IL at the interface are chemically bonded onto the PVDF. The melting of the as-irradiated sample leads to the microphase separation of PVDF-g-IL from the PVDF matrix (Figure 9D). The formation of the nanodomains of PVDF-g-IL can be attributed to the ionic interactions in the melt state. The molecular chains are much dynamic and the ionic interactions lead to the PVDF-g-IL nanoclusters and therefore numerous nanodomains were observed in the PVDF matrix (as shown in Figure 3 and Figure 4). Not only the cations grafted onto the PVDF were aggregated in the nanodomains, but also the anions without chemically grafted were confined within the nanodomains simultaneously due to the ionic interactions between the cations and anions [35]. In other words, the PVDF-g-IL peels off from the interface between the CNTs and PVDF matrix in the melt state. It should be mentioned that the ILs peeling off from the surface of CNTs does not induce the re-aggregation of CNTs. It is rational that the CNTs have long aspect ratio and the aggregations in the viscous PVDF matrix take long time. The peeling off of ILs from the CNTs can be confirmed direct by the Raman spectra measurements (Figure 10). It is observed that the D-band and G-band intensity ratio of nano-PVDF/IL-CNTs is lower than that of the PVDF/IL-CNTs. Therefore, we can achieve a novel nanocomposite with both homogeneously dispersed CNTs and the PVDF-g-IL nanoclusters.


Figure 9. Schematic diagrams for the formation of ionic nanoclusters and CNTs structures in nano-PVDF/IL-CNTs composites. (A) First grounding of CNTs with IL resulted in IL-layer-coated CNTs; (B) melt-blending PVDF with such IL-layer-coated CNTs fabricated PVDF/IL-CNTs nanocomposites with homogeneously dispersed CNTs; (C) The PVDF/IL-CNTs nanocomposites then exposed upon electron beam irradiated (EBI) at room temperature in the air, whereas IL molecules in-suit grafted onto chains of PVDF; (D) the as-irradiated PVDF/IL-CNTs samples were heated to 210 °C and held there for 30 min, and microphase separation of IL grafted PVDF (PVDF-g-IL) chains occurred in the melt. A following cooling procedure led to the nano-PVDF/IL-CNTs composites with PVDF-g-IL nanodomains (i.e., IL nanoclusters).
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Figure 10. Raman spectra of pristine CNTs, IL coated CNTs (CNTs/IL = 1/10), PVDF/IL-CNTs (100/10-1), as-irradiated PVDF/IL-CNTs (100/10-1) and nano-PVDF/IL-CNTs (100/10-1) samples, respectively.
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5. Conclusions


In this study, a novel nano-PVDF/IL-CNTs composite with both homogeneously dispersed CNTs and ionic nanodomains in the PVDF matrix was fabricated. The processes included surface coating, melt blending, electron beam irradiation (EBI) and microphase separation. The ILs first improved the dispersion of CNTs in the PVDF matrix and then were grafted onto the chains of PVDF by the electron beam irradiation. With the following heating, the PVDF-g-IL aggregated into the ionic nanodomains and separated from the ungrafted PVDF matrix. The homogeneously dispersed CNTs and the confined cations and anions in the nanodomains depressed the dielectric loss significantly. Therefore, the nanocomposites exhibit high dielectric constant and low dielectric loss, with good flexibility.







Acknowledgments


This work was financially supported by the National Natural Science Foundation of China (21674033, 21374027) and National Key R&D Program of China (2017YFB0307704).




Author Contributions


Yongjin Li conceived and designed the experiments; Yanyuan Wang, Chenyang Xing and Jipeng Guan performed the experiments; Yanyuan Wang, Chenyang Xing and Yongjin Li analyzed the data; and Yanyuan Wang wrote the paper.




Conflicts of Interest


The authors declare no conflict of interest.




References


	1. 
Zhu, L.; Wang, Q. Novel ferroelectric polymers for high energy density and low loss dielectrics. Macromolecules 2012, 45, 2937–2954. [Google Scholar] [CrossRef]

	2. 
Huang, X.; Jiang, P. Core–shell structured high-k polymer nanocomposites for energy storage and dielectric Applications. Adv. Mater. 2015, 27, 546–554. [Google Scholar] [CrossRef] [PubMed]

	3. 
Dang, Z.M.; Yuan, J.K.; Zha, J.W.; Zhou, T.; Li, S.T.; Hu, G.H. Fundamentals, processes and applications of high-permittivity polymer–matrix composites. Prog. Mater. Sci. 2012, 57, 660–723. [Google Scholar] [CrossRef]

	4. 
Dang, Z.M.; Yuan, J.K.; Yao, S.H.; Liao, R.J. Flexible nanodielectric materials with high permittivity for power energy storage. Adv. Mater. 2013, 25, 6334–6365. [Google Scholar] [CrossRef] [PubMed]

	5. 
Dang, Z.M.; Xie, D.; Shi, C.Y. Theoretical prediction and experimental study of dielectric properties in poly (vinylidene fluoride) matrix composites with micronanosize BaTiO3 filler. Appl. Phys. Lett. 2007, 91, 222902. [Google Scholar] [CrossRef]

	6. 
Li, Y.; Huang, X.; Hu, Z.; Jiang, P.; Li, S.; Tanaka, T. Large dielectric constant and high thermal conductivity in poly (vinylidene fluoride)/barium titanate/silicon carbide three-phase nanocomposites. ACS Appl. Mater. Interfaces 2011, 3, 4396–4403. [Google Scholar] [CrossRef] [PubMed]

	7. 
Zhu, M.; Huang, X.; Yang, K.; Zhai, X.; Zhang, J.; He, J.; Jiang, P. Energy storage in ferroelectric polymer nanocomposites filled with core–shell structured polymer@ BaTiO3 nanoparticles: understanding the role of polymer shells in the interfacial regions. ACS Appl. Mater. Interfaces 2014, 6, 19644–19654. [Google Scholar] [CrossRef] [PubMed]

	8. 
Liu, S.; Xue, S.; Zhang, W.; Zhai, J.; Chen, G. Significantly enhanced dielectric property in PVDF nanocomposites flexible films through a small loading of surface-hydroxylated Ba0.6Sr0.4TiO3 nanotubes. J. Mater. Chem. A 2014, 2, 18040–18046. [Google Scholar] [CrossRef]

	9. 
Luo, B.; Wang, X.; Wang, Y.; Li, L. Fabrication, characterization, properties and theoretical analysis of ceramic/PVDF composite flexible films with high dielectric constant and low dielectric loss. J. Mater. Chem. A 2014, 2, 510–519. [Google Scholar] [CrossRef]

	10. 
Liu, S.; Zhai, J. Improving the dielectric constant and energy density of poly (vinylidene fluoride) composites induced by surface-modified SrTiO3 nanofibers by polyvinylpyrrolidone. J. Mater. Chem. A 2015, 3, 1511–1517. [Google Scholar] [CrossRef]

	11. 
Zha, J.W.; Meng, X.; Wang, D.; Dang, Z.M.; Li, R.K. Dielectric properties of poly (vinylidene fluoride) nanocomposites filled with surface coated BaTiO3 by SnO2 nanodots. Appl. Phys. Lett. 2014, 104, 072906. [Google Scholar] [CrossRef]

	12. 
Yuan, J.K.; Yao, S.H.; Dang, Z.M.; Sylvestre, A.; Genestoux, M.; Bai1, J. Giant dielectric permittivity nanocomposites: realizing true potential of pristine carbon nanotubes in polyvinylidene fluoride matrix through an enhanced interfacial interaction. J. Phys. Chem. C 2011, 115, 5515–5521. [Google Scholar] [CrossRef]

	13. 
Yu, J.; Huang, X.; Wu, C.; Jiang, P. Permittivity, thermal conductivity and thermal stability of poly (vinylidene fluoride)/graphene nanocomposites. IEEE Trans. Dielectr. Electr. Insul. 2011, 18, 478–484. [Google Scholar]

	14. 
Wang, D.; Zhou, T.; Zha, J.W.; Zhao, J.; Shi, C.Y.; Dang, Z.M. Functionalized graphene–BaTiO3/ferroelectric polymer nanodielectric composites with high permittivity, low dielectric loss, and low percolation threshold. J. Mater. Chem. A 2013, 1, 6162–6168. [Google Scholar] [CrossRef]

	15. 
Wen, F.; Xu, Z.; Tan, S.; Xia, W.; Wei, X.; Zhang, Z. Chemical bonding-induced low dielectric loss and low conductivity in high-K poly (vinylidenefluoride-trifluorethylene)/graphene nanosheets nanocomposites. ACS Appl. Mater. Interfaces 2013, 5, 9411–9420. [Google Scholar] [CrossRef] [PubMed]

	16. 
Wang, D.; Bao, Y.; Zha, J.W.; Zhao, J.; Dang, Z.M.; Hu, G.H. Improved dielectric properties of nanocomposites based on poly (vinylidene fluoride) and poly (vinyl alcohol)-functionalized graphene. ACS Appl. Mater. Interfaces 2012, 4, 6273–6279. [Google Scholar] [CrossRef] [PubMed]

	17. 
He, F.; Lau, S.; Chan, H.L.; Fan, J. High dielectric permittivity and low percolation threshold in nanocomposites based on poly(vinylidene fluoride) and exfoliated graphite nanoplates. Adv. Mater. 2009, 21, 710–715. [Google Scholar] [CrossRef]

	18. 
Yang, K.; Huang, X.; Fang, L.; He, J.; Jiang, P. Fluoro-polymer functionalized graphene for flexible ferroelectric polymer-based high-k nanocomposites with suppressed dielectric loss and low percolation threshold. Nanoscale 2014, 6, 14740–14753. [Google Scholar] [CrossRef] [PubMed]

	19. 
Wang, L.; Dang, Z.M. Carbon nanotube composites with high dielectric constant at low percolation threshold. Appl. Phys. Lett. 2005, 87, 042903. [Google Scholar] [CrossRef]

	20. 
Yao, S.H.; Dang, Z.M.; Jiang, M.J.; Bai, J. BaTiO3-carbon nanotube/polyvinylidene fluoride three-phase composites with high dielectric constant and low dielectric loss. Appl. Phys. Lett. 2008, 93, 2905. [Google Scholar] [CrossRef]

	21. 
Yuan, J.; Yao, S.; Li, W.; Sylvestre, A.; Bai, J. Vertically aligned carbon nanotube arrays on SiC microplatelets: a high figure-of-merit strategy for achieving large dielectric constant and low loss in polymer composites. J. Phys. Chem. C 2014, 118, 22975–22983. [Google Scholar] [CrossRef]

	22. 
Li, W.; Yuan, J.; Lin, Y.; Yao, S.; Ren, Z.; Wang, H.; Bai, J. The controlled formation of hybrid structures of multi-walled carbon nanotubes on SiC plate-like particles and their synergetic effect as a filler in poly (vinylidene fluoride) based composites. Carbon 2013, 51, 355–364. [Google Scholar] [CrossRef]

	23. 
Dichiara, A.B.; Yuan, J.; Yao, S.; Sylvestre, A.; Zimmer, L.; Bai, J. Effective synergistic effect of Al2O3 and SiC microparticles on the growth of carbon nanotubes and their application in high dielectric permittivity polymer composites. J. Mater. Chem. A 2014, 2, 7980–7987. [Google Scholar] [CrossRef]

	24. 
Tans, S.J.; Verschueren, A.R.; Dekker, C. Room-temperature transistor based on a single carbon nanotube. Nature 1998, 393, 49–52. [Google Scholar]

	25. 
Dang, Z.M.; Nan, C.W.; Xie, D.; Zhang, Y.H.; Tjong, S.C. Dielectric behavior and dependence of percolation threshold on the conductivity of fillers in polymer-semiconductor composites. Appl. Phys. Lett. 2004, 85, 97. [Google Scholar] [CrossRef]

	26. 
Huddleston, J.G.; Visser, A.E.; Reichert, W.M.; Willauer, H.D.; Broker, G.A.; Rogers, R.D. Characterization and comparison of hydrophilic and hydrophobic room temperature ionic liquids incorporating the imidazolium cation. Green Chem. 2001, 3, 156–164. [Google Scholar] [CrossRef]

	27. 
Pernak, J.; Czepukowicz, A.; Pozniak, R. New ionic liquids and their antielectrostatic properties. Ind. Eng. Chem. Res. 2001, 40, 2379–2383. [Google Scholar] [CrossRef]

	28. 
Davis, J.H., Jr.; Fox, P.A. From curiosities to commodities: ionic liquids begin the transition. Chem. Commun. 2003, 1209–1212. [Google Scholar] [CrossRef]

	29. 
Xing, C.; Guan, J.; Li, Y.; Li, J. Effect of a room-temperature ionic liquid on the structure and properties of electrospun poly (vinylidene fluoride) nanofibers. ACS Appl. Mater. Interfaces 2014, 6, 4447–4457. [Google Scholar] [CrossRef] [PubMed]

	30. 
Xing, C.; Zhao, M.; Zhao, L.; You, J.; Cao, X.; Li, Y. Ionic liquid modified poly (vinylidene fluoride): crystalline structures, miscibility, and physical properties. Polym. Chem. 2013, 4, 5726–5734. [Google Scholar] [CrossRef]

	31. 
Xing, C.; Zhao, L.; You, J.; Dong, W.; Cao, X.; Li, Y. Impact of ionic liquid-modified multiwalled carbon nanotubes on the crystallization behavior of poly (vinylidene fluoride). J. Phys. Chem. B 2012, 116, 8312–8320. [Google Scholar] [CrossRef] [PubMed]

	32. 
Xing, C.; Wang, Y.; Zhang, C.; Li, L.; Li, Y.; Li, J. Immobilization of ionic liquids onto the poly (vinylidene fluoride) by electron beam irradiation. Ind. Eng. Chem. Res. 2015, 54, 9351–9359. [Google Scholar] [CrossRef]

	33. 
Xing, C.; Wang, Y.; Huang, X.; Li, Y.; Li, J. Poly (vinylidene fluoride) nanocomposites with simultaneous organic nanodomains and inorganic nanoparticles. Macromolecules 2016, 49, 1026–1035. [Google Scholar] [CrossRef]

	34. 
Xing, C.; You, J.; Li, Y.; Li, J. Nanostructured poly (vinylidene fluoride)/ionic liquid composites: Formation of organic conductive nanodomains in polymer matrix. J. Phys. Chem. C 2015, 119, 21155–21164. [Google Scholar] [CrossRef]

	35. 
Xing, C.; Li, J.; Yang, C.; Li, Y. Locally Grafting of ionic liquid in poly (vinylidene fluoride) amorphous region and the subsequent microphase separation behavior in melt. Macromol. Rapid Commun. 2016. [Google Scholar] [CrossRef] [PubMed]

	36. 
Zhao, L.; Li, Y.; Cao, X.; You, J.; Dong, W. Multifunctional role of an ionic liquid in melt-blended poly (methyl methacrylate)/multi-walled carbon nanotube nanocomposites. Nanotechnology 2012, 23, 255702. [Google Scholar] [CrossRef] [PubMed]

	37. 
Bellayer, S.; Gilman, J.W.; Eidelman, N.; Bourbigot, S.; Flambard, X.; Fox, D.M.; Trulove, P.C. Preparation of homogeneously dispersed multiwalled carbon nanotube/polystyrene nanocomposites via melt extrusion using trialkyl imidazolium compatibilizer. Adv. Funct. Mater. 2005, 15, 910–916. [Google Scholar] [CrossRef]

	38. 
Yang, C.; Lin, Y.; Nan, C.W. Modified carbon nanotube composites with high dielectric constant, low dielectric loss and large energy density. Carbon 2009, 47, 1096–1101. [Google Scholar] [CrossRef]

	39. 
Liu, H.; Shen, Y.; Song, Y.; Nan, C.W.; Lin, Y.; Yang, X. Carbon nanotube array/ polymer core/shell structured composites with high dielectric permittivity, low dielectric loss, and large energy density. Adv. Mater. 2011, 23, 5104–5108. [Google Scholar]

	40. 
Bruna da Silva, A.; Arjmand, M.; Sundararaj, U.; Bretas, R. Novel Composites of CuNW/PVDF with Superior Dielectric Properties. Polymer 2014, 55, 226–234. [Google Scholar]

	41. 
Arjmand, M.; Mahmoodi, M.; Park, S.; Sundararaj, U. An innovative method to reduce the energy loss of conductive filler/polymer composites for charge storage applications. Compos. Sci. Technol. 2013, 78, 24–29. [Google Scholar] [CrossRef]

	42. 
Arjmand, M.; Sundararaj, U. Impact of BaTiO3 as Insulative Ferroelectric Barrier on the Broadband Dielectric Properties of MWCNT/PVDF Nanocomposites. Polym. Compos. 2016, 37, 299–304. [Google Scholar] [CrossRef]

	43. 
Arjmand, M.; Sadeghi, S.; Khajehpour, M.; Sundararaj, U. Carbon Nanotube/Graphene Nanoribbon/Polyvinylidene Fluoride Nanocomposites. Rheological and Dielectric Properties. J. Phys. Chem. C 2017, 121, 169–181. [Google Scholar] [CrossRef]

	44. 
Hu, P.; Shen, Y.; Guan, Y.; Zhang, X.; Lin, Y.; Zhang, Q.; Nan, C.W. Topological structure modulated polymer nanocomposites exhibiting highly enhanced dielectric strength and energy density. Adv. Funct. Mater. 2014, 24, 3172–3178. [Google Scholar] [CrossRef]

	45. 
Ameli, A.; Jung, P.U.; Park, C.B. Electrical properties and electromagnetic interference shielding effectiveness of polypropylene/carbon fiber composite foams. Carbon 2013, 60, 379–391. [Google Scholar] [CrossRef]

	46. 
Ahmadian Hosseini, A.H.; Arjmand, M.; Sundararaj, U.; Trifkovic, M. Tunable Electrical Conductivity of Polystyrene/Polyamide 6/Carbon Nanotube: Significance of Morphology and Polymer-Filler Interaction. Eur. Polym. J. 2017, 95, 418–429. [Google Scholar] [CrossRef]

	47. 
Fukushima, T.; Aida, T. Ionic liquids for soft functional materials with carbon nanotubes. Chem. Eur. J. 2007, 13, 5048–5058. [Google Scholar] [CrossRef] [PubMed]

	48. 
Fukushima, T.; Kosaka, A.; Yamamoto, Y.; Aimiya, T.; Notazawa, S.; Takigawa, T.; Aida, T. Dramatic effect of dispersed carbon nanotubes on the mechanical and electroconductive properties of polymers derived from ionic liquids. Small 2006, 2, 554–560. [Google Scholar] [CrossRef] [PubMed]

	49. 
Fukushima, T.; Kosaka, A.; Ishimura, Y.; Yamamoto, T.; Takigawa, T.; Ishii, N.; Aida, T. Molecular ordering of organic molten salts triggered by single-walled carbon nanotubes. Science 2003, 300, 2072–2074. [Google Scholar] [CrossRef] [PubMed]

	50. 
Zhao, L.; Li, Y.; Liu, Z.; Shimizu, H. Carbon nanotube-conducting polymer core−shell hybrid using an imidazolium-salt-based ionic liquid as a linker: Designed as a potential platinum electrode alternative material for large-scale solution processing. Chem. Mater. 2010, 22, 5949–5956. [Google Scholar] [CrossRef]

	51. 
Deng, B.; Cai, R.; Yu, Y.; Jiang, H.; Wang, C.; Li, J.; Huang, Q. Laundering durability of superhydrophobic cotton fabric. Adv. Mater. 2010, 22, 5473–5477. [Google Scholar] [CrossRef] [PubMed]

	52. 
Tamura, R.; Lim, E.; Manaka, T.; Iwamoto, M. Analysis of pentacene field effect transistor as a Maxwell-Wagner effect element. J. Appl. Phys. 2006, 100, 114515. [Google Scholar] [CrossRef]

	53. 
Yu, S.; Zheng, W.; Yu, W.; Jing, Y.Q.; Zhao, Z. Formation mechanism of β-Phase in PVDF/CNT composite prepared by the sonication method. Macromolecules 2009, 42, 8870–8874. [Google Scholar] [CrossRef]



























© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).







media/file8.jpg
Heat flow (a.u.)

VDB CNTIO0i01

ncat PVDE ~
2

PyDBCN =100 &
z

VDL CNT- 100 E
]

2

=

Mr\wﬂx\lrmm

w0

L
Temperature (°C)

3

O

2Theta(degree)





media/file13.png
_—
-’

Dielectric Constant

O

_—
-

Dielectric constant

—a— PVDF (B) 10° —8— PVDF
: e PVDF/CNTs=100/1 r e PVDF/CNTs=100/1
E- —v— PVDF/IL-CNTs=100/10-1 1 05 i, —v— PVDF/IL-CNTs=100/10-1
3 < nano-PVDF/IL-CNTs=100/10-1 " < nano-PVDF/IL-CNTs=100/10-1

—
(o] (o]
[#5] =

[
o)
.

Loss tangent

n 10° |
10"
_1. sl 0. P | 1. rasad 2. sasasd 3. sassnl 4. rassed 5. aasand 6. 222 ; 10-2 '_1 - - - . ; - - ]
100 10 100 100 100 100 100 10 100 10 10 100 100 100 100 10° 10
Frequency (Hz) Frequency (Hz)
5
—=&— nano-PVDF/IL=100/10 (D) 10 —&— nano-PVDF/IL=100/10
3 —&— nano-PVDF/IL-CNTs=100/10-0.1 sl —&— nano-PVDF/IL-CNTs=100/10-0.1
[ —a&— nano-PVDF/IL-CNTs=100/10-0.5 10 r —4A— nano-PVDF/IL-CNTs=100/10-0.5
—w— nano-PVDF/IL-CNTs=100/10-1 R L —v— nano-PVDF/IL-CNTs=100/10-1
—<4— nano-PVDF/IL-CNTs=100/10-2 ~— 10 r —<4— nano-PVDF/IL-CNTs=100/10-2
: 3
P
=1 )}
=
&
~
7/]
72]
)
-
y - - - - - - - , 10 2 -1. sassand 0. s asund 1. sl 2. rasnml 3. s asund 4. s asand 5. saannd 6. rsan ,
10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10

Frequency (Hz) Frequency (Hz)





media/file12.jpg
Dielectric Constant.

Dielectric constant

0]
10
10
10! gy 10°) = 3
w0t e w0t w0 0 0o e et w0t w0t e W
Frequency (Hz) Frequency (Hz)
® 10 o e PYDFIL- 10010
* e I A e
Lwp W ek it
g
0 & 10|
&
Sw \
Z w0
10 3 Harasacai]
107!
10 100 10" 100 10° 10' 10' 10t 107 107 100 10 10° 10° 10t 100 10 10
Frequency (Hz)

Frequency (Hz)





media/file18.jpg
PVDEAIL-CNTs=100/10-1

ir-PVDHIL-CNTs=100/10-1

Intensity (a.u.)

nano-PVDH/IL-CNTs=100/10-1

2000 1800 1600 400 1200 1000
Raman Shift (cm™)






media/file9.png
z

neat PVDF

PVDF/CNTs=100/1

PVDF/IL-CNTs=100/10-1

E:

Heat flow (a.u.)

Intensity (a.u.)

ir-PVDF/IL-CNTs=100/10-1
nano-PVDF/IL-CNTs=100/10-1

o.(110)

o.(021) ory(022)
N PVDF
N PVDF/CNTs=100/1

PVDFIL-CNTs=100/10-1

ir-PVDHIL-CNTs=100/10-1
._-—.—ﬂ/v

nano-PVDF/IL-CNTs=100/10-1
\____~__-A

Temperature (°C)

75 100 125 150 175 200





media/file14.jpg
Stress(MPa)

/o
——PVDF
—— PVDF/CNTs=100/1
nano-PVDF/IL=100/10
~— PVDF/IL-CNTs=100/10-1
~——ir-PVDF/IL-CNTs=100/10-1
nano-PVDF/IL-CNTs=100/10-1

oll ol
0 10 20 30 40 50 150 200 250
Elongation(%)






media/file5.png
(Sneano- PVIIL-CNES=10070-1

i PVIIVIL-ONES=10V -1

@PVIRILONI=100r10.1

10

q(nt})





media/file15.png
Stress(MPa)

80

70

60

)
—

[\
—

50

40

[a—y
=T ]

/4

[ £ 4

i = PVDF

- = PVDF/CNTs=100/1

: nano-PVDF/I1L=100/10

L ——— PVDF/IL-CNTs=100/10-1
ir-PVDF/IL-CNTs=100/10-1

L

ol ts 1 Lo 0 o 1 o'/

nano-PVDF/IL-CNTs=100/10-1

0 10 20 30 40 50 150 200
Elongation(%b)

250





media/file19.png
-band

N\ CNTs
CNTs/IL=1/10

L-CNTs=100/10-1

IL-CNTs=100/10-1

Intensity (a.u.)

/IL-CNTs=100/10-1

2000 1800 1600 1400 1200 1000
Raman Shift (cm )






media/file2.jpg





nav.xhtml


  polymers-09-00562


  
    		
      polymers-09-00562
    


  




  





media/file11.png
~~

A)

3

10 f
2 ol
10°f
Sk
wn 107F
g
sSF
.g 10°f
o 10°f
: E
,v 10‘10i, —a—PVDF
= uf —e— PVDF/CNTs=100/1
o 10| —v— PVDF/IL-CNTs=100/10-1
U 10-12 [ —A— ir-PVDF/IL-CNTs=100/10-1
) r —<4— nano-PVDF/IL-CNTs=100/10-1
1013 s ranemd s s asaad s s asanad 2 aasssed s rasaud 2 2 ssemd s s arasad s 2w
10" 10 100 100 10° 10° 10° 10° 10
Frequency (Hz)
(9)
10°F
~
S 10°F
3
=T
S
> 10°F
é o —&— nano-PVDF/IL=100/10
= 10" nano-PVDF/IL-CNTs=100/10-0.1
o —&A— nano-PVDF/IL-CNTs=100/10-0.5
O 0™ —v— nano-PVDF/IL-CNTs=100/10-1
E oy oy & nano-PVDETL-CNTs=100/10-2
10" 10° 10' 100 10° 10° 10° 10° 10" 10°

Frequency (Hz)

Log(Rv)

(D)

Log(Rv)

Y I - . I - -

PVDF/CNTs
=100/1

ir-PVDF/IL-CNTs nano-PVDF/IL-CNTs
=100/10-1 =100/10-1

PVDF/IL-CNTs
=100/10-1

PVDF

—=— PVDF/IL-CNTs
—— ir-PVDF/IL-CNTs
——nano-PVDF/IL-CNTs

I—Fﬂ\x\x
L 4

00 05 10 1s
The content of CNTs

2.0





media/file6.jpg





media/file1.png
('n*e) Arsuajuy

g 8§ 3 % ¢ ®
(%) yuddaad JySrom






media/file10.jpg
Conduction(S/em)

Conduction(S/em)

Log(Rv)

Frequency (Hz)

The content of CNTs





media/file7.png
L5 \
ﬂ : ,’\ ) (b) \\ = V\‘ )
| \\{ b 2% / /’ ‘ »_‘\ | /\\‘ ¢
r
i)\

o
finf /
N N\ y 0 f
IR Ty e ’\ o
2N N b L, e o e | \ : v J“ v |
N N oA TN ’ L v/’/’: f A \ |
: 7 \ *“‘ \ } ’\ & A : ! L 2 ) i o
- PSRRI TRy TR L 1 ] / | RO T | P e 1 { ‘ “-“/ | LR TR | T80 1 i s Ik I o TR 'f", I"II
546005.0kV 4.5mm x10.0k SE(M) 3/10/2016 5.00um | $4800 5.0k\-4.7mm x10.0Kk\SEf 2016 ' \ P 5‘06um 54800 STOQN 4.5mmi10. 0lcSE(M) 3/10/2016 ¢ 5.00um JS4800 5.0V 2 3mmk40 kéEl’M' SRR i -
2 7 ‘ ; ‘n






media/file16.jpg
*)

PVDE
“Mel-blending

® [0, ewr mmmEeNT






media/file3.png
220.0k Zoom- 1 HC- 1 100,0kV 2016/07/15 20.37.40






media/file17.png
(A)

(D)

PVDF

(B)

Melt-blending

Melt &

©

Crystallization

Electron beam

Irradiation
grafiing






media/file4.jpg
O PVIRIL N0 0






media/file0.jpg
(%) 1uad3ad 1yBpoA\





