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Abstract

:

The enhanced dielectric permittivity (ε′) while retaining a low loss tangent (tanδ) in silver nanoparticle−(In1/2Nb1/2)0.1Ti0.9O2/poly(vinylidene fluoride) (Ag-INTO/PVDF) composites with different volume fractions of a filler (fAg-INTO) was investigated. The hybrid particles were fabricated by coating Ag nanoparticles onto the surface of INTO particles, as confirmed by X-ray diffraction. The ε′ of the Ag−INTO/PVDF composites could be significantly enhanced to ~86 at 1 kHz with a low tanδ of ~0.044. The enhanced ε′ value was approximately >8-fold higher than that of the pure PVDF polymer for the composite with fAg-INTO = 0.5. Furthermore, ε′ was nearly independent of frequency in the range of 102–106 Hz. Therefore, filling Ag−INTO hybrid particles into a PVDF matrix is an effective way to increase ε′ while retaining a low tanδ of polymer composites. The effective medium percolation theory model can be used to fit the experimental ε′ values with various fAg-INTO values. The greatly increased ε′ primarily originated from interfacial polarization at the conducting Ag nanoparticle–PVDF and Ag–INTO interfaces, and it was partially contributed by the high ε′ of INTO particles. A low tanδ was obtained because the formation of the conducting network in the polymer was inhibited by preventing the direct contact of Ag nanoparticles.
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1. Introduction


A new method to enhance the dielectric permittivity (ε′) of polymer matrix composites was proposed to obtain high-performance dielectric properties of polymer-based materials for use in capacitors, resistors, and embedded devices [1,2,3,4]. Many research groups have focused on the development of polymer nanocomposites with high ε′ and low loss tangent (tanδ), which can be considered as candidate dielectric polymers [1,2,4,5,6].



A simple method for achieving an improved dielectric response in polymers is to fill high-ε′ oxides, e.g., and ACu3Ti4O12 (ACTO) (A = Ca, Na1/2Bi1/2, Na1/2Y1/2, and Na1/3Ca1/3Bi1/3) [7,8,9,10,11], La2-xSrxNiO4 (LSNO) [5,6,12], TiO2 nanowires [13], K0.5Na0.5NbO3-SrTiO3 [14], and BaTiO3 (BT) [15,16,17,18,19], into the polymer. The enhanced dielectric properties are attributed to the high ε′ of the filler and interfacial polarization at the interface of the polymer matrix and filler particles. Although the ε′ value of ceramic−polymer composites can be increased with increasing volume fractions of a filler (ffiller), the highly deteriorated dissipation factor of energy (tanδ >> 1) limits their application as dielectric materials. This is due to the high tanδ of ceramic fillers used. In some composite systems, the ε′ value is difficult to enhance even when ffiller ≥ 0.5.



Another simple method to enhance the ε′ of dielectric polymers is to incorporate conductive nanoparticles or nanofibers (e.g., Ag [20,21], Ni [22], Al [23], or multiwalled carbon nanotubes [24]) into the polymer matrix at ffiller close to the percolation threshold (fc). In particular, Ag is attractive due to its high conductivity, low cost, and ease of synthesis. Unfortunately, an enhanced ε′ value of metal–polymer composites is usually accompanied by a large leakage current (IL) and high tanδ when ffiller → fc. The increases in IL and tanδ are unsuitable for applications of polymer composites.



In recent years, an effective route to improve the dielectric properties of polymer−matrix composites has been to use hybrid fillers consisting of ceramic particles deposited by metal nanoparticles such as Ag–TiO2 [25,26], Ag–La1.9Sr0.1Ni0.6Mg0.4O4 [27], Au–BT [3], Ag–BT [28,29], Au–ACTO [30], Au–BiFeO3 [31], and Ag–ACTO [32,33]. The improved dielectric properties of the polymer composites filled with these hybrid particles are caused by intensive interfacial metal–ceramic, metal–polymer, and ceramic–polymer interactions. The enhanced conductivity and tanδ due to incorporation with conductive particles can be inhibited by the discrete growth of metal particles on the surface of ceramic particles. Many previous works showed that a significantly enhanced ε′ and low tanδ of these three-phase composites are achieved [3,26,30,31,32,33,34,35].



Hu et al. [36] reported a new class of giant dielectric material, i.e., In3+/Nb5+ co-doped rutile-TiO2. When the co-doping concentration was 10%, a low tanδ of ~0.02 and high ε′ ~6 × 104 were achieved over a frequency range of 102−106 Hz. Notably, the ε′ was slightly dependent on temperature in the temperature range of 80−450 K. The observed dielectric behavior was explained by the formation of complex defect clusters inside the grains due to the substitution of aliovalent dopants. The overall dielectric properties of the In3+/Nb5+ co-doped TiO2 ceramics are better than those of conventional giant dielectric oxides.



Considering a conventional ceramic/PVDF composite system, the observed high tanδ value of the ceramic/PVDF composites likely results from high values of the conductivity and tanδ of the ceramic filler used, especially for ACTO/PVDF, LSNO/PVDF, and Ba(Fe0.5Nb0.5)O3/PVDF composites [6,7,8,37]. For these ceramics, the obtained high ε′ of ~104 is caused by the extrinsic effect associated with their semiconducting grains and internal insulating layer. These ceramic particles can be considered as semiconducting fillers in a polymer matrix composite because there is no internal insulating layer (e.g., grain boundary) in filler particles used. In contrast, although a low tanδ value can be achieved in a conventional BT/PVDF composite system, a significantly enhanced ε′ response is difficult to achieve due to a low intrinsic ε′ value associated with the ferroelectricity and the absence of strong interfacial polarization. Therefore, all of these ceramic particles may be an improper choice for use as a filler in a two-phase ceramic/polymer composite or unsuitable for fabricating a hybrid particle.



Instead, In3+/Nb5+ co-doped TiO2 particles may be an attractive choice because the obtained high ε′ and low tanδ values are associated with the quasi-intrinsic effect. The macroscopic point of view of the In3+/Nb5+ co-doped TiO2 particles involves insulating particles with very high resistivity compared to that of other giant dielectric oxides. Nevertheless, the INTO particles contain highly localized free electrons in the clusters of defects, giving rise to the significantly increased ε′. Thus, the quasi-intrinsic ε′ value of the INTO particles is expected to be much higher than that of the intrinsic ε′ value of the BT particles. Tes et al. [38] reported the significantly enhanced dielectric properties of modified surface (Er0.5 + Nb0.5)xTi1−xO2/P(VD–-TrFE) polymer composites. Furthermore, it was reported that the (La, Nb) co-doped TiO2/silicone rubber composites can exhibit greatly enhanced dielectric properties [39].



By using a hybrid particle approach for improving the dielectric properties of polymer composites, Ag-(In3+/Nb5+) co-doped TiO2 hybrid particles may, therefore, be one of the most exciting choices. If the origin of the giant dielectric response in the In3+/Nb5+ co-doped TiO2 ceramics is attributed to the quasi-intrinsic effect, a significantly increased ε′ value while retaining low tanδ should be achieved in the composites. Poly(vinylidene fluoride) (PVDF) is one of the most significant dielectric polymers owing to its high ε′ ~10−12 compared to that of other polymers [1]. Thus, the objective of this work was to enhance the dielectric properties of PVDF polymer composites by incorporating Ag-(In3+/Nb5+) co-doped TiO2 hybrid particles.



In this study, we fabricated a new composite system consisting of Ag-(In3+/Nb5+) co-doped TiO2 hybrid particles incorporated in a PVDF polymer matrix to obtain a largely enhanced ε′ with low tanδ. The effect of filler volume fraction on the variation in dielectric properties was investigated. The microstructure, morphology, and dielectric properties were discussed in detail to possibly justify whether such composites are designable for applications in next-generation electronics.




2. Experimental Details


2.1. Preparation of (In1/2Nb1/2)0.1Ti0.9O2 powders


The (In1/2Nb1/2)0.1Ti0.9O2 (INTO) powder was prepared by a conventional mixed-oxide method. Firstly, In2O3 (Sigma−Aldrich, Saint Louis, MO, USA, 99.9% purity), Nb2O5 (Sigma−Aldrich, Saint Louis, MO, USA, 99.99% purity), and rutile-TiO2 (Sigma−Aldrich, Saint Louis, MO, USA, >99.9% purity) were mixed using a wet ball-milling method in ethanol for 24 h. Secondly, ethanol was evaporated at 80 °C for 24 h. Lastly, the mixed dried powder was calcined at 1100 °C for 10 h to obtain an INTO powder.




2.2. Preparation of Ag−INTO Hybrid Particles


Ag−INTO hybrid particles were prepared using a seed-mediated growing process by a redox reaction between silver nitrate and ethylene glycol. Firstly, AgNO3 (RCI Labscan, Bangkok, Thailand, 99.8% purity) was dissolved in 300 mL of ethylene glycol. Secondly, INTO was added to ethylene glycol under constant magnetic stirring for 2 h at ~30 °C. Then, the temperature of the mixed solution was increased to 140 °C for 25 min. Next, the Ag−INTO powders in ethylene glycol were washed with absolute ethanol three times. Lastly, the Ag−INTO hybrid particles were obtained by heating in an oven at 80 °C for 1 h.




2.3. Preparation of Ag−INTO/PVDF Nanocomposites


Ag−INTO/PVDF composites with different volume fractions of Ag−INTO hybrid particles (fAg−INTO = 0–0.55) were prepared by a liquid-phase-assisted dispersion method [1]. Firstly, Ag−INTO and PVDF particles were mixed by a ball-milling method in absolute ethanol for 30 min using ZrO2 balls. Secondly, the mixture of Ag−INTO and PVDF particles was dried to evaporate absolute ethanol at 80 °C. Lastly, the mixed powders were molded by hot-pressing at 200 °C for 30 min. The final disc shape of the composite samples was 12 mm in diameter and 1 mm in thickness.




2.4. Characterization Techniques and Dielectric Measurement


X-ray diffraction (XRD; PANalytical, Malvern, UK, EMPYREAN) was used to characterize the phase composition of the composite samples. The morphologies of the Ag−INTO hybrid particles and Ag−INTO/PVDF were revealed by transmission electron microscopy (TEM; FEI Tecnai G2 20) and scanning electron microscopy (SEM) (SEC, SNE-4500M), respectively. Before dielectric measurements, the disc samples were painted with silver paste on both sides of the surface. Then, the electrode was dried at 150 ℃ for 0.5 h. The capacitance (Cp) and dissipation factor (tanδ) of the Ag−INTO/PVDF composites were measured using an impedance analyzer (KEYSIGHT, E4990A) under an AC oscillation voltage of 0.5 V over a frequency range of 102−106 Hz and a temperature range of −60 to 150 °C.





3. Results and Discussion


The surface morphology of Ag−INTO hybrid particles was revealed using the TEM technique. As shown in Figure 1a–e, the formation of of Ag−INTO hybrid particles was confirmed. The Ag particles had a nearly spherical shape, while the INTO particles had an irregular shape with sizes ranging from ~1–2 μm. The surface of INTO could be discretely deposited with discrete Ag nanoparticles, forming the Ag−INTO hybrid particles for use as a filler in the PVDF polymer matrix. The particle size of Ag nanoparticles was similar to that reported in the literature [35]. Figure 1f shows the size distribution of the Ag nanoparticles. Accordingly, the average particle size of the Ag nanoparticles was 78.2 ± 11.9 nm.



The phase formation of pure PVDF and Ag−INTO/PVDF was investigated, as shown in Figure 2. The XRD result indicates the formation of α- and γ-PVDF phases [7,8]. It was confirmed that the prepared Ag−INTO/PVDF composites consisted of a rutile-TiO2 phase (JCPDS 21-1276) without any possible impurity of Nb- or In-related phase and Ag phase (JCPDS 89–3722). The XRD pattern of the PVDF phase in the Ag−INTO/PVDF composites decreased with increasing fAg−INTO due to a high crystallinity of the Ag and INTO phases compared to that of the semicrystalline PVDF polymer. According to the XRD pattern of the Ag−INTO hybrid particles (not shown), the weight ratio of INTO and Ag was calculated to be 76.2:23.8, respectively.



Figure 3a–c show the SEM images of the fractured cross-section of the Ag−INTO/PVDF composites with fAg−INTO = 0.1, 0.3, and 0.5, respectively, which were prepared by a liquid-phase-assisted dispersion method. For the composite with fAg−INTO = 0.1, it was observed that the Ag−INTO hybrid particles randomly dispersed throughout the PVDF polymer matrix with sizes of ~1–2 μm. A highly dense microstructure was achieved. For the composite with fAg−INTO = 0.3−0.5, the interparticle distance between the Ag−INTO hybrid particles was reduced by increasing filler concentration. Generally, the ε′ and tanδ of the composites are dependent on the dispersion of filler and interparticle distance [6]. Furthermore, a greater degree of aggregation and some pores were observed in the Ag−INTO/PVDF composites as the fAg−INTO increased. A continuous phase of PVDF polymer can be observed in all the composites.



Figure 4 shows the dielectric parameters (ε′ and tanδ) at 20 °C as a function of frequency for the Ag−INTO/PVDF composites with various fAg−INTO values. Figure 4a shows that the ε′ at 20 °C of the composites was nearly independent of the frequency ranging from 102 to 106 Hz. A slight decrease in ε′ was observed in the frequency range from 105 to 106 Hz, corresponding to a sharp increase in tanδ, as shown in Figure 4b. This dielectric behavior in a high-frequency range is a Debye relaxation behavior. The relaxation is caused by the C−F dipole orientation polarization of the PVDF matrix [37]. On the other hand, the low-frequency tanδ was likely due to the interfacial polarization effect. The ε′ was significantly enhanced as the fAg−INTO values increased. Notably, significantly improved dielectric properties of the Ag−INTO/PVDF composite with various fAg−INTO = 0.5 were achieved. The ε′ values at low frequencies were as high as ~92.2 and ~85.9 at 102 and 103 Hz, respectively. These values were approximately nine- and eightfold higher than those of the PVDF polymer at 102 and 103 Hz, respectively. The significantly increased ε′ of the Ag−INTO/PVDF composites was likely related to the high ε′ of the INTO particles and the incorporation of Ag nanoparticles. This is comprehensively discussed in the last part of this section using a theoretical model. Maxwell−Wagner–Sillars (MWS) polarization [40], which is usually the primary cause for the significant increase in ε′ of the (semi)conductor−insulator composites, may likely exist in the internal interfaces, i.e., Ag−INTO and Ag−PVDF interfaces. MWS polarization resulted from the accumulated free charges in the discontinuous surfaces. Under an electric field, this led to the induced macroscopic dipoles, giving rise to the enhancement of the effective ε′ of the composites.



The tanδ of Ag−INTO/PVDF composites remained low at frequencies below 105 Hz (Figure 4b), which is lower than that of many two-phase composite systems [7,10,37]. The three-phase composite with fAg−INTO = 0.5 had a tanδ of 0.044 at 1 kHz. The suppressed tanδ value of the Ag−INTO/PVDF composites was associated with the characteristic of the modified surface of Ag−INTO hybrid particles, which can still be considered an insulating interface because the direct contact between Ag nanoparticles was inhibited by the discrete growth of Ag nanoparticles, preventing leakage current and, hence, tanδ [41]. A slight increase in tanδ at low frequencies of the composite with fAg−INTO = 0.5 was due to the interfacial polarization effect owing to the relaxation loss caused by MWS interfacial polarization [42,43]. Figure 4c shows the frequency dependence of the dielectric loss (ε′′ = ε′ × tanδ). As clearly seen, the increased ε′′ in a low-frequency range confirms the existence of interfacial polarization. Moreover, the sharp increases in both tanδ and ε′′ in the high-frequency range of 105−106 Hz originated from αa relaxation due to C−F dipole orientation polarization [42,43].



The frequency dependence of AC conductivity (σac) of Ag−INTO/PVDF composites is shown in Figure 5. Over the measured frequency range, when the filler concentration of the hybrid particles was increased, σac was increased slightly. At fAg−INTO = 0.5, the σac value at 1 kHz was only 2.13 × 10−9 S/cm at 1 kHz. This is much lower than that of other three-phase composite systems, which is usually >10−7 S/cm [25,34]. Thus, it is clearly confirmed that no conducting pathway was formed. The composites showed good insulation properties even when the PVDF polymer was filled with conductive Ag nanoparticles.



The ε′ as a function of temperature at 1 kHz of the Ag−INTO/PVDF composites with various fAg−INTO values was studied. As shown in Figure 6a, the ε′ of the Ag−INTO/PVDF composites showed good thermal stability in the range of 60−150 ℃. With increasing temperature, the ε′ values of all samples increased slightly. A decrease in ε′ at low temperatures resulted from kinetics related to the freezing of the dipole moments [44]. This result was described as a relaxation of the polar phase in the PVDF matrix, which usually appears around −35 ℃ [45]. As shown in Figure 4 and Figure 6, significantly enhanced dielectric properties of the Ag−INTO/PVDF composites with fAg−INTO = 0.05 were obtained. The low tanδ and high ε′ with good temperature stability of the ε′ are suitable for applications in capacitors.



The frequency dependence of ε′ at different temperatures for the composite with fAg−INTO = 0.05 is illustrated in Figure 6b. At −60 °C, the dielectric data show the plateau with ε′ ~50 over the measured frequency range. The increased ε′ value from ~10 for the PVDF polymer matrix to ~50 for the composite with fAg−INTO = 0.05 was likely contributed by the polarization in the INTO particles. At such a low temperature, the dielectric response of the interfacial polarization at the Ag–INTO and Ag–PVDF interfaces could not be induced even at the lowest frequency of 102 Hz. The frequency at which the interfacial polarization can be generated is likely lower than 102 Hz. In this case, free charges freeze through the relaxation process. As the temperature was increased from −60 to −30 °C, the dielectric response of the interfacial polarization began to appear, especially in a low-frequency range.



At 0 °C, a new plateau with ε′ ~70 could be observed in the frequency range of 102–104 Hz, which was contributed by the interfacial polarization effect. A steplike decrease in the ε′ could be observed in the frequency range of 104–105 Hz. In this case, there existed a decay in polarization with respect to the AC applied electric field [46,47]. The steplike decrease in the ε′ shifted to a high frequency as the temperature was increased. Upon increasing the temperature from 30 to 120 °C, an increase in ε′ could be observed, which was associated with the DC conduction of long-range motion of free charges in the composites.



Generally, the volume fraction dependence of the ε′ values for the three-phase composites cannot be described by conventional models of the mixing rule such as the effective medium theory and the Maxwell–Garnett, Yamada, and logarithmic models. These models are suitable for two-phase composites without consideration of the interaction between filler and matrix. If interfacial polarization can be induced in the composites, the experimental results cannot be fitted using these models. However, the effective medium percolation theory (EMPT) model can explain the dielectric behavior of three-phase composites containing insulating and conducting fillers. The effective dielectric permittivity (ε′eff) of three-phase Ag−INTO/PVDF composites was described by considering the following equation:


   ε ′     eff   =  ε  PVDF     1 +    f  n Ag − INTO      ε  INTO   −  ε  PVDF        ε  PVDF   + n   1 −  f  n Ag − INTO        ε  INTO   −  ε  PVDF                f c  − f  f      − q   ,  



(1)




where εPVDF and εINFO are the dielectric permittivity of PVDF (~10.8) and INTO (104), respectively, n and q are the morphology fitting factor and critical exponent, respectively, and fc is the percolation threshold. As shown in Figure 7, the best-fitting parameters were fc = 0.53, n = 0.38, and q = 0.25 for the Ag−INTO/PVDF composites. Usually, the theoretical fc value of metal/insulator composites is 0.16 (16 vol.%) [2]. According to the fitted result, it is expected that the percolation threshold of this three-phase composite system was higher than the maximum fAg−INTO value used. It can be confirmed that the percolation network or conduction pathway could not be formed in the composites even when fAg−INTO = 0.5. The significantly improved dielectric properties of the Ag−INTO/PVDF composites should not be primarily contributed by the percolation effect. This suggestion is consistent with a slightly changed DC conduction (σdc) value, which can be estimated to be a low−frequency σac value. According to the percolation theory, q ≈ 1.0. The low q value indicated a slight change in ε′ near the percolation threshold, which is usually dependent on the conductivity of a filler. The discrete growth of Ag nanoparticles on the surface of the INTO particles prevented the direct contact of Ag nanoparticles, suppressing the increased tanδ. The large value of the n parameter indicated the non-spherical shape of the filler particles. The significantly increased ε′ value in the composite with fAg−INTO = 0.5 was due to the high ε′ of the INTO particles and high intensity of the interfacial polarization at the Ag−INTO and Ag−PVDF interfaces.




4. Conclusions


Three-phase polymer matric composites of Ag−INTO/PVDF with different filler volume fractions were fabricated systematically to improve the dielectric properties of a PVDF polymer. The hybrid particles of Ag−INTO were successfully synthesized. Ag nanoparticles were observed to discretely grow on the surface of the INTO particles. The Ag−INTO hybrid particles were dispersed in the PVDF matrix. Notably, the Ag−INTO/PVDF composite with fAg−INTO = 0.5 exhibited a significantly enhanced ε′ value of ~86 at 1 kHz, while retaining a low tanδ value of ~0.044. Furthermore, ε′ was slightly dependent on the frequency over the measured range (02–106 Hz). Therefore, the incorporation of a PVDF polymer with Ag−INTO hybrid particles is suggested to be an effective method to simultaneously enhance ε′ and reduce tanδ of three-phase composites. The EMPT model was successfully employed to describe the dielectric behavior of the composites. According to the fitted result, it was explained that the enhancement of the ε′ value was caused by the interfacial polarization at the Ag–PVDF and Ag–INTO interfaces and partially resulted from the high ε′ of INTO particles. The low tanδ and conductivity were attributed to the inhibited direct contact between Ag nanoparticles.







Author Contributions


Conceptualization, W.T., S.D. and P.T.; Formal analysis, W.T. and P.T.; Funding acquisition, P.C.; Investigation, W.T., J.M., V.H. and N.P.; Methodology, W.T.; Visualization, W.T., P.K.-o. and P.T.; Writing—original draft, W.T. and P.T.; Writing—review & editing, P.T. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Research and Graduate Studies and the Basic Research Fund of Khon Kaen University, grant number 1500147 and the Synchrotron Light Research Institute, Khon Kaen University, and the Thailand Research Fund (TRF), grant number, BRG6180003. This work was partially supported by the Research Network NANOTEC (RNN) program of the National Nanotechnology Center (NANOTEC), NSTDA, Ministry of Higher Education, Science, Research and Innovation (MHESI) and Khon Kaen University grant number P1851882. This work also received a scholarship under the Postdoctoral Program from Research Affairs and Graduate School, Khon Kaen University, grant number 60170.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available in article.




Acknowledgments


This research was supported by Research and Graduate Studies and the Basic Research Fund of Khon Kaen University (Grant No. 1500147). This work was partially supported by the Synchrotron Light Research Institute, Khon Kaen University, and the Thailand Research Fund (TRF) (Grant No. BRG6180003) and the Research Network NANOTEC (RNN) program of the National Nanotechnology Center (NANOTEC), NSTDA, Ministry of Higher Education, Science, Research and Innovation (MHESI) and Khon Kaen University. This work also received a scholarship under the Postdoctoral Program from Research Affairs and Graduate School, Khon Kaen University (60170). P.K. would like to thank the Science Achievement Scholarship of Thailand (SAST).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Dang, Z.-M.; Yuan, J.; 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]

	



Nan, C.-W.; Shen, Y.; Ma, J. Physical Properties of Composites Near Percolation. Annu. Rev. Mater. Res. 2010, 40, 131–151. [Google Scholar] [CrossRef]

	



Phromviyo, N.; Thongbai, P.; Maensiri, S. High dielectric permittivity and suppressed loss tangent in PVDF polymer nanocomposites using gold nanoparticle–deposited BaTiO3 hybrid particles as fillers. Appl. Surf. Sci. 2018, 446, 236–242. [Google Scholar] [CrossRef]

	



Su, Y.; Gu, Y.; Li, H.; Geng, F. Ag-NBCTO-PVDF composites with enhanced dielectric properties. Mater. Lett. 2016, 185, 208–210. [Google Scholar] [CrossRef]

	



Meeporn, K.; Thongbai, P. Flexible La1.5Sr0.5NiO4/Poly(vinylidene fluoride) composites with an ultra high dielectric constant: A comparative study. Compos. Part B Eng. 2020, 184, 107738. [Google Scholar] [CrossRef]

	



Meeporn, K.; Thongbai, P.; Yamwong, T.; Maensiri, S. Greatly enhanced dielectric permittivity in La1.7Sr0.3NiO4/poly(vinylidene fluoride) nanocomposites that retained a low loss tangent. RSC Adv. 2017, 7, 17128–17136. [Google Scholar] [CrossRef]

	



Thomas, P.; Varughese, K.; Dwarakanath, K.; Varma, K. Dielectric properties of Poly(vinylidene fluoride)/CaCu3Ti4O12 composites. Compos. Sci. Technol. 2010, 70, 539–545. [Google Scholar] [CrossRef]

	



Su, Y.-L.; Sun, C.; Zhang, W.-Q.; Huang, H. Fabrication and dielectric properties of Na0.5Bi0.5Cu3Ti4O12/poly(vinylidene fluoride) composites. J. Mater. Sci. 2013, 48, 8147–8152. [Google Scholar] [CrossRef]

	



Kum-onsa, P.; Thongbai, P. Improved Dielectric Properties of Poly(vinylidene fluoride) Composites Incorporating Na1/2Y1/2Cu3Ti4O12 Particles. Mater. Today Commun. 2020, 25, 101654. [Google Scholar] [CrossRef]

	



Kum−onsa, P.; Thongbai, P. Na1/3Ca1/3Bi1/3Cu3Ti4O12/poly(vinylidene fluoride) composites with high dielectric permittivity and low dielectric loss. Mater. Chem. Phys. 2020, 256, 123664. [Google Scholar] [CrossRef]

	



Kaur, S.; Singh, D.P. On the structural, dielectric and energy storage behaviour of PVDF- CaCu3Ti4O12 nanocomposite films. Mater. Chem. Phys. 2020, 239, 122301. [Google Scholar] [CrossRef]

	



Meeporn, K.; Thongbai, P.; Maensiri, S.; Chindaprasirt, P. Improved dielectric properties of PVDF composites by employing Mg-doped La1.9Sr0.1NiO4 particles as a filler. J. Mater. Sci. Mater. Electron. 2017, 28, 11762–11768. [Google Scholar] [CrossRef]

	



Zhang, Q.; Zhang, Z.; Xu, N.; Yang, H. Dielectric Properties of P(VDF-TrFE-CTFE) Composites Filled with Surface-Coated TiO2 Nanowires by SnO2 Nanoparticles. Polymers 2020, 12, 85. [Google Scholar] [CrossRef] [PubMed]

	



Chen, C.; Wang, L.; Liu, X.; Yang, W.; Lin, J.; Chen, G.; Yang, X. K0.5Na0.5NbO3-SrTiO3/PVDF Polymer Composite Film with Low Remnant Polarization and High Discharge Energy Storage Density. Polymers 2019, 11, 310. [Google Scholar] [CrossRef]

	



Song, Y.; Shen, Y.; Liu, H.; Lin, Y.; Li, M.; Nan, C.-W. Improving the dielectric constants and breakdown strength of polymer composites: Effects of the shape of the BaTiO3 nanoinclusions, surface modification and polymer matrix. J. Mater. Chem. 2012, 22, 16491–16498. [Google Scholar] [CrossRef]

	



Xiao, Q.; Li, L.; Zhang, B.Q.; Chen, X.M. Polyvinylidene fluoride-modified BaTiO3 composites with high dielectric constant and temperature stability. Ceram. Int. 2013, 39, S3–S7. [Google Scholar] [CrossRef]

	



Lin, M.-F.; Thakur, V.K.; Tan, E.J.; Lee, P.S. Surface functionalization of BaTiO3 nanoparticles and improved electrical properties of BaTiO3/polyvinylidene fluoride composite. RSC Adv. 2011, 1, 576–578. [Google Scholar] [CrossRef]

	



Zhang, R.; Li, L.; Long, S.; Shen, Y.; Lou, H.; Wen, F.; Hong, H.; Wang, G.; Wu, W. Linear and ferroelectric effects of BaTiO3 particle size on the energy storage performance of composite films with different polymer matrices. Ceram. Int. 2021. [Google Scholar] [CrossRef]

	



Sundar, U.; Lao, Z.; Cook-Chennault, K. Enhanced Dielectric Permittivity of Optimized Surface Modified of Barium Titanate Nanocomposites. Polymers 2020, 12, 827. [Google Scholar] [CrossRef]

	



Huang, X.; Jiang, P.; Xie, L. Ferroelectric polymer/silver nanocomposites with high dielectric constant and high thermal conductivity. Appl. Phys. Lett. 2009, 95, 242901. [Google Scholar] [CrossRef]

	



Dang, Z.-M.; Peng, B.; Xie, D.; Yao, S.-H.; Jiang, M.-J.; Bai, J. High dielectric permittivity silver/polyimide composite films with excellent thermal stability. Appl. Phys. Lett. 2008, 92, 112910. [Google Scholar] [CrossRef]

	



Wang, Z.; Zhou, W.; Dong, L.; Sui, X.; Cai, H.; Zuo, J.; Chen, Q. Dielectric spectroscopy characterization of relaxation process in Ni/epoxy composites. J. Alloy. Compd. 2016, 682, 738–745. [Google Scholar] [CrossRef]

	



Zhou, W.; Zuo, J.; Ren, W. Thermal conductivity and dielectric properties of Al/PVDF composites. Compos. Part A Appl. Sci. Manuf. 2012, 43, 658–664. [Google Scholar] [CrossRef]

	



Dang, Z.-M.; Wang, H.-Y.; Zhang, Y.-H.; Qi, J.-Q. Morphology and Dielectric Property of Homogenous BaTiO3/PVDF Nanocomposites Prepared via the Natural Adsorption Action of Nanosized BaTiO3. Macromol. Rapid Commun. 2005, 26, 1185–1189. [Google Scholar] [CrossRef]

	



Liang, F.; Zhang, L.; Lu, W.-Z.; Wan, Q.-X.; Fan, G.-F. Dielectric performance of polymer-based composites containing core-shell Ag@TiO2 nanoparticle fillers. Appl. Phys. Lett. 2016, 108, 072902. [Google Scholar] [CrossRef]

	



Xiao, X.; Xu, N.; Hu, L.; Yang, H.; Zhang, Q. High performance of P(VDF-HFP)/Ag@TiO2 hybrid films with enhanced dielectric permittivity and low dielectric loss. RSC Adv. 2015, 5, 79342–79347. [Google Scholar] [CrossRef]

	



Meeporn, K.; Thongbai, P. Improved dielectric properties of poly (vinylidene fluoride) polymer nanocomposites filled with Ag nanoparticles and nickelate ceramic particles. Appl. Surf. Sci. 2019, 481, 1160–1166. [Google Scholar] [CrossRef]

	



Xie, L.; Huang, X.; Li, B.W.; Zhi, C.; Tanaka, T.; Jiang, P. Core-satellite Ag@BaTiO3 nanoassemblies for fabrication of polymer nanocomposites with high discharged energy density, high breakdown strength and low dielectric loss. Phys. Chem. Chem. Phys. 2013, 15, 17560–17569. [Google Scholar] [CrossRef]

	



Silakaew, K.; Thongbai, P. Suppressed loss tangent and conductivity in high-permittivity Ag-BaTiO3/PVDF nanocomposites by blocking with BaTiO3 nanoparticles. Appl. Surf. Sci. 2019, 492, 683–689. [Google Scholar] [CrossRef]

	



Kum-onsa, P.; Phromviyo, N.; Thongbai, P. Suppressing loss tangent with significantly enhanced dielectric permittivity of poly(vinylidene fluoride) by filling with Au–Na1/2Y1/2Cu3Ti4O12 hybrid particles. RSC Adv. 2020, 10, 40442–40449. [Google Scholar] [CrossRef]

	



Kum-Onsa, P.; Chanlek, N.; Putasaeng, B.; Thongbai, P. Improvement in dielectric properties of poly(vinylidene fluoride) by incorporation of Au–BiFeO3 hybrid nanoparticles. Ceram. Int. 2020, 46, 17272–17279. [Google Scholar] [CrossRef]

	



Ghosh, B.; Calderón, R.M.T.; Espinoza-González, R.; Hevia, S.A. Enhanced dielectric properties of PVDF/CaCu3Ti4O12:Ag composite films. Mater. Chem. Phys. 2017, 196, 302–309. [Google Scholar] [CrossRef]

	



Yang, Y.; Sun, H.; Yin, D.; Lu, Z.; Wei, J.; Xiong, R.; Shi, J.; Wang, Z.; Liu, Z.; Lei, Q. High performance of polyimide/CaCu3Ti4O12@Ag hybrid films with enhanced dielectric permittivity and low dielectric loss. J. Mater. Chem. A 2015, 3, 4916–4921. [Google Scholar] [CrossRef]

	



Chen, X.; Liang, F.; Lu, W.; Zhao, Y.; Fan, G.; Wang, X. Improved dielectric properties of Ag@TiO2/PVDF nanocomposites induced by interfacial polarization and modifiers with different carbon chain lengths. Appl. Phys. Lett. 2018, 112, 162902. [Google Scholar] [CrossRef]

	



Luo, S.; Yu, S.; Sun, R.; Wong, C.-P. Nano Ag-Deposited BaTiO3 Hybrid Particles as Fillers for Polymeric Dielectric Composites: Toward High Dielectric Constant and Suppressed Loss. ACS Appl. Mater. Interfaces 2014, 6, 176–182. [Google Scholar] [CrossRef]

	



Hu, W.; Liu, Y.; Withers, R.; Frankcombe, T.J.; Norén, L.; Snashall, A.; Kitchin, M.; Smith, P.; Gong, B.; Chen, H.; et al. Electron-pinned defect-dipoles for high-performance colossal permittivity materials. Nat. Mater. 2013, 12, 821–826. [Google Scholar] [CrossRef]

	



Wang, Z.; Fang, M.; Li, H.; Wen, Y.; Wang, C.; Pu, Y. Enhanced dielectric properties in poly(vinylidene fluoride) composites by nanosized Ba(Fe0.5Nb0.5)O3 powders. Compos. Sci. Technol. 2015, 117, 410–416. [Google Scholar] [CrossRef]

	



Tse, M.-Y.; Wei, X.; Wong, C.-M.; Huang, L.-B.; Lam, K.-H.; Dai, J.; Hao, J. Enhanced dielectric properties of colossal permittivity co-doped TiO2/polymer composite films. RSC Adv. 2018, 8, 32972–32978. [Google Scholar] [CrossRef]

	



Zeng, Y.; Xiong, C.; Li, J.; Huang, Z.; Du, G.; Fan, Z.; Chen, N. Structural, dielectric and mechanical behaviors of (La, Nb) Co-doped TiO2/Silicone rubber composites. Ceram. Int. 2021. [Google Scholar] [CrossRef]

	



Wang, Z.; Wang, T.; Fang, M.; Wang, C.; Xiao, Y.; Pu, Y. Enhancement of dielectric and electrical properties in BFN/Ni/PVDF three-phase composites. Compos. Sci. Technol. 2017, 146, 139–146. [Google Scholar] [CrossRef]

	



Kuang, X.; Liu, Z.; Zhu, H. Dielectric properties of Ag@C/PVDF composites. J. Appl. Polym. Sci. 2013, 129, 3411–3416. [Google Scholar] [CrossRef]

	



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 Ba0.6Sr0.4TiO3nanotubes. J. Mater. Chem. A 2014, 2, 18040–18046. [Google Scholar] [CrossRef]

	



Chen, G.; Wang, X.; Lin, J.; Yang, W.; Li, H.; Wen, Y. Interfacial Polarity Modulation of KTa0.5Nb0.5O3 Nanoparticles and Its Effect on Dielectric Loss and Breakdown Strength of Poly(vinylidene fluoride) Nanocomposites with High Permittivity. J. Phys. Chem. C 2016, 120, 28423–28431. [Google Scholar] [CrossRef]

	



Xie, L.; Huang, X.; Huang, Y.; Yang, K.; Jiang, P. Core-shell Structured Hyperbranched Aromatic Polyamide/BaTiO3 Hybrid Filler for Poly(vinylidene fluoride-trifluoroethylene-chlorofluoroethylene) Nanocomposites with the Dielectric Constant Comparable to That of Percolative Composites. ACS Appl. Mater. Interfaces 2013, 5, 1747–1756. [Google Scholar] [CrossRef] [PubMed]

	



Lopes, A.; Costa, C.; i Serra, R.S.; Neves, I.; Ribelles, J.G.; Lanceros-Méndez, S. Dielectric relaxation, ac conductivity and electric modulus in poly(vinylidene fluoride)/NaY zeolite composites. Solid State Ionics 2013, 235, 42–50. [Google Scholar] [CrossRef]

	



Moulson, A.J.; Herbert, J.M. Electroceramics: Materials, Properties, Applications, 2nd ed.; John Wiley & Sons: Hoboken, NJ, USA, 2003. [Google Scholar]

	



Kao, K.-C. Dielectric Phenomena in Solids: With Emphasis on Physical Concepts of Electronic Processes; Academic Press: Cambridge, MA, USA, 2004. [Google Scholar]








[image: Polymers 13 01788 g001 550] 





Figure 1. (a–e) TEM images of Ag–INTO hybrid particles prepared by a seed-mediated growing process; (f) size distribution of Ag–INTO particles. 
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Figure 2. XRD patterns of pure PVDF and Ag−INTO/PVDF composites with various fAg−INTO = 0−0.55. 
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Figure 3. SEM images of Ag−INTO/PVDF composites with different fAg−INTO values: (a) fAg−INTO = 0.1, (b) fAg−INTO = 0.3, (c) fAg−INTO = 0.4, and (d) fAg−INTO = 0.5. 
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Figure 4. Frequency dependence of (a) ε′, (b) tanδ, and (c) ε″ at 20 °C for PVDF polymer and Ag−INTO/PVDF composites with different fAg−INTO values. 
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Figure 5. Frequency dependence of σac at 20 °C for PVDF polymer and Ag−INTO/PVDF composites with different fAg−INTO values. 
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Figure 6. (a) Temperature dependence of ε′ at 1 kHz for PVDF polymer and Ag−INTO/PVDF composites with different fAg−INTO values. (b) Frequency dependence of ε′ at different temperatures for Ag−INTO/PVDF composite with fAg−INTO = 0.5. 
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Figure 7. Experimental ε′ values for Ag−INTO/PVDF composites as a function of fAg−INTO measured at 1 kHz and 20 °C fitted by EMPT model. 
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