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Polymer dielectrics with high breakdown strength are very competitively used in the dielectric capacitor, which is widely applied in pulsed power devices and power systems due to their ultra-high power density. The polypropylene (PP) film is the most popularly used polymer for the dielectric capacitor in the market. However, its low energy density cannot meet the emerging demand for miniaturized, compact, and high-energy performance dielectrics. Therefore, it is urgent to raise the energy storage density of the polypropylene film. Here, this study described the improved energy storage density of polypropylene nanocomposites via macroscopic and mesoscopic structure designs. The ABA-structured, BAB-structured, and single-layered nanocomposites were prepared by melting blending and hot-pressing methods, where “A” and “B” films refer to PP/MgO and PP/BaTO3 nanocomposite dielectrics, respectively. Then, the microstructure, dielectric, breakdown, and energy storage properties of these nanocomposite dielectrics were tested. According to the test results, for the sandwich-structured dielectrics, the B layer and the interface between adjacent layers can increase the polarization, and the A layer and the barrier at the interface can reduce the charge mobility. In addition, the sandwich structures can redistribute the electric field. Correspondingly, the breakdown strength and permittivity of PP dielectrics are improved synergistically. Compared to the PP nanocomposite dielectrics with the BAB structure, the dielectric with the ABA structure exhibits more excellent energy storage performance. The largest energy storage density of ABA films with a BaTO3 content of 45 wt% in the B layer is 3.10 J/cm3, which is 67% higher than that of pure PP. The study provides a new concept for improving the energy storage performance of polymer nanocomposite dielectrics from the perspective of macroscopic and mesoscopic structure designs.
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1 INTRODUCTION
Dielectric capacitors are capable of ultra-high power density and excellent charge-discharge stability, which can store energy by polarization mechanisms and convert the stored direct current to alternating currents and are widely used in pulse power systems, sustainable energy products such as hybrid electric vehicles, and other advanced electronics and electric power systems (Dang et al., 2013; Prateek et al., 2016; Li et al., 2018; Zhou and Wang, 2020). Polymer dielectric materials are more attractively used in capacitors because of their high breakdown strength, flexibility, lightweight, and easy manufacturing capability (Zhang et al., 2018a; Luo et al., 2019). The stored energy density Ue of dielectrics in capacitors is given as follows:
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where E is the applied electric field, and D is the electrical displacement. For the linear dielectrics, whose electric polarization is linear with the electric field, the stored energy density can be expressed as follows:
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where εr is the relative permittivity, and ε0 is the vacuum permittivity (8.85 × 10–12 Fm−1). Polypropylene is the most common linear dielectric used in capacitors by virtue of its high breakdown strength, low production cost, and excellent self-healing performance. The commercial biaxially oriented polypropylene (BOPP) capacitor exhibits high charge-discharge efficiency η that is larger than 90% until breakdown occurs at room temperature. However, the energy density of the BOPP capacitor is limited to around 2 Jcm−3 (Ho et al., 2007; Luo et al., 2019; Ru et al., 2021). To meet the emerging demand for miniaturized, compact, and high-energy performance capacitors, it is urgent to raise the energy storage density of dielectric capacitors (Chen et al., 2015). From the energy density formula of linear dielectrics, it can be seen that increasing relative permittivity and breakdown strength can elevate the storage energy density of dielectrics.
On one hand, some efforts have been made to improve the energy density by increasing relative permittivity. Mixing the conductive filler and inorganic nanofillers with high polarization characteristics into the polymer dielectrics, such as Ag (Zhang et al., 2016), graphene oxide (Fang et al., 2015; Zhi et al., 2015), BaTiO3 (BT) (Dang et al., 2008; Niu et al., 2018), SrTiO3 (Liu and Zhai, 2015), and Ba0.2Sr0.8TiO3 (Tang and Sodano, 2013) nanoparticles, can significantly increase the relative permittivity of the dielectrics. However, the large increase in relative permittivity at the expense of the breakdown strength causes an increase in the dielectric loss, which reduces the charge-discharge efficiency (Yu et al., 2013). On the other hand, some works focused on improving the energy density by increasing the breakdown strength (Li et al., 2019; Zhu et al., 2019). Low-κ inorganic fillers with a broad band-gap play an important role in enhancing the electrical insulation performance of polymer nanocomposites (Thakur et al., 2017; Ai et al., 2020; Ren et al., 2021). Liu et al. prepared a ternary composite by mixing montmorillonite (oMMT) and boron nitride (BN) into the PP matrix. The breakdown strength of the PP/oMMT/BN ternary composite is 22.9% higher than that of pure PP (Liu et al., 2019). In addition, increasing work has been devoted to synergistically improving the permittivity and breakdown field strength (Zheng et al., 2018; Zhou et al., 2020). Mixing the nanofillers with high breakdown strength and nanofillers with a high dielectric constant in the polymer matrix is also an effective method to enhance the energy storage performance of dielectrics. On the basis of the addition of various nanofillers, the multilayer structures and gradient structures can be constructed by further optimizing the distribution of nanofillers in the polymeric matrix, which can synergistically improve the dielectric and breakdown performance to a greater extent (Zhang et al., 2018b; Jiang et al., 2019; Wang et al., 2022). The multilayer structures can modulate the constitute and physical properties of every layer to further optimize the electric field distribution and also can build a barrier between layers to reduce the carrier mobility, leading to a comprehensive improvement of energy storage performance. At present, the effect of multilayer structures on energy storage performance for some polymer materials, such as polyvinylidene difluoride, polyimide dielectrics, poly (methyl methacrylate), has been studied (Wang et al., 2015; Liu et al., 2017; Wang et al., 2017; Marwat et al., 2019; Li et al., 2020; Ru et al., 2021). However, there is rare research on multilayer structures of PP dielectrics for storing energy.
In this work, the single-layered and sandwich-structured PP nanocomposite dielectrics were prepared by melt blending and hot-pressing. The PP/MgO nanocomposite layer with an MgO content of 0.5 wt% was employed as a high breakdown layer and PP/BT nanocomposite layers as high polarization layers. It shows that the energy density of sandwich structures with a high breakdown layer as outer layers and a high polarization layer as the middle layer is the largest, which is 67% higher than that of pure PP while maintaining good energy storage efficiency. The study provides a new concept for optimizing electric field distribution, reducing the surge of strong field conductivity, and improving the energy storage performance of polymer nanocomposite dielectrics from the perspective of macro- and mesoscopic structure designs.
2 MATERIALS AND METHODS
2.1 Materials and Preparation
Polypropylene (HC312BF, pellets) was purchased from Borealis. MgO (50 nm in diameter) and BaTiO3 (90 nm in diameter) nanoparticles were purchased from Deke Daojin Science and Technology Co., Ltd. The polypropylene nanocomposite films were fabricated through melt blending and hot-pressing. A two-step method was used in the melt blending process. First, a PP-based blend with a high concentration of nanoparticles was prepared as a masterbatch. Second, an appropriate amount of polypropylene pellets used as the “diluter” was blended with the masterbatch to obtain a product with a target concentration of nanoparticles.
2.1.1 Preparation of Single-Layered PP/BT and PP/MgO Films
First, PP pellets were added to a torque rheometer (RM-200C, Harbin Harp Electrical Technology Co., Ltd, China) and melted at the setting temperature of 180°C and a rotation speed of 50 r/min. After the PP pellets were completely melted, the nanoparticles were added to the torque rheometer. Then, the masterbatch with a high concentration of nanoparticles was prepared. Second, an appropriate amount of polypropylene pellets were blended with the masterbatch to obtain nanocomposites with the target concentration. Third, the hot press process was conducted by using a plate vulcanizing press machine. The weighed nanocomposite blend was put into a mold. The mold with the blend was preheated under no pressure for 20 min on the plate vulcanizing press. Then, a step-by-step method was used to increase the pressure on the exhaust. In other words, the mold was pressed under 5 MPa for 5 min, then pressed under 10 MPa for 5 min, and finally pressed under 15 MPa for 5 min. Keeping pressure and water-cooling to about 35°C, the single-layered film was obtained by removing the mold. The PP/MgO nanocomposite film with the MgO content of 0.5 wt% is denoted as “A”, which has a high breakdown strength and was used as an insulation layer. The PP/BT nanocomposite films with BT contents of 10, 20, 30, 40, 45, 50, 55, and 60 wt% were denoted as “B-x” (x wt% of the BT content), which have high relative permittivity and are regarded as polarization layers. The single-layered A with a thickness of 25 μm and 100 μm and B with a thickness of 37.5, 50, and 100 μm were prepared.
2.1.2 Preparation of Sandwich-Structured ABA and BAB Films
There are two kinds of sandwich-structured films: “ABA” and “BAB”. 1) 25-μm-thick A and 50-μm-thick B were stacked together in the order of A-B-A in the mold. Under the pressure of 10 MPa, the mold with layers was hot-pressed at 170°C for 5 min 2) Two 37.5-μm-thick B layers with the same content of BT and one 25-μm-thick A layer were stacked together in the order of B-A-B in the mold. The hot-pressing process was the same as that of ABA. The sandwich-structured ABA and BAB with a thickness of about 100 μm were prepared. For further differentiation, the sandwich-structured films were abbreviated as “ABA-x” or “BAB-x” (x wt% of BT content in the B layers).
The single-layered A and B with a thickness of 100 μm were used as the controls. The whole sample preparation is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Schematic diagram of sample preparation.
2.2 Characterization
The cross-sectional morphologies of single-layered and sandwich-structured films were characterized by scanning electron microscopy (SEM, GeminiSEM 500, Zeiss, Germany). The mass crystallinity of the films was obtained by a differential scanning calorimeter (DSC, DSC822e, METTLER TOLEDO, Switzerland). Under the nitrogen atmosphere, the DSC tests were conducted on the sample with a mass of 7 ± 0.5 mg from 30 to 250°C with a heating rate of 10°C/min. The equation for calculating the mass crystallinity XDSC is as follows, XDSC = ΔH/ΔH0, where ΔH is the melting enthalpy of DSC curves, J/g; ΔH0 is the melting enthalpy of PP with the crystallinity of 100% (240.5 J/g). The grain size of the films was tested by X-ray diffraction (XRD, D8 ADVANCE A25, Bruker, United States). The sample was scanned from 10o to 30o with a scan rate of 0.02o/s. The grain size D can be calculated by the Scherrer equation of D = κλ/ωcosθ, where κ is the Scherrer constant; herein, κ is set to 0.89 because the MgO and BT nanoparticles are spherical; λ is the wavelength of X-ray, 0.15406 nm; ω is the half peak width of diffraction peak; and θ is the Bragg angle.
The dielectric properties of the films were tested by using a broadband dielectric spectrometer (Concept 80, Novocontrol Technologies, Germany) with a frequency range from 10−1–107 Hz at room temperature. The diameters of the sputtering gold electrode of the upper and lower surfaces for each sample are 30 and 40 mm, respectively. A computer-controlled voltage breakdown test system (HJC-100kV, Huayang Instrument Co., Ltd., China) was used to test the breakdown strength of films. The test is carried out by placing the specimen between two spherical electrodes with a voltage step-up rate of 1 kV/s. The tests were repeated 20 times for each specimen at different positions. The ferroelectric test system (Radiant Precision Premier II, Radiant Technology, United States) was used to test the D-E loops of samples with a diameter of the sputtering gold electrode of 30 mm on both sides, under the electric field with an alternating frequency of 100 Hz and strength of 60 kV/mm. The electrical conductivity of films was measured using an electrometer (6517A Electrometer, Keithley, Cleveland, OH, United States) with a system of three-terminal electrodes. Under the applied electric field of 300 V, the tests were repeated 11 times for each specimen at room temperature.
2.3 Model
The two-dimensional structure models of PP-based nanocomposite dielectrics were established by the Monte Carlo method. The structural models consist of two phases of polymer matrix and nanoparticles. The nanoparticles were uniformly distributed in the polymer matrix.
If the applied electric field is relatively low, the space charge cannot be considered in the dielectrics, so the electric displacement can be given by
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where [image: image] is the electric displacement at any position in the nanocomposites.
Substituting the constitutive equation [image: image] into Equation 3, we can get the generalized Poisson equation after representing the electric field by the negative gradient of the electric potential
[image: image]
where [image: image], [image: image], and [image: image] are the permittivity, electric field, and electric potential at any position in the nanocomposites, respectively.
The finite-volume scheduled relaxation Jacobian iterative method can quickly solve Equation 4. Then the electric field [image: image] and electrostatic energy [image: image] can be calculated by [image: image], [image: image], respectively, where [image: image] is the relative permittivity at any position in the nanocomposites.
3 EXPERIMENTAL RESULTS AND DISCUSSION
Figure 2A shows the cross-sectional SEM image of B with a BT content of 45 wt%; the plenty of nanoparticles are evenly distributed on the cross section. It can be seen from Figure 2B, C that the sandwich-structured films were successfully prepared, and the A, B layers were closely connected without cracks and obvious defects. The thickness ratio of the A, B, and A three layers in ABA-structured film is roughly 1:2:1, and the thickness of the middle layer is about 50 μm. The thickness ratio of B, A, and B three layers in BAB-structured film is roughly 1.5:1:1.5, and the thickness of the middle layer is about 25 μm. The particle size and particle spacing of BT nanoparticles in the PP matrix were statistically analyzed by ImageJ software. The average spacing values between nanoparticles of PP/BT nanocomposite dielectrics with BT contents of 10, 20, 30, 40, and 55 wt% are 797, 560, 383, 197, and 195 nm, respectively. It indicates the particle spacing decreases along with the increase in the BT content.
[image: Figure 2]FIGURE 2 | Cross-sectional SEM images of B-45 (A), ABA-45 (B), and BAB-45 (C).
The frequency-dependent relative permittivity of ABA, BAB, B, A, and pure PP is shown in Figure 3. For the ABA-structured nanocomposite films, the relative permittivity increases gradually with the increase in the BT content in polarization layers (Figure 3A). The difference in relative permittivity of ABA-structured films is not obvious when the BT content is low. When the BT content reaches 30 wt%, the relative permittivity increases significantly. The increase in relative permittivity is nonlinear with the increment of the BT content (Fan et al., 2012; Zhong et al., 2018). This is because when the BT content is higher than 30 wt%, the increasing density of BT nanoparticles significantly reduces the nanoparticle spacing. Meanwhile, the relative permittivity in the low-frequency region is found to be higher than that in the high-frequency region, and this difference increases with the increment of the BT content. The reason is that the interlayer polarization is enhanced when the BT content is high; correspondingly, the relative permittivity in the low-frequency region increases.
[image: Figure 3]FIGURE 3 | Dependence of relative permittivity on frequency for (A) ABA, (B) BAB, (C) B, and (D) pure PP, A, B-30, ABA-30, and BAB-30.
The variations of relative permittivity with BT contents and frequency of BAB-structured and B films are similar to those of ABA (Figure 3A–C). At the same BT content, the order of the relative permittivity from large to small is B > BAB > ABA > pure PP > A. The single-layered A is the PP/MgO nanocomposites with the MgO content of 0.5 wt%. When a small amount of MgO nanoparticles are doped into the PP matrix, the independent interfacial regions will be formed in the PP-based nanocomposite dielectrics. The molecular chain motions will be hindered, and dipolar turning will be inhibited in the interfacial regions. Therefore, the relative permittivity of A is the smallest. The sandwich-structured PP-based nanocomposite dielectric can be regarded as a “parallel capacitor”. The B layer contains BT nanoparticles with high permittivity, so its capacitance is much larger than that of the A layer. For the ABA-structured nanocomposite dielectric, it is equivalent to two capacitors A and one capacitor B in parallel. Although, the BAB-structured nanocomposite dielectric is equivalent to two capacitors B and one capacitor A in parallel. Therefore, the capacitance of the BAB-structured nanocomposite dielectric is larger than that of the ABA-structured nanocomposite dielectric.
The dependences of dielectric loss on frequency for ABA, BAB, B, A, and pure PP are shown in Figure 4. It can be seen from Figure 4A that the dielectric loss of the ABA-structured films gradually increases with the increase in the BT content. However, the maximum dielectric loss is still lower than 0.04, which indicates that the ABA-structured films have good dielectric stability. The dielectric loss in the low-frequency region is mainly caused by the organic-inorganic interface polarization, orientation polarization of the dipole, and interlayer polarization. In Figure 4A, the relaxation peak shifts to the right with the BT content increasing from 10 to 40 wt%. The relaxation peak corresponds to the interlayer polarization. The establishment time of the interlayer polarization can be given by τ = ε0εr/σ, where the σ is the electrical conductivity. As the BT content increases from 10 to 40 wt%, the growth rate of conductivity is greater than that of the permittivity; therefore, the establishment time of the interlayer polarization decreases. As a result, the relaxation peak shifts to the right. In Figure 4A,B, as the BT content in the B layer increases, the increment of loss tangent for films with BT contents larger than 45% is significantly higher than that for films with lower contents. A large content of BT nanoparticles increases the permittivity and capacitance of the B layer, which causes a more intensive εr difference between adjacent layers and an enhanced interlayer polarization. On the whole, especially at high BT contents, the dielectric loss tangent of the ABA films is smaller than that of BAB films which is smaller than that of B. It corresponds to the ordering of the relative permittivity, where a large polarization strength corresponds to a large dielectric loss.
[image: Figure 4]FIGURE 4 | Dependence of dielectric loss on frequency for ABA (A), BAB (B), B (C), and (D) pure PP and (A).
Figure 5 shows the Weibull distribution of DC breakdown strength and shape parameter of ABA, BAB, B, A, and pure PP. As shown in Figure 5A, the Weibull breakdown distribution of the ABA-structured films is more concentrated when the BT content is between 10 and 45 wt%, indicating that the breakdown strength of the films does not change much in this content range. The breakdown strength of ABA begins to decrease sharply when the BT content reaches 45 wt% (Figure 5E). The breakdown strength of the BAB-structured films decreases linearly with the increase in the BT nanoparticle concentration. As the BT content increases from 10 wt% to 60 wt%, the breakdown strength of BAB-structured films decreases from 466.99 kV/mm to 303.25 kV/mm (Figure 5E). It can be seen from Figure 5C that the Weibull breakdown distribution of the single-layered B films is concentrated at 10, 20, and 30 wt% of the BT content. When the breakdown strength decreases significantly, the BT content is higher than 30 wt%. At the BT content of 10 wt%, ABA, BAB, and B have the largest breakdown strength of 466.54, 466.99, and 385.63 kV/mm, respectively. The breakdown strength of these decreases significantly at a high BT content, which is because the breakdown strength of the BT nanoparticles is relatively low. The large content of BT can weaken the breakdown performance of the PP-based nanocomposites. On the whole, the shape parameters of the sandwich-structured films are smaller than that of the single-layer films (Figure 5F), which indicates that the uniformity of sandwich-structured films decreases slightly. Figure 5E shows that A has the largest breakdown strength of 490 kV/mm, which is 20.8% higher than that of pure PP. In total, the order of the breakdown strength of samples is A > ABA > BAB > B. It illustrated that the sandwich structures of ABA and BAB can alleviate the damage of BT nanoparticles on the breakdown performance of nanocomposite dielectrics, which is benefited from the A layer in the sandwich structures. The A layer with the highest breakdown strength can mitigate the low breakdown effect caused by the B layer. It demonstrates that sandwich structures can synergistically increase the relative permittivity and breakdown strength.
[image: Figure 5]FIGURE 5 | Weibull distribution of the DC breakdown strength of ABA (A), BAB (B), B (C), and (D) A and pure PP. The Weibull breakdown strength (E) and shape parameter (F) of pure PP, single-layered A, B, sandwich-structured ABA, and BAB films.
Based on the energy density formula of linear dielectrics, the energy density of pure PP and PP-based nanocomposites can be calculated by using the breakdown strength (Figure 5E) and relative permittivity at 1 kHz (Figure 6A), as shown in Figure 6B.
[image: Figure 6]FIGURE 6 | Relative permittivity at 1 kHz (A) and energy density (B) of Pure PP, single-layered A, B, sandwich-structured ABA, and BAB films. The energy density was calculated by the relative permittivity at 1 kHz and Weibull breakdown strength.
The energy densities of ABA-structured films and B films exhibit a downward parabola trend with the increase of the BT content, reaching the maximum values of 3.10 and 2.18 J/cm3 at the BT contents of 45 wt% and 30 wt%, respectively. The energy density of BAB-structured films decreases roughly linearly as the BT content increases, with the maximum value of 2.61 J/cm3. However, the energy density of pure PP is only 1.85 J/cm3. Both the sandwich structures of ABA and BAB can improve the energy density of PP. The ABA structure is more effective in improving the energy density, which is about 67% higher than that of pure PP. The BAB structure increases the energy storage density of PP by 41%.
To further compare the energy storage performance of PP-based nanocomposite dielectrics with different structures, D-E loops were measured under the electric field with an alternating frequency of 100 Hz and strength of 60 kV/mm to obtain the charge-discharge efficiencies of samples. The charge-discharge efficiency, dielectric loss tangent at 0.1 kHz, and electrical conductivity for pure PP, single-layered A, B, sandwich-structured ABA, and BAB films are shown in Figure 7.
[image: Figure 7]FIGURE 7 | Charge-discharge efficiency, dielectric loss at 0.1 kHz, and electrical conductivity for pure PP, single-layered A, B, sandwich-structured ABA, and BAB films. The charge-discharge efficiency of the samples was obtained by the D-E loop tests which were conducted under the electric field with an alternating frequency of 100 Hz and strength of 60 kV/mm.
In Figure 7, it can be clearly seen that as the BT content increases, the charge-discharge efficiencies of B, ABA, and BAB films decrease, and the dielectric loss at 0.1 Hz and the electrical conductivity of those films increase gradually. As the BT content increases from 10 to 60 wt%, the charge-discharge efficiency decreases from 98.4% to 71.6% for B films, from 99.6 to 95.8% for ABA films and from 99% to 89.1% for BAB films. The ABA films exhibit optimal energy storage efficiency. Under the same content of BT nanoparticles in the B layer, the order of the dielectric loss at 0.1 Hz and electrical conductivity are roughly B > BAB > ABA, and the order of charge-discharge efficiency is ABA > BAB > B. In particular, between the charge-discharge efficiency and the electrical conductivity, there is a good correspondence. The electrical conductivity is the key factor affecting the charge-discharge efficiency. High electrical conductivity will result in a large leakage current in the material, which can generate a large amount of Joule heat, leading to significant energy loss. The dielectric loss can also cause energy loss. It means the released energy will decrease, eventually leading to a decrease in the charge-discharge efficiency.
The sandwich-structured nanocomposite can be regarded as a “series circuit”. The ABA-structured dielectric is equivalent to two A impedances with a B impedance in series. The BAB-structured dielectric is equivalent to two B impedances with an A impedance in series. The electrical conductivity of A is 2.57 × 10−17 S/m, which is lower than that of B, so the electrical conductivity of ABA and BAB is larger than that of B but smaller than that of A. Also, because there are two layers of A in ABA and only one layer of A in BAB, the electrical conductivity of ABA is smaller than that of BAB. Lower electrical conductivity means lower energy loss and higher charge-discharge efficiency.
In summary, the sandwich structures can reduce the electrical conductivity and dielectric loss of PP-based nanocomposites, leading to the improvement of the charging-discharging efficiency. Under the same BT content in B layer, the ABA films have lower conductivity and higher charge-discharge efficiency than those of BAB films. The single-layered B dielectric has the lowest charge-discharge efficiency.
4 BREAKDOWN MECHANISM AND SIMULATION
4.1 Breakdown Mechanism of Single-Layered Films
Since the square of the breakdown strength is proportional to the energy storage density, the breakdown strength has a greater effect on the energy storage density than the dielectric constant. Clarifying the breakdown mechanism of the PP-based nanocomposites with different structures can provide theoretical support for the design of dielectrics with high-energy storage performance. The breakdown mechanisms of single-layered films and sandwich-structured films are different; therefore, the breakdown mechanism of single-layered dielectric films is first analyzed.
Some studies have pointed out that the crystalline performance has an important impact on the breakdown properties of PP-based nanocomposite dielectrics because the crystalline can reflect the microstructure of the PP dielectrics, and the change in the microstructures can affect the movement of the molecular chains, which can adjust the breakdown path (Mi et al., 2020). Therefore, the crystalline and breakdown performances of single-layered films are investigated here.
In Figure 8, it can be seen that the breakdown strength of single-layered A films is 490 kV/mm, which is much higher than that of single-layered B films. The mass crystallinity of A film is about 47.97%, and the grain size is 29.53 nm. With the increase of the BT content, the breakdown strength and the crystallinity of B films first remain approximately constant and then decrease, while the grain size shows an increasing trend. At the BT contents of 10, 20, and 30 wt% for B films, the breakdown strength lies between 385.23 and 385.81 kV/mm, which are nearly constant. As the BT content of the B films increase from 40 to 60 wt%, the breakdown strength decreases from 351.37 to 207.70 kV/mm sharply. The crystallinities are between 44.06% and 51.10% as a whole and begin to decrease slightly at the BT concentration of 45%. The range of grain sizes is between 29.43 and 39.41 nm, showing an overall positive correlation with the BT content. The decrease in crystallinity and the increase in the grain size imply a decrease in crystalline boundaries. There are many deep traps in the amorphous-crystalline interfaces, which can hinder the transport of carriers and reduce the electron mean free path, leading to an increase in the breakdown strength (Wang et al., 2016). However, as the BT content increases, the amorphous-crystalline interfaces decrease, which reduces the breakdown strength. In addition, the large difference in dielectric constants between PP and BT causes electric field distortion. This distortion is aggravated by the larger BT content, and the uneven electric field distribution leads to the breakdown of the nanocomposites.
[image: Figure 8]FIGURE 8 | Breakdown strength, crystallinity, and the size of a grain of single-layered A and B films. The crystallinity was obtained by DSC tests, and the grain size was obtained by XRD tests.
The breakdown strength of A films is 490 kV/mm, which is much higher than that of B films and 20.8% higher than that of pure PP (Figure 5E, Figure 8). The electrical conductivity of A film is the lowest among all the samples (Figure 7). There are three reasons for the excellent insulating properties of A films. First, the difference in relative permittivity of pure PP and MgO nanoparticles is not significant, so the electric field distortion between PP and MgO is not serious. Second, mixing a small amount of nanoparticles into PP can introduce the interfacial regions with deep traps, which can enhance the ability of traps to capture carriers and decreases the electrical conductivity. The reduction of charge injection and carrier transport will reduce the space charge accumulation and moderate the electric field distortion inside the nanocomposite dielectric. Third, the binding effect of nanoparticles on molecular chains in the interfacial region can hinder the expansion of free volume, which reduces the electron mean free path and the breakdown strength.
4.2 Breakdown Mechanism of Sandwich-Structured Films
The breakdown mechanism of PP-based nanocomposites with sandwich structures is different from that of single-layered structures. The breakdown mechanism of nanocomposite dielectrics with sandwich structures cannot be explained simply by the breakdown mechanism of single-layered dielectrics. Considering the electric field distribution and charge transport, the breakdown characteristics of ABA- and BAB-structured PP-based nanocomposites are analyzed. Figure 9 gives a schematic diagram of the electric field distribution of the single-layered and the sandwich-structured PP-based nanocomposites.
[image: Figure 9]FIGURE 9 | Under the action of the applied electric field, the electric field distributions inside the PP-based nanocomposites with sandwich structures and single-layered structures.
In Figure 9, when the same electric field is applied to PP-based nanocomposites with different structures, the electric field distributions inside those dielectrics are different. The electric field distributions of single-layered A and B films are the same. The intensity of the electric field inside the sample does not vary with the position. However, the electric field distributions inside ABA and BAB structured films are different. For the two sandwich-structured films, the electric field intensity of the A layer is higher than that of the B layer. There is a lower electric field in the B layer than that in the single-layered B film. 1) The A layer in ABA can increase the charge injection barrier at the interfaces between the electrode and A layer, which reduces the charge injection. 2) The interfaces between the A layer and B layer can hinder the charge transport from the B layer to the A layer, thus causing the charge mobility of sandwich-structured dielectrics to become lower than that of single-layered B dielectrics. 3) The decreases in charge injection and charge mobility reduce the space charge accumulation in sandwich-structured dielectrics, resulting in larger breakdown strength of sandwich-structured films than that of single-layered B film. Consequently, the ABA and BAB-structured PP-based nanocomposite dielectrics exhibit superior breakdown properties to single-layered B dielectrics.
Combined with the experimental results of breakdown strength mentioned in Figure 5, it can be seen that the breakdown strength of ABA is higher than that of BAB at the same BT content in the B layer. The outer layer of ABA-structured dielectrics is the A layer that the PP/MgO nanocomposite dielectric with the MgO content of 0.5 wt%. A layer can increase the barrier of charge injection at the interface between the ABA sample and the electrode, causing a decrease in the number of charges injected from the electrode to the sample and then leading to the reduction of charges migrated to the B layer. The interface between A and B layers also causes the charge mobility in the middle B layer of ABA films to be slower than that in B film at the same BT content. For BAB structured films, the middle A layer can increase the barrier at the interface between the A and B layers, which hinders the charge migration inside the BAB samples and then improves the breakdown strength. The ABA structure can reduce the charges injected into the PP-based nanocomposites at the source. The BAB structure cannot reduce the charges injected into the PP-based nanocomposites effectively. The middle A layer of BAB films acts as a “buffer” to reduce the charge mobility inside the BAB film. In consequence, the ABA structure can improve the breakdown strength of PP-based nanocomposites to a greater extent, which is more advantageous for energy storage.
4.3 Simulation of the Electric Field and Electrostatic Energy
The simulation of the fluctuation of electric field and electrostatic energy can be used to analyze the breakdown characteristics of single-layered and sandwich-structured PP-based nanocomposites. The simulations were simulated for single-layered and sandwich-structured films with different BT contents in the B layer, and the effects of different BT contents on the breakdown performance of PP-based nanocomposite dielectrics were obtained. The simulation parameters were set as follows: the density of PP is 0.9 g/cm3, and the density of BT nanoparticles is 5.85 g/cm3. The relative permittivities of PP and BT nanoparticles are 2.54, and 900, respectively. The A layer is the PP/MgO nanocomposite with a MgO content of 0.5 wt%, whose filler content is small. Hence, the A layer can be regarded as a homogenous material, and its relative permittivity is 2.48. The radius of BT particles is set as 45 nm. From the SEM image of PP-based nanocomposites (Figure 2), it is known that the BT nanoparticles have good dispersibility in the PP matrix. Therefore, the parameter characterizing the dispersion of nanoparticles was set to 10. The larger value of the parameter indicates the better dispersion of nanoparticles in the matrix, while the smaller value of the parameter indicates the more severe agglomeration of nanoparticles in the matrix. The thickness of single-layered and sandwich-structured films was set to 4 μm. The applied voltage was set to 4 V, and the macroscopic electric field strength is 1 kV/mm.
By changing the concentration of BT nanoparticles, the two-dimensional electric field and electrostatic energy distributions were obtained for single-layered and sandwich-structured PP-based nanocomposites, as shown in Figures 10–12. Based on the simulated results, the breakdown mechanism of PP-based nanocomposite dielectrics can be further analyzed.
[image: Figure 10]FIGURE 10 | Electric field along the x-direction of single-layered B films with BT contents of 10 wt% (A), 30 wt% (C), and 60 wt% (E) and the electrostatic energy of single-layered B films with BT contents of 10 wt% (B), 30 wt% (D), and 60 wt% (F).
First, the simulation results of single-layered B films are analyzed. Figure 10A, C, E show the distribution of the electric field along the x-direction inside the single-layered B film at BT contents of 10, 30, and 60 wt%, respectively. Because the relative permittivity of BT nanoparticles is much higher than that of PP; in consequence, the electric field along the x-direction of BT nanoparticles is much lower than that of the PP matrix. The electric field between the PP matrix and the BT nanoparticles is higher than that of the PP matrix, which is caused by the polarization induced by the doped BT nanoparticles. As the BT content increases, the electric field between BT nanoparticles and the PP matrix becomes larger, indicating the enhancement of polarization between nanoparticles and matrix. At the higher content of nanoparticles, the polarization region begins to overlap, and conductive channels are formed more easily. Figure 10B,D,F show the electrostatic energy of single-layered B films. The electrostatic energy between the BT nanoparticles and PP matrix is larger than that of the PP matrix larger than that of BT nanoparticles. Similar to the electric field along the x-direction, the electrostatic energy between nanoparticles and matrix becomes larger with the increase of the BT content, namely, the electrostatic energy of the polarization region is higher. The higher the polarization intensity is, the greater is the electrostatic energy, and accordingly, the greater the energy loss will be. In consequence, under the action of a strong electric field, the current density in the B films will increase sharply with the increase in the BT content, which leads to the surge of local Joule heat, resulting in the decrease of breakdown field strength.
Figure 11 shows the electric field along the x-direction and electrostatic energy of the sandwich-structured ABA films with BT contents of 10, 30, and 60 wt% in the B layer. In Figure 11, in the middle B layers, the electric field between the nanoparticle and matrix is high and the polarization is strong, which is consistent with that observed from the simulated results for single-layered B films. The content of MgO nanoparticles in the A layer is only 0.5 wt%, which is very small. The layer A can be regarded as a homogenous material with a low dielectric constant, as explained in the part of the simulation parameter setting. Therefore, it can be seen that the electric field at layer A is low. With the increase in the BT content, only the electric field between nanoparticles and the PP matrix at the middle layer B increases, the electric field of layer A on both sides is still very low, as is the electrostatic energy of layers A and B. Consequently, it is more difficult to establish a conductive path in the PP-based nanocomposite dielectric with the ABA structure than that in the single-layered B film. As the BT content increases, the electric field along the x-direction and the electrostatic energy in the middle layer B increases significantly, making the dielectric more prone to breakdown. Hence the breakdown strength of ABA films decreases with the increase in the BT content.
[image: Figure 11]FIGURE 11 | Electric field along the x-direction of sandwich-structured ABA films with BT contents of 10 wt% (A), 30 wt% (C), 60 wt%, and (E) in the B layer and the electrostatic energy of ABA films with BT contents of 10 wt% (B), 30 wt% (D), and 60 wt% (F) in the B layer.
Figure 12 shows the electric field along the x-direction and the electrostatic energy of the sandwich-structured BAB films with BT contents of 10, 30, and 60 wt% in the B layer. It can be seen from Figure 12 that the electric field and electrostatic energy of the middle layer A are low and those of layers B on both sides are high. As the BT content increases, the distance between the nanoparticles becomes smaller; the electric field distortion becomes more serious and the corresponding electrostatic energy surges. The breakdown strength of BAB decreases with the increase in the BT content.
[image: Figure 12]FIGURE 12 | Electric field along the x-direction of sandwich-structured BAB films with BT contents of 10 wt% (A), 30 wt% (C), and 60 wt% (E) in the B layer and the electrostatic energy of BAB films with BT contents of 10 wt% (B), 30 wt% (D), and 60 wt% (F) in the B layer.
At the same BT content in the B layer, the region with a high electric field along the x-direction and high electrostatic energy in BAB films is larger than that in the ABA layer. As a result, the conductive path in BAB films is easier to be established than that in ABA films, and the energy loss is more serious in BAB films. Consequently, at the same BT content, the breakdown strength of BAB is lower than that of ABA films. In conclusion, under the same BT content in the B layer, the breakdown strength of PP-based nanocomposite dielectrics with the ABA structure is larger than that with the BAB structure than that with the B structure.
5 CONCLUSION
The PP/MgO nanocomposite dielectric with the MgO content of 0.5 wt% was employed as the high breakdown film, which was referred to as “A”. The PP/BT nanocomposite dielectrics with various BT contents were employed as high polarization films, which were referred to as “B”. The single-layered, ABA-structured, and BAB-structured PP-based nanocomposite dielectrics were prepared by melting, blending, and hot-pressing methods. The order of relative permittivity is roughly B > BAB > ABA > pure PP > A when the BT content is the same in the B layer. For sandwich-structured dielectrics, the polarization layer and interface between the adjacent layers can increase the polarization strength of dielectrics. At the lower BT content, the order of breakdown strength is A > ABA > BAB > pure PP > B. The high breakdown layer and barrier at the interface between the adjacent layers can reduce the charge mobility and the charge injection. In addition, the sandwich structures can redistribute the electric field, resulting in a lower electric field in the B layer than that in the single-layered B film. Therefore, the sandwich structures can synergistically improve the dielectric constant and breakdown strength of PP-based nanocomposite dielectrics, leading to an increase in the energy density. The energy density of ABA-structured PP nanocomposite dielectrics with the BT content of 45wt% in B layer is 3.09 J/cm−3, which is 67% higher than that of pure PP. The work provides a new concept for improving the energy storage performance of polymer nanocomposite dielectrics via macroscopic and mesoscopic structure designs.
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