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Polymer-based high-dielectric-constant (high-k) materials have been explored for the extensive applications in modern electronic devices such as capacitors, actuators, sensors, and electromagnetic interference shielding due to their advantages of good processability, mechanical flexibility, light weight, low cost, and high breakdown strength [1][2][3][4][5][6][7]. Generally, it is challenging to use neat polymers to satisfy these needs because of their intrinsically low dielectric constant [8][9][10][11][12]. For instance, in spite of the high breakdown strength (730 MV/m), commercial benchmark polymer dielectric, biaxially oriented polypropylene (BOPP), shows a low dielectric constant (2.25) that is not favorable for its exploitation in electronic devices [13]. It is imperative to develop polymeric dielectrics that concurrently bear high dielectric constant and large breakdown strength.

It is widely accepted that incorporating high-k ceramics such as BaTiO3 (BT) nanostructures into polymer matrices is one of the most effective ways to enhance the dielectric constant while profiting the high breakdown strength of polymers [14][15][16][17][18][19].

Several theoretical models have been proposed to describe the relationships between ceramic loading and dielectric constant of polymer nanocomposites, as shown in Figure S1. Emphases are respectively put on the shape, size, distance and connective pattern of ceramic nanoparticles in these models to predict the dielectric constant of the nanocomposites [START_REF] Frolich | Theory of Dielectrics[END_REF][START_REF] Catalan | [END_REF][22][23]. But the identical principle is that higher loading of ceramics gives rise to higher dielectric constant. This is because introducing high loading of ceramic nanoparticles into polymer matrices is potentially interesting to fully utilize the intrinsic polarization of ceramic nanoparticles and consequently delivering ultrahigh dielectric constant.

Much work has demonstrated that enhanced dielectric constant can be achieved at high filler loading but at the expense of breakdown strength of polymer nanocomposites [23][24][25][26]. Actually, high loading of nanoparticles induces the formation of defects including nonuniform distribution of nanofillers, insufficient interfacial interactions between nanofillers and polymer matrices and occurrence of voids [27][28][29]. The charge separation at interfaces and strong electric field intensification usually lead to clear frequency dependence of dielectric properties and reduced breakdown strength [30][31][32][33]. In detail, large amount of space charges accumulate at the incompatible interfaces or voids and main channels of leakage current are easily introduced along the edges [34][35][36]. Moreover, the local electric field around the nanofillers can be several times larger than the applied electric field, which also causes the breakdown of the nanocomposites at the electric fields much weaker than the intrinsic breakdown strength of polymer matrices. Therefore, a huge challenge is making a compromise between enhancement of dielectric constant and reduction of breakdown strength at high filler loading to achieve good integrated dielectric properties of polymer nanocomposites.

To tackle this challenge, the key is to ensure uniform dispersion of nanofillers and good interfacial compatibility in the polymer nanocomposites at high filler loading [27][28][29][30]37]. Considering the fact that the physiochemical properties of nanofillers and polymer matrices show a great disparity, and large surface-to-volume ratio of nanofillers [38][39][40][41]. Constructing sufficient reactive sites between nanofillers and polymer chains is of great importance to intensify the interfacial interactions. So far, "grafting to" and "grafting from" strategies have been widely applied to connect nanofillers with polymer matrices through chemical bonds [42][43][44][45]. Typically, core-shell structures that organics or inorganics are coated on nanofillers, are further compounded with polymer matrices to form dielectric nanocomposites [46][47][48].

Unfortunately, the optimum filler loading corresponding to the good integrated dielectric properties has been determined by scanning within a relatively narrow filler content (0~50 vol.%). In fact, there is still great spaces to uniformly disperse more nanoparticles so that the upper limit of dielectric constant of polymer nanocomposites can be reached. This will allow for exploring the full potential of high-k nanoparticles to make best compromise between dielectric constant and breakdown strength and thus a superior integrated dielectric properties of polymer nanocomposites.

In this work, we present a facile means to make a highly filled polymer nanocomposite. A high pressure of 260 MPa is applied to obtain densely stacking of BT nanoparticles in highly filled BT/SR nanocomposites (BT loading varies from 88 wt% to 97 wt%) under an isostatic pressing condition. Uniform dispersion of nanofillers and good interfacial compatibility in the nanocomposites are achieved with a powerful and versatile "thiol-ene click" technique that shows striking advantages include high yields, rapid reaction rates, and regioselective reaction [49]. Interestingly, the 90 wt% BT/SR nanocomposite shows the largest dielectric constant of 54.9 at 10 3 Hz ever reported for polymer-based composites with 0 dimensional BT nanoparticles.

Meanwhile, it still exhibits low dielectric loss (0.019) and a slight decrease in breakdown strength in comparison with the neat SR. This work provides a new route to make full use of the intrinsic polarization of BT nanoparticles to enhance the dielectric constant of polymer nanocomposites.

Results and discussion

Fabrication of the highly filled BT/SR nanocomposites

As schematically depicted in Figure 1a, the fabrication of the highly filled BT/SR nanocomposites involves three steps. Step 1, BT nanoparticles are treated with hydrogen peroxide aqueous solution to form hydroxyl groups (BT-OH). Then BT nanoparticles are further modified with (3-mercaptopropyl) triethoxysilane (MPTES) [50]. The characteristic signals in X-ray photoelectron spectroscopy for silicon (Si2p at 101.7 eV) and sulphur (S2p at 163.55 eV) are detected, as shown in Figure S2. It confirms that a condensation reaction of triethoxysilane groups of MPTES with hydroxyl groups on the surface of BT nanoparticles occurs, which produces sufficient thiol groups on the surfaces of BT nanoparticles (BT-SH). Step 2, 1, 3, 5, 7-tetravinyl-1, 3, 5, 7-tetramethylcyclotetrasiloxan (V4) as monomer and tetramethylammonium hydroxide (TMAH) as initiator are used to synthesize polymethylvinylsiloxane by anionic ring opening polymerization [51][52]. The polysiloxane shows a weight-average molecular weight (Mw) of 1.18 × 10 3 g/mol and a molecular distribution of 2.06, as represented in Figure S3 and Table S2 Increasing loading of functional fillers is an effective route to enhance dielectric constant of polymer composites [START_REF] Frolich | Theory of Dielectrics[END_REF][START_REF] Catalan | [END_REF][22][23]. However, it generally causes a great challenge to achieve uniform dispersion of nanofillers and good interfacial compatibility in nanocomposites, which are of vital importance to integrated dielectric performance. Here all BT nanoparticles are uniformly coated with a layer of SR and stacked densely in the 88 wt% BT/SR nanocomposites, as shown in Figure 1e.

Namely, uniform dispersion of BT nanoparticles and good interfacial compatibility are clearly observed in such highly filled polymer nanocomposites. It is a great step 

Morphologies of the highly filled BT/SR nanocomposites

To determine the effects of extremely high loading of nanofiller on the microstructure, the morphologies of BT/SR nanocomposites are investigated in detail, as shown in Figure 2. Figure 2a and Figure 2b show that BT nanoparticles are coated and meanwhile bonded with a thin SR layer in the nanocomposite with 97 wt% BT. Namely, desirable uniform dispersion of BT nanoparticles and good interfacial compatibility are achieved simultaneously. This is because that all the thiols (-SH) on the surfaces of BT nanoparticles can react with the enough enes (-CH=CH2) in the polymethylvinylsiloxane chains via typical "thiol-ene click" [49]. However, a new issue arises, that is unfavorable voids in the nanocomposites. The voids are detrimental for achieving high dielectric constant, low loss and large breakdown strength in polymer nanocomposites [17][18][19]. Note that voids gradually diminish with decreasing the BT loading. They are difficult to be found in the nanocomposites with 88 wt% BT, as shown in Figure 2a, Figure 2d Interfacial polarization is one of the key factors directing the dielectric performance of polymer nanocomposites [17][18][19]. It is believed that dielectric constant of polymer nanocomposites usually decreases with frequency [31]. This is due to the fact interfacial polarization has a long relaxation time. When the spinning of interfacial polarization fails to keep up with the frequency of the applied electric field, the dielectric constants decrease at higher frequency. Regarding the highly filled BT/SR nanocomposites, the SR layer is fully anchored onto the surfaces of BT nanoparticles via "thiol-ene click". The SR layer not only plays the roles of interface but also chemically bonds BT nanoparticles together for fabricating the final polymer nanocomposites. Figure 2 suggests that enough "thiol-ene click" reactions occur due to the rich "-CH=CH2" in the polymethylvinylsiloxane chains and "-SH" on the surfaces of BT nanoparticles. Namely, a great number of "click" reaction contributes to good interfacial compatibility in the highly filled polymer nanocomposites.

Accordingly, the negligible frequency dependence of dielectric properties for the polymer nanocomposites can be explained as follows. The movement of the polymer segments is confined greatly. Most of the polysiloxane chains are anchored on the surfaces of BT nanoparticles. That is, the interfaces in the polymer nanocomposites are compacted, as shown in Figure 2k. In this case, the space charge polarization at the interfaces, which is an important factor causing the frequency dependence of dielectric properties, is suppressed largely. Besides, the solution compounding facilitates the uniform dispersion of BT nanoparticles in the polysiloxane [53]. Then, uniform dispersion of BT nanoparticles is chemically bonded together with SR after "thiol-ene click". These results prove that the excellent dielectric properties of the highly filled nanocomposites are attributed to the desirable microstructures including uniform dispersion of BT nanoparticles, good interfacial compatibility.

For the highly filled polymer nanocomposites, an unexpected BT loading dependence of dielectric constant is also observed. The dielectric constant of the polymer nanocomposites gradually increases until 90 wt % BT loading while it turns reverse change with further increase in BT loading. According to some theoretical models [START_REF] Catalan | [END_REF][22][23], dielectric constant of polymer composites is in direct proportion to filler loading. But in this case, obvious voids can be seen at the 97 wt% BT/SR nanocomposites, as shown in Figure 2a. At the applied ultrahigh pressure, BT nanoparticles coated with SR are stacked closely while too low loading of SR fails to fully fill the space between BT nanoparticles, leading to the formation voids, as depicted in Figure 2c. The voids are equal to introducing a third phase (air) into the polymer nanocomposites. The so-called third phase displays much lower dielectric constant (k ≈ 1) than BT and SR. Then, extremely high loading of BT nanoparticles means there is nonnegligible voids in the nanocomposites, which causes the reduction of dielectric constants according to the theoretical models. Meanwhile, considerable space charge polarization occurs in this case, which also leads to high dielectric loss, as shown in Figure 3c S3 lists the key parameters for the calculation and Table S4 lists the calculated volume fraction of voids in the polymer nanocomposites with various BT loadings. The results show the largest volume fraction of voids exists in the 97 wt% BT/SR nanocomposite and the volume fraction of voids gradually decreases and even disappears in the nanocomposites with decreasing BT loading. The thickness of SR layer coated on BT nanoparticles is another factor to the critical BT loading for the occurrence of voids. This is because SR is used not only for coating BT nanoparticles but also for filling the space between BT nanoparticles. Larger thicknesses of SR layer mean higher volume fraction of voids between BT nanoparticles. Figure 2 shows the thickness of SR layer coated on BT nanoparticles is usually below 3 nm. Namely, 88 wt% BT loading can lead to few voids in the nanocomposites in that the mass fraction is lower than the critical value (89.28 wt%). Similarly, 90 wt% BT loading tends to cause just a few voids because it is very close to the critical value. In fact, BT nanoparticles exhibit a wide size distribution, as shown in Figure 2j. The nanoparticles with smaller sizes incline to be pushed into the space between larger particles under the ultrahigh pressure [27], which further increases the critical value. However, the 90 wt% BT/SR nanocomposite displays a higher increase in the dielectric responses, as shown in Figure 4c andFigure 4d. Charge carriers prefer to aggregate at the voids in the highly filled polymer nanocomposites. The potential barrier at relatively low temperature could prevent the charge carriers from shifting.

Enhanced thermal motion at the increased temperature facilitates the migration of charge carriers that results in the enhancement of dielectric constant and dielectric loss. These results further demonstrate that much less voids tend to be formed in the 

Breakdown strength of the highly filled BT/SR nanocomposites

Breakdown strength is another key for envaluating the dielectric properties of polymer nanocomposites. The failure probability of neat SR, BT/SR nanocomposites with 88 wt% and 90 wt% BT loading is investigated according to the Weibull distribution function.

  β b -E E P(E) = 1-e (2) 
P(E) is the cumulative failure probability, E is the measured breakdown strength, Eb is the Weibull breakdown strength with 63.2% probability to breakdown, and β is the shape parameter or the slope of the derived logarithm equation as 

ln[-ln(1-P(E)]= βlnE-β lnEb (3) 

Comparison of dielectric properties of highly filled polymer nanocomposites

To characterize the integrated dielectric properties more directly, a radar chart is depicted in Figure 6 for the 90 wt% BT/SR nanocomposite and the representative polymer nanocomposites with 0 dimensional BT nanoparticles [30,[55][56]. Since the dielectric properties of polymer nanocomposites are also related to the matrix, the values of εeff/εm and Eb/Em are used for comparison, which are detailed and listed in 

Conclusions

Highly filled BT/SR nanocomposites with desired morphologies that include uniform dispersion of BT nanoparticles, good interfacial compatibility and few voids are obtained through typical "thiol-ene click" and isostatic pressing with greatly high pressure. The dielectric constant of the nanocomposites first enhances and then reduces with increasing BT loading from 88% to 97wt%. Importantly, the 90 wt% BT/SR nanocomposite shows the largest dielectric constant (54.9 at 10 3 Hz) in polymer nanocomposites with 0 dimensional BT as fillers ever reported. Meanwhile, the dielectric loss is immensely suppressed to about 0.019. Meanwhile, it displays good dielectric stability from room temperature to 100 °C. Besides, a slight decrease in breakdown strength with the neat SR is maintained. As a result, this work provides an effective strategy to fabricate highly filled polymer nanocomposites with excellently integrated dielectric properties that are highly potential to be used for diverse electronic devices.

Experimental section

Surface modification of BaTiO3 (BT) nanoparticles: BT nanoparticles (HBT-010, 𝑑 ̅ ≈100nm, cubic crystal, as shown in Figure S6) were purchased from Shandong Sinocera Functional Material Company. A mixture with 20 g BT nanoparticles and 200 mL H2O2 solution (30% mass fraction) was first ultrasonically treated for 30 mins.

To initiate hydroxylation surface treatment of BT nanoparticles, the mixture was heated at 105 °C for 9h under intense stirring with reflux. After that, the mixture is successively subject to centrifugation, washing with deionized water and ethanol repeatedly, and drying treatment. Second, adding the dried product into toluene 
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 2 Figure 1c and Figure 1d, which can be tuned via tailoring the amount of the
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 1 Figure 1. a: Schematic illustration of the fabrication process for the highly filled BT/SR

  and Figure 2g. This is due to the fact that the voids are gradually replaced by SR with increasing the amount of the polymer. Moreover, the thickness of SR layer on BT nanoparticles becomes thicker at the lower BT loadings and much more indistinct interfaces can be found at 88 wt% BT loading, as shown in Figure 2b, Figure 2e and Figure 2h. BT nanoparticles connect with SR layer rather than direct contact with each other and few voids are observed between BT nanoparticles, as shown in Figure 2j and Figure 2k. Meanwhile, Figure 1c exhibits the applied 260 MPa of high pressure distinctly shrinks the size of sample. Namely, it makes the densely stacking of BT nanoparticles in a way much similar to the face-centered cubic (FCC) pattern and extra SR filling the voids during isostatic pressing. Figure 2c, Figure 2f and Figure 2i depict the stacking pattern of BT nanoparticles and declining volume of voids in the nanocomposites with decreasing BT loading. The polymethylvinylsiloxane chains are anchored on the surface of BT

Figure 2 .Figure 3

 23 Figure 2. Morphologies of BT/SR nanocomposites with various BT loadings. SEM images of the nanocomposites with (a, b) 97 wt% BT, (d, e) 90 wt% BT and (g, h) 88 wt% BT. TEM images of the nanocomposites with (j, k) 88 wt% BT. Packing pattern of BT nanoparticles (c) 97 wt% BT, (f) 90 wt% BT and (i) 88 wt% BT in the nanocomposites. (l) Topological chains of SR on the surfaces of BT at the interfaces. CA represents the silane coupling agents.
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 3 Figure 3. Frequency dependence of dielectric constants (a) and dielectric losses (b) of the high-filled BT/SR nanocomposites at room temperature. Comparison of the dielectric constants (c) and dielectric losses (d) of the nanocomposites with various BT loadings.

  Figure 2c, Figure 2f and Figure 2i. TableS3lists the key parameters for the
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 4 Figure4shows the stability of dielectric properties of 88 wt% and 90 wt%
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 4 Figure 4 Temperature dependence of dielectric properties of BT/SR nanocomposites.

Figure 5 .

 5 Figure 5. Cumulative failure probability distribution of the neat SR, 88 wt% and 90 wt% BT/SR composites. As depicted in Figure 5, the Eb of neat SR is 968.68 kV/cm. A slight decrease of
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 6 Figure 6 Comparison of the dielectric properties of polymer nanocomposites with 0 dimensional BT nanoparticles, BT/PI [55], BT/P(VDF-HFP) [30], and BT/P(VDF-TrFE-CTFE) [56].

(

  200mL) was ultrasonically treated again. Then, (3-Mercaptopropyl) triethoxysilane (Shanghai Aladdin Bio-Chem Technology Co., LTD) was introduced into the mixture and stirred at 30 °C under N2 atmosphere for 48h. After that, the mixture was successively subject to centrifugation, washing with toluene repeatedly, and vacuum drying treatment at room temperature. Finally, sulfhydrylated BaTiO3 (BT-SH) nanoparticles were achieved.Synthesis of PMVSO: 1,3,5,7-tetravinyl-1,3,5,7-tetramethylcyclotetrasiloxane (V4, Guangdong Weng Jiang Reagent Co., Ltd) as the monomer and tetramethylammonium hydroxide (TMAH) as the initiator were applied to synthesize polymethylvinylsiloxane via anionic ring opening polymerization.Preparation of BaTiO3/Silicone Rubber (BT/SR) composites: Functional nanoparticles (BT-SH), polysiloxane (polymethylvinylsiloxane), cross-linker (3, 6-Dioxa--2-phenylacetophenone, Shanghai Aladdin) were mixed with toluene under intense stirring. The toluene was then removed under vacuum at room temperature. After that, the white power was put into a 13 mm diameter mold and initially pressed at 1.5 MPa. After that the pill was isostatically pressed at 260 MPa for 5 mins. Finally, the pressed pill was treated under vacuum at 80°C for 24h and the BT/SR nanocomposite was obtained.Structure characterization and performance evaluation: Scanning electron microscope (SEM, JSM-7610F, JEOL, Japan) and transmission electron microscope (TEM, Tecani F20, FEI Company, Neatherlands) were applied to examine the morphology of BT and BT/SR composites. Thermal gravimetric analyzer (TGA, SDT Q600, TA Instruments, USA) was applied to determine the relation of weight loss and temperature at a rate of 20 °C/min from 100 °C to 800 °C under N2 atmosphere. X-Ray diffractometer (XRD, DMAX1400, Rigaku Corporation, Japan) in Cu Kα1 radiation, λ = 1.5406 Å with a range from 3° to 80° was used to investigate the crystal phase of BT nanoparticles. The molecular parameter of PMVSO was determined by gel permeation chromatography (GPC, PL-GPC220, Polymer Laboratories Ltd, the UK). The BT/SR samples were sputtered with circular gold electrode with 8 mm diagram on both sides for dielectric performance measurements. The dielectric properties at room temperature were evaluated using a precision impedance analyzer (4294A, Agilent Technologies Inc., USA) at a range from 10 3 Hz to 10 7 Hz. The dielectric properties with an interval of 20 °C from room temperature up to 100 °C at a range from 10 3 Hz to 10 7 Hz were tested using a broadband dielectric analyzer (Concept-50, Novocontrol GmbH, Germany). The electric breakdown strength was determined with a withstanding voltage tester (DDJ-50KV, Beijing Guancejingdian Equipment Ltd, China) with an increasing voltage of 200 V/s.

  

. Step 3,

  

	polymethylvinylsiloxane, BT-SH ( 88 wt%, 89 wt%, 90 wt%, 91 wt%, 93 wt%, 95
	wt%, and 97 wt%), cross-linker 3, 6-Dioxa-1, 8-octanedithiol (DODT) and initiator 2,

Table S5 .

 S5 It is clear BT/SR nanocomposite with extremely high BT loading in this work manifests much better εeff/εm of about 21.85 in comparison with other polymer

	nanocomposites at 10 3 Hz of frequency. It is believed extremely high BT loading
	usually leads to negative effects on the dielectric loss and breakdown strength due to
	the probable defects in highly filled polymer nanocomposites. Interestingly, it still
	exhibits low dielectric loss and high breakdown strength, which are comparable to the
	other polymer nanocomposites with the excellent properties. Namely, less internal
	heating and long lifetime are hopefully to be realized. These results suggest that
	BT/SR nanocomposites prepared in this unique route possess greatly integrated
	dielectric properties.
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