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A B S T R A C T   

Dielectric materials have been regarded as an emerging field for dielectric energy storage in the last few decades. 
To improve the dispersion of high-dielectric-constant fillers in polymer, many methods of surface modification 
and core-shell structure have been reported focusing on the forming of shell. Here we introduce a soluble 
ferroelectric [Hdabco]ClO4 (TEDA.C, dabco = diazabicyclo[2.2.2]octane) into polyvinyl alcohol (PVA) matrix 
via solution mixing to create a ferroelectric TEDA.C crystal core by the hydrogen bonding between PVA and 
TDEA.C. We studied the effects of PVA’s chain structure on the interfacial interactions between the two com-
ponents, the crystalline phase of TEDA.C, and the dielectric, ferroelectric, and physical properties of composites 
by employing three PVAs of different hydrolysis degree. High hydrolysis degree promoted the homogeneous 
distribution and fine miscibility of TEDA.C in PVA matrix, but also impeded the hydrogen bond movement of 
TEDA.C, which resulted in the disordered paraelectric phase of ordered-disordered-type ferroelectric. Comparing 
the dielectric, ferroelectric and physical properties of three PVA systems provides further insights about the 
hydrolysis degree of PVA benefitting the interfacial interaction and interfacial effects, leading to a potential facile 
and powerful tool for tuning the properties of PVA composites.   

1. Introduction 

High-dielectric-constant (high-k) polymer materials have numerous 
applications in organic field-effect transistors (OFETs) [1], organic 
thin-film electroluminescent devices [2], electrical stress control appli-
cations [3], actuators [4], and energy storage devices [5,6]. To improve 
the dielectric constant of polymer, most of the reported studies have 
been focused on the addition of inorganic components, including inor-
ganic ferroelectrics [7], metal fillers [8], and carbon nanofiller [9,10]. 
However, the inorganic fillers tend to aggregate in polymer matrices due 
to their poor dispersion and compromise the physical performances of 
polymer materials [11,12]. The surface functionalization of fillers by 
hydroxylation [13,14], coupling agents [15], surfactants [16], and 
phosphoric acids [17,18] is used to promote the miscibility and phase 
stability of polymer composites. However, these additional steps will 
inevitably cause post-processing issues and potential contamination. 

Other options, including in-situ polymerization [19–21] and introducing 
core-shell structure fillers [22–24] to raise the dispersion of filler in 
composite, are more complex and difficult to be applied on a large scale. 

Perovskite-type ferroelectrics [25,26] are commonly used to increase 
the dielectric constant of polymer due to their spontaneous polarization 
and ample dipoles. Compared to inorganic ferroelectrics, ferroelectrics 
with organic molecular components [27] as another kind of ferroelec-
trics, have spontaneous polarization and dipoles, have broader curie 
temperature tunability and essential characteristic for the design of 
all-organic electronics [28–31]. In the work of Bayer and colleagues 
[27] fabricated six all-organic high-k solution processable composites by 
incorporating an organic ferroelectric crystal, thiourea, suggesting the 
enhancements of ferroelectric crystal for dielectric properties. In our 
previous work [30], we also introduced a soluble organic molecular 
ferroelectrics [Hdabco]ClO4 (TEDA.C, dabco = diazabicyclo[2.2.2]oc-
tane) to modify PVA for enhanced dielectric properties. The hydrogen 
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bonding between PVA and TDEA.C helps TEDA.C form 
uniformly-dispersed, needle-like core in PVA matrix. Addition of 9.1 wt 
% ferroelectric TEDA.C increases the dielectric constant of 1788PVA 
composites by 10 times at 107 Hz. 

However, the core formation in polymer composites is important yet 
under-investigated. In this work, we emphasized the effects of hydrolysis 
degree of PVA on the TEDA.C distribution, crystal morphology and 
phase. Interestingly, it is found that the abundant hydroxy groups 
change the cooperative alignment of permanent dipole moments [32, 
33] of hydrogen-bonded TEDA.C. In addition, the increasing hydrolysis 
degree results in phase transition of TEDA.C crystal from ferroelectric 
phase to paraelectric phase. Meanwhile, the dielectric properties, the 
ferroelectric properties, and the physical properties of PVA composites 
are systematically investigated in three PVA systems with different hy-
drolysis degrees, showing the significant modification effects of hydro-
lysis degree on the TEDA.C. 

2. Experimental 

2.1. Materials 

1,4-Diazabicyclo[2.2.2]octane hexahydrate (TEDA, C6H12N3⋅6H2O 
AR), distilled water and perchloric acid (HClO4 GR) were supplied by 
Kelong Chemical Reagent Corp (Chengdu, China). Polyvinyl alcohol 
1750PVA (Mn = 1700, and hydrolysis degree = 50%), 1788PVA (Mn =
1700, and hydrolysis degree = 88%) and 1799PVA (Mn = 1700, and 
hydrolysis degree = 99%) were supported by Shanghai Titan Scientific 
Co. Ltd. All reagents and solvents in the syntheses were of reagent grade 
and used without further purification. 

2.2. Samples preparation 

The biaxial molecular ferroelectric TEDA.C was prepared by slow 
evaporation of the ethanol solution of 1,4-diazabicyclo[2.2.2]octane 
hexahydrate and HClO4 in a 1:1 M ratio [34]. The powder of TEDA.C 
was dissolved in distilled water to form a solution with a solubility of 
240 mg/ml. The PVA powder with different hydrolysis degree was dis-
solved in distilled water to form a solution with a solubility of 60 mg/ml. 
The above four solutions were then mixed at a series of different ratios 
(0 wt% − 16.7 wt% TEDA.C) under magnetic stirring for 60 min (100 
rpm) and sonication for 30 min to prepare precursor solution. Subse-
quently, the mixed solution was added dropwise to a treated glass 

substrate and dried in a 50 ◦C vacuum oven for 24 h. During the evap-
oration of water, the TEDA.C crystals were formed in situ in the PVA 
matrix. The thin films were then transferred to a mold, followed by the 
hot press at a temperature of 373 K and pressure of 10 MPa for 8 min, 
and eventually cooled to room temperature with maintaining pressure at 
5 MPa. In this work, the content of films was listed in Table 1. 

2.3. Instrumentation 

Optical microscope photographs of PVA films were obtained by using 
polarized light microscope (BX51, Olympus corporation). The films for 
characterizations had a thickness of 0.08 mm ± 0.005 mm. X-ray 
diffraction (XRD, Ultima IV) was carried out using Cu Ka radiation with 
40 KV/40 mA. The dielectric property was carried out with a broad 
frequency dielectric spectrometer Concept 50 (NOVOCONTROL, Ger-
many). The diameter and thickness of the film samples were 12.5 ± 0.1 
mm and 0.08–0.10 mm, respectively. Polarization-electric field (P-E) 
hysteresis loops were measured on Radiant Ferroelectric Tester (Pre-
mier) for different voltage cycles at 10 Hz, 100 Hz and 1000 Hz, 
respectively. Breakdown strength of PVA samples was measured at room 
temperature by applying AC voltage ramp with a rate of increase of 
200V/s. The Ultraviolet–Visible Near-Infrared spectrum was recorded 
using a UV-3600 (Shimadzu, Japan) spectrometer at room temperature 
with a scanning wavelength ranging from 200 to 800 nm. The me-
chanical properties were measured on an Instron 5567 machine with a 
10 kN load cell at a 20 mm/min loading rate. The measurement of TGA 
was carried out using a Netzsch TG209 F1 thermogravimeter at a linear 
heating rate of 10 K/min. Samples (about 8.0 ± 0.2 mg) were heated in 
the temperature range from 300 K to 800 K, with a controlled dry ni-
trogen flow of 60 ml/min. 

3. Results and discussion 

The polarized optical microscopy (POM) images of a series of PVA 
films and PVA with TEDA.C composite films (referred to as composite 
films in this work) are shown in Fig. 1. The POM images of the pure PVA 
films with different hydrolysis degrees are uniform, indicating that PVA 
has dominant amorphous phase. By embedding TEDA.C in 1750PVA, 
the TEDA.C crystal is not obviously anisotropic at low TEDA.C concen-
tration but significantly accumulates with increasing TEDA.C concen-
tration. Instead, TEDA.C in 1788PVA forms rod-like crystals at low 
TEDA.C addition. Increasing TEDA.C concentration increases the length 
and diameter of crystals, and dendritic structure crystals is generated 
when the TEDA.C concentration is above 9.1 wt% (which is the same as 
the crystalline structure of TEDA.C in Fig. S2). For 1799PVA, TEDA.C 
crystallizes as a lamellar structure stacked layer by layer. These results 
show the considerable effects of the hydrolysis degree on the crystal 
morphology and distribution of TEDA.C in PVA. The distribution of 
TEDA.C has also been confirmed by the FTIR-ATR technique. The 
observed strong FTIR-ATR peaks of TEDA.C in 20 T@1750PVA curve 
(Fig. S3, Fig. S4) suggest the poor distribution of TEDA.C in 1750PVA, 
which is corresponding to TEDA.C aggregating on the 1750PVA surface. 
Other similar FTIR-ATR curves in Fig. S5 and Fig. S6 imply the good 
covering ability of 1788PVA and 1799PVA. 

We then studied the material crystalline structure by X-ray diffrac-
tion (XRD). Regarding the pure TEDA.C film, the XRD peaks’ position 
and pattern remain unchanged at a temperature below 393 K, above 
which the ferroelectric phase transits to the paraelectric phase (Fig. S7). 
This phase transition of TEDA.C is reversible, indicated by the presence 
of the ferroelectric phase pattern again when cooling the temperature 
from 413 K to 373 K. The reversible phase transition can also be verified 
by Differential Scanning Calorimeter (DSC) (Fig. S8). After confirming 
the phase transition and structure of pure TEDA.C, we have conducted 
XRD for PVA and composite films (Fig. 2). The XRD pattern of neat 
1750PVA, 1788PVA, and 1799PVA have a similar peak around 20◦, 
indicating the semicrystalline structure of PVA. For the composite films, 

Table 1 
Compositions of the PVA composite thin films, the value of 1750, 1788 and 1799 
are the degree of polymerization and the hydrolysis degree (17 refers to the 
degree of polymerization of 1700, 50, 88 and 99 refer to the percentage of hy-
drolysis degree).  

Sample Percentage of Weight The ratio of 
TEDA.C:PVA 

1750PVA 1788PVA 1799PVA TEDA. 
C 

1750PVA 100 – – 0 0:100 
5T@1750PVA 95.3 – – 4.7 5:100 
10T@1750PVA 90.9 – – 9.1 10:100 
15T@1750PVA 87 – – 13 15:100 
20T@1750PVA 83.3 – – 16.7 20:100 
1788PVA – 100 – 0 0:100 
5T@1788PVA – 95.3 – 4.7 5:100 
10T@1788PVA – 90.9 – 9.1 10:100 
15T@1788PVA – 87 – 13 15:100 
20T@1788PVA – 83.3 – 16.7 20:100 
1799PVA – – 100 0 0:100 
5T@1799PVA – – 95.3 4.7 5:100 
10T@1799PVA – – 90.9 9.1 10:100 
15T@1799PVA – – 87 13 15:100 
20T@1799PVA – – 83.3 16.7 20:100  
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the TEDA.C peak intensity increases with the TEDA.C addition. Inter-
estingly, TEDA.C peaks’ position also shifts in different PVA matrices, 
indicating the effects of different hydrolysis degree on the crystal 
structures of TEDA.C. Therefore, we compare the XRD pattern of com-
posite films with 16.7 wt% TEDA.C (corresponding to 20 T@1750PVA) 
and neat TEDA.C film in Fig. 2a. The XRD peaks of 20 T@1750PVA well 
agree with the peaks of TEDA.C at 373 K, suggesting the unchanged 
ferroelectric phase of TEDA.C in 1750PVA. However, the XRD peaks of 
20 T@1788PVA are the combination of the TEDA.C pattern at 373 K and 
393 K (Fig. S9). Further, the XRD peaks of 20 T@1799PVA are close to 
the TEDA.C pattern at 393 K (Fig. 2c, Fig. S9). These results indicate that 
the crystalline phase of TEDA.C is adjusted with the increase of PVA 
hydrolysis degree isothermally. This phase change is presumably 
because the PVA with a high hydroxyl-group concentration strongly 
interacts with TEDA.C by hydrogen bond and impedes the hydrogen 
bond movement of TEDA.C, which results in the disordered paraelectric 
phase [35,36] of ordered-disordered-type ferroelectric. These results 
suggest a new switch of spontaneous electric polarization by tuning the 
hydrolysis degree of PVA matrix. Notably, the traditional methods to 

achieve high phase transition temperature are mainly by molecular 
modification with new molecular design based on complex ferroelectric 
compounds [33,36]. Therefore, this facile modification methodology by 
the hydrolysis degree of PVA matrix is very promising. 

We have further studied the dielectric properties of the composite 
films. The frequency-dependent dielectric constants and dielectric loss 
of composites films are presented in Fig. 3. With increasing TEDA.C, the 
peak of dielectric loss shifts to a higher frequency. For 50% hydrolysis 
degree PVA system, when the TEDA.C addition is up to 13 wt%, the 
dielectric constants of 15 T@1750PVA shows an exponential growth 
resulting from more defects for charge accumulation and current 
pathway. With the increase of hydrolysis degree to 88%, TEDA.C forms 
evenly dispersed needle-like crystals in 1788PVA. These polar dipoles of 
ferroelectric-phase crystal benefit the dielectric constant enhancement 
of 1788PVA(Fig. 3c). In addition to the increased dielectric constant, the 
dielectric loss also maintains low values with the addition of TEDA.C 
before 10 Hz as shown in Fig. 3d. With further increasing hydroxyl de-
gree, the hydrogen bonds strongly affect the cooperative alignment of 
permanent dipole moments [32,33] of TEDA.C and lead to the transition 

Fig. 1. The POM images of PVA films.  
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of TEDA.C to paraelectric phase (Fig. 2, Fig. S7). Additionally, strong 
hydrogen bonding limits the polarization of 1799PVA’s hydroxy groups, 
reducing the dielectric constant of composites. Therefore, the dielectric 
constants of 1799PVA composites are close to that of pure 1799PVA. 
Notably, there is an increase in the dielectric constant of 1799PVA 
composites at low frequency (0.1–100 Hz, Fig. 3e), which can be 
explained by the Maxwell-Wagner-Sillars (MWS) interfacial polarization 
[37,38]. Moreover, the high hydrolysis degree helps PVA chains form 
more micro-crystal which brings the peaks of tanδ (Fig. 3d and f). 

Fig. 4 shows the imaginary electric modulus (M′′) of pure PVA and 
PVA composites, further distinguishing the effects of hydrolysis degree 
on dielectric relaxation. The crystalline part αc-relaxation [39–41] of 
PVA chains shifts the M′′ peaks to high frequency range with increasing 
measuring temperature. However, in composite films with low hydro-
lysis degree PVA, the M′′ peaks of 10 T@1750PVA shift to lower fre-
quency compared with those of 1750PVA. On the contrary, in composite 
films with high hydrolysis degree PVA (10 T@1788PVA and 10 
T@1799PVA), the M′′ peaks shift to a higher frequency (Related value is 
listed in Table S1). The 1/T versus ln(ƒ) plot are presented in Fig. 4c, f 
and Fig. 4i, and the parameter value of fitting lines is listed in Table S2. 
The activation energy (Ea) can be calculated based on equation (1) [42, 
43] and the parameter value of fitting lines, as displayed in Fig. 4cfi. 

f = f0%exp(− Ea/(kB∗T)) (1)  

where Ea is the activation energy, kB is Boltzmann’s constant, T is the 
absolute temperature, and ƒ is the frequency at the maximum from the 
imaginary modulus spectrum, respectively. 

In low-hydrolysis-degree PVA system, the poor distribution and 

accumulation of TEDA.C creates substantial defects, leading to a lower 
energy (descended by 70%) required for space charge flowing through 
barriers and aggregates in the composite. By contrast, higher hydrolysis 
degree PVA possesses more interfacial and charge polarization due to 
the better core-shell distribution, increasing the activation energy for 
dielectric relaxation. And the TEDA.C ferroelectric core formed by 
hydrogen bonds in 1788PVA effectively weakens the gap between 
1788PVA and 10 T@1788PVA (reduced by 3%). 

Breakdown strength (Eb) is another important electric property for 
energy storage films. In this part, the breakdown strength of PVA com-
posites under AC electric field with various loading of TEDA.C are shown 
in Fig. 5, which is evaluated by a two parameter Weibull statistic dis-
tribution method [43,44] as below: 

P(E)= 1 − exp[− (E/E0  )β
] (2)  

where P(E) is the cumulative probability of electric failure, β is the shape 
parameter related to the degree of dispersion of the experimental data 
and a high value of β represents high level of reliability. After calcu-
lating, the slope of the fitting line is the shape parameter. According to 
Table 2, the Eb value of PVA-based ferroelectric composites film declines 
after the modification by TEDA.C. Here we employ following equation 
(3) to calculate the maximal energy storage density [45,46] of PVA 
samples 

Wmax = 0.5∗ε0∗%ε∗E2
b , Wmax = 1

/
2ε0εE2 (3)  

where Ɛ0, Ɛr and Eb are the vacuum permittivity (8.85*10− 12F/m), 
dielectric constant and breakdown strength (breakdown strength under 
AC electric field are calculated by Weibull statistic distribution in this 

Fig. 2. The XRD images of (a)1750PVA and composite films (b)1788PVA and composite films (c)1799PVA and composite films and their zoom in images TEDA.C 
patterns(TEDA.C-373 K corresponding to ferroelectric phase, TEDA.C-393 K corresponding to paraelectric phase). 
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work), respectively. And the maximal energy storage density of PVA 
samples under different frequency are drew in Fig.5bdf. The 15 
T@1750PVA and 20 T@1750PVA have the most significant enhance-
ment among three different hydrolysis degree PVA system under low 
frequency range (0.1–1 kHz), due to the high dielectric constant caused 
by charge accumulation and current pathway. Except for 5 
T@1788PVA, 10 T@1788PVA and 15 T@1788PVA composite films, all 
other composite films’ maximal energy storage density are lower than 
that of pure PVA films under high frequency range. 

The polarization-electric field (P-E) loops of three series of PVA 
based composites were measured at frequency of 10 Hz, 100 Hz, 1 kHz 
by ferroelectric workstation and results under the highest electric 
strength are presented in Fig. S10, respectively. Fig. 6 supply the 
changes of the residual polarization intensity and coercive electric field 
of PVA films and PVA composite samples under different frequencies 
(10, 100, and 1000 Hz) and different electric field. For 50% hydrolysis 
degree PVA films, the addition of TEDA.C sharply decreases the 

polarizing capability of 1750PVA chains. This is because the accumu-
lation of TEDA.C enables charge transport via correlated barrier hopping 
(according to the dielectric relaxation results) that eliminates charge 
accumulation in interface and the spontaneous dipoles of ferroelectric 
TEDA.C’s effect. For 88% hydrolysis degree PVA films, polarizing 
capability is strongly enhanced in 10 T@1788PVA, which is the conse-
quence of the spontaneous dipoles of ferroelectric TEDA.C (Fig. S11). 
Furthermore, in 99% hydrolysis degree PVA films, the polarization of 
1799PVA composites is close to that of pure 1799PVA. The negligible 
enhancement is because the strong hydrogen bonding between 
1799PVA and TEDA.C offsets the polarization effect of 1799PVA and 
TEDA.C dipoles. Apart from the polarization, we have also compared 
changes in coercive electric field, which correlated well with the as- 
mentioned polarization changes (see Fig. 7). 

In addition to the dielectric and ferroelectric study, the influence of 
TEDA.C loading on the transmittance of PVA films are shown in Fig.7-
abc. The significant transparency reduction of 1750PVA composites 

Fig. 3. Frequency dependence of (a, c, e) the real part of complex dielectric constant and (b, d, f) the dielectric loss constant of different hydrolysis PVA films with 
different content of TEDA.C at 0.1 Hz-10MHz. 
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films is due to the accumulation of TEDA.C on 1750PVA surface. The 
fine distribution of TEDA.C maintain 1788PVA and 1799PVA composite 
films 85% and 75% transparency at 4.7 wt% loading. The parameters of 
the stress-strain curves of films are shown in Fig.7def to illustrate the 
effects of the distribution of TEDA.C on PVA matrix. With 50% hydro-
lysis degree, the addition of TEDA.C decreases the tensile stress at 
breakpoint and the elongation at break, indicating an easier crack for-
mation and propagation during stretching due to the large-scaled phase 
separation. However, in terms of 1788PVA and 1799PVA composite 
films, there is a general enhancement in the tensile stress and the stress 
at the breakpoint with low TEDA.C addition, which is probably caused 
by the good distribution of TEDA.C. The thermal properties of films were 
studied by TGA shown in Fig. 8. The addition of TEDA.C in 1750PVA 
(Figs. 8a) and 1799PVA(Fig. 8e) shifts the initial decomposition stage to 
a lower temperature, while the decomposition stages of 10 T@1788PVA 
(Fig. 8c) are consistent with the decomposition stages of 1788PVA. The 
consistency of the decomposition stage in 88% hydrolysis degree film 
arises from the well-distributed TEDA.C phase, which maintains the 
pristine thermal stability and decomposition stages of 1788PVA. The 
temperature dependency of the tanδ and loss modulus by DMA testing 
for the pure PVA and the TEDA.C-reinforced PVA films are shown in 
Fig. S12. The enhancements of the loss modulus in 10 T@1788PVA and 
10 T@1799PVA are consistent with the enhanced stretchability from 
stress-strain tests. 

4. Conclusions 

In summary, we have demonstrated intrinsically stretchable 

dielectric composite films by incorporating ferroelectric core, TEDA.C, 
in PVA matrix with different hydrolysis degrees via solution coating. The 
effects of chains’ structure on composites were systematically studied 
from the crystalline phase morphologies of TEDA.C and the physical 
properties of different PVA systems. The PVAs with hydrolysis degree of 
88% and 99% facilitated the formation of micrometer-sized rod-like 
crystal and lamellar grains of TEDA.C uniformly distributing in PVA, 
whereas film with PVA of 50% hydrolysis degree led to the aggregation 
of TEDA.C. The crystal morphologies in different PVA matrices were 
confirmed by XRD, where TEDA.C predominantly formed a ferroelectric 
phase in low hydrolysis degree PVA and paraelectric phase in high hy-
drolysis degree PVA. This observation provided a methodology to pre-
cisely control the ferroelectric-paraelectric transition of organic 
molecular ferroelectrics. The results of dielectric constants and dielectric 
loss at different frequencies and temperatures suggested that a high 
hydrolysis degree improves the even distribution of TEDA.C, but overly 
high hydrolysis degree decreases the dielectric constant of the composite 
film, due to the formation of the paraelectric phase of TEDA.C and 
hydrogen bonds between TEDA.C and 1799PVA which weakened the 
polarization of hydroxyl groups. Furthermore, the fine distribution of 
TEDA.C in 1788PVA and 1799PVA enabled PVA composites to keep 
good transparency, mechanical properties and thermal stability. 

Associated content 

Supporting Information includes the characterization of TEDA.C, the 
temperature dependence of the real part of complex dielectric constant, 
the imaginary part of complex dielectric constant, the dielectric loss 

Fig. 4. The frequency dependency of imaginary electric modulus(M′′) (a)1750PVA (b)10 T@1750PVA (d)1788PVA (e)10 T@1788PVA (g)1799PVA (h)10 
T@1799PVA at different temperature and frequency, and the relationship of ln(ƒmax) versus 1/T for (c) 1750PVA and 10 T@1750PVA (f)1788PVA and 10 
T@1788PVA (i)1799PVA and 10 T@1799PVA 
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tanδ, the real part of complex conductivity, the reciprocal of the real part 
of dielectric modulus and the imaginary part of dielectric modulus of 
TEDA.C at 1 MHz, 1 KHz and 1 Hz, respectively. The temperature de-
pendency of the tanδ and loss modulus by DMA testing for the pure PVA 

and the TEDA.C-reinforced PVA films were performed on tensile-molded 
specimens and were carried out in a dynamic mechanical analyzer 
(DMA), model Q800 (TA Instruments, USA), equipped with a liquid 
nitrogen cooling system. 
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Fig. 5. The Weibull distribution curves of (a)1750PVA composites (c)1788PVA composites (e)1799PVA composites, the dependency of frequency for the calculated 
maximum energy storage density of (b)1750PVA composites (c)1788PVA composites (f)1799PVA composites with different content of TEDA.C. 

Table 2 
Weibull parameters and electrical breakdown strength of PVA and PVA 
composites.  

Samples Intercept Slope(β) lnE0 

（-Intercept/Slope） 
E0 

（MV/m） 

1750PVA − 30.16 6.40 4.71 111.05 
5 T @1750PVA − 26.57 5.96 4.46 86.49 
10 T @1750PVA − 19.12 4.56 4.19 66.02 
15 T @1750PVA − 21.69 5.24 4.14 62.80 
20 T @1750PVA − 13.10 3.65 3.59 36.23 
1788PVA − 124.11 27.38 4.53 92.76 
5 T @1788PVA − 123.15 27.71 4.44 84.77 
10 T @1788PVA − 170.74 39.59 4.31 74.44 
15 T @1788PVA − 50.70 12.92 3.92 50.40 
20 T @1788PVA − 66.73 18.80 3.55 34.81 
1799PVA − 93.92 20.90 4.49 89.12 
5 T @1799PVA − 80.15 18.28 4.38 79.84 
10 T @1799PVA − 54.11 12.55 4.31 74.44 
15 T @1799PVA − 59.05 14.26 4.14 62.80 
20 T @1799PVA − 47.50 11.88 4.00 54.60  
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Fig. 6. The trend of residual polarization intensity of (a)1750PVA and 5 T@1750PVA (c)1788PVA and 5 T@1788PVA (e)1799PVA and 5 T@1799PVA, the trend of 
coercive electric field of (b)1750PVA and 5 T@1750PVA (d)1788PVA and 5 T@1788PVA (f)1799PVA and 5 T@1799PVA under different frequency (10 Hz, 100 Hz, 
1000 Hz) and different electric field. 
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Fig. 7. (a, b, c) Light transmittance curves, (d) The maximum tensile stress, (e) the tensile stress at breakpoint, and (f) the elongation at break of the composite films 
with different PVA hydrolysis degrees and TEDA.C loadings. 

Fig. 8. (a, c, e) The TGA curves of pure PVA and binary PVA composites, (b, d, f) The DTG curves of pure PVA and binary PVA composites under pure nitro-
gen atmosphere. 
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