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Abstract
Polyarylene ether nitrile (PEN) was synthesized and used as film capacitors for energy storage at high temperature. Scanning 
electron microscopy observation indicated that the films of PEN have pinholes at nanoscales which restricted the energy 
storage properties of the material. The pinhole shadowing effect through which the energy storage properties of PEN were 
effectively improved to be 2.3 J/cm3 was observed by using the overlapped film of PEN. The high glass transition temperature 
(Tg) of PEN was as high as 216 °C and PEN film showed stable dielectric constant, breakdown strength and energy storage 
density before the Tg. The PEN films will be a potential candidate as high performance electronic storage materials used at 
high temperature.
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1  Introduction

High energy storage film capacitors with high energy storage 
density, fast charge and discharge speed, chemical stabil-
ity and high temperature resistance play an important role 
in the electric power system [1, 2]. Among the capacitor 
materials, polymers are excellent candidates because of their 
relatively high energy density low dielectric loss, fast charg-
ing speed and low cost [3, 4]. However, most of polymers 
used in capacitors show poor temperature resistance and low 
breakdown voltage. For example, the commercially available 
biaxially oriented polypropylene (BOPP) can operate only 
at temperature below 105 °C [4], and the breakdown voltage 
of poly(vinylidene fluoride) (PVDF) just reaches 170.0 kV/
mm (40 μm in thickness) [5]. As a high performance mate-
rial, PEN with excellent mechanical properties, chemical 
inertia and thermal stability has been used in vehicles and 
aerospace [6, 7]. Besides, PEN shows excellent solubility 
in polar organic solvents such as N-methyl pyrrolidone and 

N,N-dimethylformamide, and its wide range of processing 
window make it to be readily processed into different shaped 
products [8]. More importantly, The PEN has excellent elec-
trical properties, including high dielectric constant and lower 
dielectric loss which are stable under varied temperature [9]. 
However, the application of PEN as film capacitor at high 
temperature has seldom reported.

In this work, PEN was synthesized and used as film 
capacitors for energy storage at high temperature. The PEN 
was characterized by SEM observation, differential scan-
ning calorimetry (DSC), mechanical testing and dielectric 
measurement. Commercial available PVDF and BOPP films 
were also prepared for comparison. The energy storage prop-
erties especially these properties at high temperatures were 
studied in detail.

2 � Experimental

2.1 � Materials

NMP and DMF was purchased from Tianjin Bodi chemi-
cals Co. Ltd (Tianjin, China). PEN were synthesized by 
nucleophilic aromatic substitution polymerization from 
2,6-dichlorobenzonitrile and 4,4′-dihydroxybipheny [10]. 
PVDF (FR901) power was obtained from Shanghai 3F New 
Materials. BOPP was purchased from Qingdao Zhongzheng 

 *	 Renbo Wei 
	 weirb10@uestc.edu.cn

 *	 Xiaobo Liu 
	 liuxb@uestc.edu.cn

1	 Research Branch of Advanced Functional Materials, 
School of Materials and Energy, University of Electronic 
Science and Technology of China, Chengdu 611731, 
People’s Republic of China

http://crossmark.crossref.org/dialog/?doi=10.1007/s13391-018-0051-0&domain=pdf


441Electronic Materials Letters (2018) 14:440–445	

1 3

Materials. All chemicals and reagents were used as received 
without further purification.

2.2 � Preparation of PEN films

The PEN films were prepared through a solution-casting 
method according to the literature [11]. 1.5 g PEN and 
40 mL NMP were added into a 100 mL flask coupled with a 
mechanical stirrer. The mixture was stirred at 100 °C under 
ultrasonication to form a uniform solution. Then, the mixture 
was poured on a clean glass plate and dried in an oven to 
evaporate the solvent. The glass plate was heated as follows: 
80 °C, 1 h; 100 °C 1 h; 120 °C, 1 h; 160 °C, 2 h and 200 °C, 
2 h. Finally, the film was obtained by cooling naturally down 
to room temperature.

2.3 � Preparation of PVDF films

1.5 g PVDF was dissolved in 40 mL DMF at 60 °C under 
stirring until the solution was transparent. Then, the solu-
tion was poured into a clean glass which was placed in an 
incubator at 100 °C for 24 h [12]. Afterward, the films were 
heated at 200 °C for 5 min [12]. Finally, the PVDF films 
with a thickness of 20–100 μm were obtained.

2.4 � Characterizations

The micro-structures of PEN films were characterized by 
a SEM (JSM, 6490LV) operating at 20 kV after gold sput-
tering. The DSC measurements of PVDF, PEN and BOPP 
were performed with a TA Instruments (New Castle, DE, 
USA) DSC-Q100 modulated thermal analyzer at a heating 
rate of 10 °C/min from room temperature to 350 °C. Dielec-
tric properties of the samples were tested with a TH 2819A 

precision LCR meter (Tong hui Electronic Co. Ltd.). Electric 
breakdown strength of the films was tested by Dielectric 
Withstand Voltage Tester (ZJC-50 kV). Mechanical prop-
erties of the samples were tested with a SANS CMT6104 
series desktop electromechanical universal testing machine 
(Shenzhen, China).

3 � Results and Discussion

The morphological property of PEN was investigated 
using SEM observation. Figure 1a, b shows the typical 
SEM images of the surface and cross-section of PEN film. 
As shown in Fig. 1, it can be intuitively seen pinholes at 
nanoscales both on the surface and cross-section of PEN. 
The pinholes are formed during the solution-casting proce-
dure. In addition, the pinhole cannot be completely elimi-
nated due to the high molecular weight of the polymer. Pin-
holes are filled with air, and breakdown strength of the air 
is far below the polymer. When testing, the pinholes and 
defects reduce the breakdown strength significantly. There-
fore, the pinhole decreases the breakdown strength of film 
and thus restricts the energy storage density of the film [13]. 
As a result, it is essential to eliminate the effect of the pin-
hole to improve the energy storage properties of the films.

The phase transition behaviors of the PEN, PVDF and 
BOPP films were investigated by DSC under a nitrogen 
atmosphere. As shown in Fig. 2a, PVDF and BOPP shows 
a melting point around 166 °C, just as Liu [14] and Val-
entini [15] reported, while the glass transition tempera-
ture (Tg) of PEN is as high as 216 °C. The high Tg of PEN 
indicates it can be used at higher temperature conditions. 
Figure 2b shows the tensile strength and tensile modulus 
of the polymer films. As a high performance polymer, the 

Fig. 1   SEM images of a the surface; b the cross-section of the PEN film
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Fig. 2   DSC curves (a) and mechanical properties (b) of PVDF, PEN and BOPP

Fig. 3   The dielectric properties (a), dielectric loss (b), breakdown strength (c), and energy density (d) of the polymer films at 1 kHz
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tensile strength and modulus of PEN is up to 108.7 MPa 
and 2002 MPa respectively, much better than the mechani-
cal properties of PVDF reported by Liu [14], signifying this 
material is suitable for the application in flexible dielectric 
materials.

After the characterization of PEN, the energy storage 
properties of it were studied. The maximum energy stor-
age density (Umax) of film capacitors can be calculated by 
Eq. (1):

where ɛ0 is the vacuum perpitivity (dielectric constant), ɛr 
is the permittivity of the polymer and Eb is the breakdown 
strength [16]. Firstly, the dielectric constant and dielectric 
loss of the samples were measured as a function of fre-
quency from 100 Hz to 200 kHz at room temperature. As 
shown in Fig. 3a, PVDF is used as energy storage materials 
due to its high dielectric constant. However, the dielectric 
loss of PVDF is also higher than the others. In comparison, 
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resulting from the polar –CN on the side-chain, PEN shows 
relatively high dielectric constant. In addition, the dielectric 
loss of PEN is much more stable than that of PVDF [17] and 
BOPP (Fig. 3b). These unique dielectric properties of PEN 
make it suitable as dielectric materials. Then, the breakdown 
strength of the polymer films (40 μm in thickness) were 
tested at room temperature with DC current, and the results 
were shown in Fig. 3c. BOPP is used as energy storage 
materials due to its high breakdown strength. The effect of 
sample thickness and electrode area [18], we got the results 
in Fig. 3c. The breakdown strength of the PEN is between 
that of PVDF [19] and BOPP. However, when two films of 
PEN (20 μm in thickness) superimposed over one another, 
the middle of the film with high temperature silicone oil 
bonding, the thickness of silicone oil is about 0.3 μm. The 
breakdown strength of the overlapped film increases obvi-
ously and is even comparable to that of the BOPP. As shown 
in Fig. 1, the PEN film has many pinholes. When the two 
films superimposed over one another, the pinholes in one 

Fig. 4   The dielectric constant (a), dielectric loss (b), breakdown strength (c) and energy density (d) of the overlapped polymer films at 1 kHz
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film are largely shaded by the flat part of another film, result-
ing in the pinhole shadowing effect. Comparing with the 
single layer film, the pinhole shadowing effect improves the 
breakdown strength of the double layer film. According to 
the dielectric constant and breakdown strength, the energy 
storage density of the films was calculated by using Eq. (1) 
and the results were presented in Fig. 3d. The energy storage 
density of overlapped PEN film is 2.24 J/cm3 which is higher 
than that of the PVDF (1.0 J/cm3) [16] and BOPP (1.0–1.2 J/
cm3) [4]. This result indicates that the overlapped PEN can 
be used as flexible film capacitor material.

The energy storage properties of PEN at high temperature 
were further studied basing on its high temperature resist-
ance and high energy storage at room temperature. Fig-
ure 4a, b show the dielectric constant and dielectric loss at 
1 kHz of the samples from 25 to 220 °C. It can be seen that 
the dielectric constant and dielectric loss of PEN are com-
paratively steady under the temperature of its Tg. In compar-
ing with PVDF and BOPP whose dielectric constant and 
dielectric loss cannot be measured at temperatures higher 
than 160 °C, the dielectric constant and dielectric loss of 
PEN are stable even at temperature as high as 220 °C due to 
its high Tg. These stable dielectric properties make PEN to 
be used as high temperature dielectric materials. Figure 4c 
shows the breakdown strength of the overlapped films of 
the samples at different temperature. The trend of break-
down strength with temperature increasing is the same as 
the reported [7] [20]. Although the breakdown strength of 
PEN decreases with the increasing of temperature, it is much 
higher than that of PVDF, especially at temperatures higher 
than 160 °C. In addition, the energy storage density of the 
samples at high temperature was calculated correspondingly. 
As shown in Fig. 4d, the energy storage density of PEN is 
as high as 0.84 J/cm3 even at 220 °C. It can be concluded 
that the PEN film can be worked at high temperature as film 
capacitors.

4 � Conclusions

PEN films prepared through solution casting method was 
used as film capacitors for energy storage at high tempera-
ture. The dielectric constant of PEN is 4.1 and the break-
down strength of it is as high as 364.7 kV/mm by using the 
overlapped film which results in the energy density of 2.3 J/
cm3. In addition, the dielectric properties are stable at high 
temperature due to the high Tg of PEN and the energy den-
sity is 0.84 J/cm3 even at 220 °C. The results suggest that the 
PEN film can be used as high temperature film capacitors.
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