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ABSTRACT

With the increasing demand for safe operation in harsh environments, polymer dielectric capacitors with high energy density (Ue) and
charge-discharge efficiency (g) operating at high temperatures are urgently needed. In this work, the sulfone group-containing polyimide
(SO2PI) film with optimal imidization degree is prepared by regulating the kinetics of imidization reaction. The functional groups obtained
by partial imidization enable polyimide to achieve excellent energy storage performance, and it is found that the presence of sulfone groups
is beneficial for the further improvement of g. The optimal SO2PI film achieves a Ue of 2.40 J cm

�3 at 400MV m�1 and 150 �C, while it main-
tains a high g of 92%. Moreover, its preparation process without any additional modification steps matches commercial production equip-
ment, indicating a simple and effective strategy for fabrication of a high-performance dielectric film. Thus, this work exhibits great potential
in the field of high temperature energy storage.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0132914

As an energy storage device, a polymer film capacitor has
numerous advantages such as high power density, excellent voltage
resistance, low loss, and outstanding safety; thus, it had been widely
used in electronic power systems such as power grids, electric
vehicles, and aerospace. Biaxially oriented polypropylene (BOPP) is
the preferred choice for capacitor films due to its high breakdown
strength (Eb) >700MV m�1, low dielectric loss (tand) � 0.02%, and
ease of processability.1–3 However, low dielectric permittivity (er� 2.2)
of a BOPP film makes it difficult to further improve the energy density
(Ue). Moreover, the Ue and charge–discharge efficiency (g) of BOPP
films decrease sharply with increasing temperature. The BOPP film
can only operate at temperatures below 105 �C, even if a secondary
cooling system is equipped. Therefore, it is urgent to develop high tem-
perature polymer dielectrics with high capacitive performance.4–7

A high glass transition temperature (Tg) is a prerequisite for poly-
mer dielectrics to operate at high temperatures. Thus, a series of high
temperature polymers, such as polyimide (PI, Tg> 300 �C), polyether-
imide (PEI, Tg � 217 �C) and polycarbonate (PC, Tg � 150 �C), have

been developed. The existence of rigid structures, such as benzene
ring, in the molecular chains results in excellent thermal stability.8–11

However, a large number of benzene rings containing p-p conjugated
structure are conducive to the formation of electron transport chan-
nels, causing high conduction loss, especially at high temperatures. For
example, the g of typical PI (Kapton) films is only less than 20% at
150 �C and 300MV m�1, which is attributed to the increased conduc-
tion loss exponentially at high temperatures.12 Therefore, high temper-
ature polymer dielectrics should not only have high Tg, but also have
low energy loss at high temperatures. Dong et al.13 prepared a polymer
film with a laminated structure composed of Al2O3 layers and PI
layers, which restrained the charge injection of electrodes and reduced
the conductivity of the film. An Ue of 1.59 J cm

�3 was obtained with a
g over 90% at 200 �C. Ai et al.14 applied HfO2 with large bandgap and
medium er into the PI matrix to prepare 5 vol. % HfO2/PI composites,
which obtained a high Ue and g of 1.21 J cm�3 and 91.0% at 150 �C,
respectively. The design of intrinsic PIs has also received extensive
attention.15,16 Zhu et al.17 introduced two ortho-position aromatic
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nitrile groups into the PI backbone. The polarization motion of nitrile
groups was restricted, leading to the reduction of tan d. The designed
PI exhibited a high er of 4.80 at 1 kHz, a low tan d of 1.57� 10�3, and
the maximum Ue of 1.023 J cm�3. The strategies discussed above
improved the energy storage performance by reducing energy loss, but
the following issues cannot be ignored: the agglomeration of functional
fillers in the polymer causes physical defects; the preparation of multi-
layer structure composites is usually complicated or high cost; the
synthesis of monomers is time-consuming and accompanied by the
generation of by-products, which requires extensive explorations
before practical application. All of the above conditions reduce the
possibility of large-scale application of films.18–20

In our previous work, a series of PI films with different contents of
–COOH/–CONH– groups were prepared by tuning the kinetics
of imidization reaction.21 It has been proved that an appropriate ratio of
–COOH/-CONH– groups in PI is helpful for the enhancement of Ue

and g. This film preparation method matches the commercial
manufacturing process and, therefore, has the possibility of practical
application. In addition, the introduction of sulfone (–SO2�) groups
has been proved to improve the g by suppressing the loss at high tem-
peratures.22–24 The highly polar sulfone groups with a dipole moment
of 4.3 Debye into the polymer backbone can further improve the er.

25 In
this work, sulfone group-containing polyimide (SO2PI) is obtained, and
its thermal imidization process is optimized simultaneously. The SO2PI
film with proper imidization degree (ID, 90%) obtains the maximumUe

of 5.14 J cm�3 with a g of 90% at 25 �C and 535MV m�1. Remarkably,
a high Ue of 2.4 J cm

�3 is obtained with an g of 92% at 150 �C and
400MVm�1. This facile method provides the possibility for the applica-
tion of PI films in the field of film capacitors.

The conventional two-step thermal imidization method is used
to fabricate SO2PI films with different IDs by adjusting the thermal
imidization temperature as shown in Figs. 1(a) and 1(b) (see the

FIG. 1. (a) Synthesis process and (b) schematic of SO2PI films with different IDs. (c) TGA curves of the SO2PI films with different IDs. (d) Two steps of the thermal weight loss
process for the SO2PI-1 film obtained by TGA.
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supplementary material for the experimental section). Fourier trans-
form infrared spectroscopy (FTIR) of SO2PI films with different IDs is
shown in Fig. S1, and all of the SO2PI films contain characteristic
absorption peaks of PI, including asymmetric and symmetric stretch-
ing C¼O at 1780 and 1730 cm�1, C–N stretching at 1370 cm�1 and
C¼O bending of imide ring at 748 cm�1, respectively.

The characteristic absorption peak at 1533 cm�1 for N-H deforma-
tion coupled with C–N stretching of the amide linkage in polyamic acid
(PAA) can be observed only in the SO2PI-1 film. The characteristic
absorption peaks of PAA in FTIR spectra are difficult to identify when
the ID is close to 80%.26 In addition, the IDs of SO2PI-1�5 films can be
accurately calculated from the thermal gravimetric analyzer (TGA)
results as shown in Fig. 1(c).27,28 When the N-N-Dimethylacetamide
(DMAc) solvent and water are completely evaporated, the total weight
loss for the partially imidized SO2PI films consists of two steps: dehydra-
tion condensation of PAA (the first step) and thermal decomposition of
PI (the second step). The weight loss for SO2PI films with complete
imidization only involves the second step. As illustrated in Fig. 1(d), tak-
ing the SO2PI-1 film as an example, the ID can be obtained by the fol-
lowing equation using the weight lost in the first step:

Weight loss% ¼ M 2H2Oð Þ � 100%� IDð Þ
M PAAð Þ �M 2H2Oð Þ � ID

� 100%; (1)

where M(PAA) and M(H2O) are the molecular weight of the PAA
repeating unit and H2O, respectively. The IDs of SO2PI-1� 5 films are
shown in Table S1. According to the reaction kinetics mechanism of
thermal imidization, the degree of the imidization reaction depends on
temperature, which stems from the reduced mobility of molecular
chains. Figure S2 reveals the relationship between ID and processing
temperature. The ID of SO2PI films increases from 71% to 100% with
the raised processing temperature. The SO2PI films achieve “complete
imidization” at about 300 �C, which has been proved by previous
works.29–31 TGA curves depict that the thermal decomposition tem-
perature at 5% weight loss (Td5%) of SO2PI films is displayed around
500 �C, indicating the excellent thermal stability. SO2PI-1� 2 films
continue to undergo imidization reaction during the TGA test.
Dehydration condensation of -NH- and -OH bonds in SO2PI-1� 2
films leads to weight loss at lower temperatures. The Td5% and Td10%
gradually increase from the SO2PI-1 film to the SO2PI-5 film due to the
increase in ID and the close packing of molecular chains. Figure S3
exhibits that the Tg of SO2PI-1� 5 films with ID (�71%) is stable at
about 299 �C. It is considered that SO2PI films have a higher Tg than
conventional PI films due to the addition of rigid -SO2� groups.21

Figure 2(a) describes the er and tand of SO2PI-1� 5 films as a
function of frequency at 25 �C. Due to the introduction of sulfone
groups, the “completely imidized” SO2PI-3� 5 films obtain a higher er

FIG. 2. Dielectric properties of the SO2PI films with different IDs: (a) at 25 and (b) 150 �C. (c) The dielectric permittivity of the SO2PI films as a function of temperature.
(d) Dielectric properties of the SO2PI-2 film at different temperatures and 1 kHz.
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of 3.8 at 1 kHz compared with Kapton films (er � 3.2).32,33 Then, er of
SO2PI films further increases with decreased ID due to the enhanced
dipolar polarization derived from the increase in –COOH/–CONH–
polar groups. The SO2PI-1 film with the lowest ID of 71% leads to the
highest er of 4.17 at 1 kHz. Figures S4 and 2(b) illustrate that the er of
the SO2PI-1 film at 1 kHz are 4.02, 3.97, and 3.79 at 50, 100, and
150 �C, respectively. Figure 2(c) demonstrates that er of all SO2PI films
decreases with increasing temperature. Taking the SO2PI-2 film as an
example, the er decreases slightly before 100 �C and then remains sta-
ble, while tand increases slightly with temperature at 1 kHz [see
Fig. 2(d)]. Moreover, er of all SO2PI films decrease with increasing fre-
quency, mainly because the rotation of the dipole cannot catch up
with the change in an alternating electric field at high frequencies. At
25 �C, tand of SO2PI films increases at high frequencies due to polari-
zation relaxation. The gradual decrease in tand at high frequencies
with increasing temperature is attributed to the more active dipoles at
higher temperature.

The two-parameter Weibull statistical distribution is used to ana-
lyze the breakdown strength of SO2PI films, as shown as

P ¼ 1� exp � E
Eb

� �b
" #

; (2)

where P is the probability of electrical failure, E is the experimentally
obtained breakdown strength, Eb represents the characteristic breakdown
strength with a breakdown probability of 63.2%, and b is the shape
parameter. Figures 3(a) and 3(b) exhibit the Weibull distribution of
breakdown strength of SO2PI films at 25 and 150 �C. Compared with
the “completely imidized” SO2PI-3 film, the SO2PI-2 film with proper
ID of 90% obtains a higher Eb of 535 and 483MV m�1 at 25 and
150 �C, respectively. As shown in Fig. 3(c), all of SO2PI films exhibit the
decreased Eb as a function of the testing temperature. Since more charges
are activated and move directionally at high temperatures and high elec-
tric fields, the leakage current is multiplied, which greatly reduces Eb.
Figure S5(c) shows that the Eb of SO2PI films first increases and then
decreases as a function of ID at different temperatures. An appropriate
amount of polar groups in the SO2PI-2 film brings about an improve-
ment in Eb, which is consistent with our previous work.21 On the
one hand, the proper –SO2� and –COOH–/–CO–NH– groups act
as traps to suppress the carrier mobility and, thus, enhance Eb.

34–36

On the other hand, the introduction of excessive polar groups in the
SO2PI-1 film leads to trap overlap, which is conducive to the carrier
migration process. Owing to the damage of polymer chains caused
by the excessive temperature, the SO2PI-5 film with an imidization
temperature of 400 �C obtains the lowest Eb of 407 and 368MV m�1

at 25 and 150 �C, respectively.

FIG. 3. Weibull distribution of breakdown strength of the SO2PI films with different IDs at (a) 25 and (b) 150 �C. (c) Eb of the SO2PI films with different IDs as a function of the
testing temperature. (d) Young’s modulus of the SO2PI films with different IDs.
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Under the action of the electric field, the attraction between posi-
tive and negative charges on both sides of the dielectric forms electro-
static compression force, and the resulting electromechanical
breakdown is a factor of dielectric failure. The electromechanical
breakdown strength (EEM) and Young’s modulus (Y) have the follow-
ing relationship:

EEM ¼ 0:606

ffiffiffiffiffiffiffiffi
Y

e0er

r
; (3)

where e0 is the vacuum permittivity, which is 8.85� 10�12 F m�1.
Figure 3(d) shows that Young’s modulus of SO2PI films first increases
and then decreases with the increased ID. The SO2PI-2 film has the

FIG. 4. D–E loops of the SO2PI-2 film
with different IDs: (a) at 25 �C and (b) at
150 �C. Ue and g of the SO2PI films with
different IDs at (c) at 25 and (d) 150 �C.
The radar plots of the SO2PI-2 film and
SO2PI-3 film at (e) 25 and (f) 150 �C.
(g) Ue and g of the SO2PI-2 film at
400MV m�1 and (h) conductivity of the
SO2PI films at different temperatures.
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highest Young’s modulus of about 5GPa to resist the effects of EEM.
37

Young’s modulus of the SO2PI-1 film is significantly lower than other
SO2PI films. The introduction of excess polar –COOH/–CO–NH–
groups weakens the binding force of molecular chains, resulting in
poor mechanical property.

Figures 4(a), 4(b), and S6 show the D-E loops of the SO2PI-2 film
under different electric fields. In the temperature range of 25-150 �C,
the SO2PI-2 film exhibits thin D–E loops under 400MVm�1, indicat-
ing low residual displacement. The maximum electric displacement
of the SO2PI-2 film is 2.11 and 1.62lC cm�2 at 25 and 150 �C, respec-
tively. The Ue and g of SO2PI-1�5 films are obtained from the D–E
loops as shown in Figs. 4(c), 4(d), and S6. For a linear dielectric, Ue

can be expressed by the following equation:

Ue ¼
1
2
e0erE

2
b: (4)

It can be seen that Ue is proportional to the square of Eb, thereby the
improvement of Eb is more critical to the increasing Ue. The SO2PI-2
film with the highest Eb achieves the maximum Ue of 5.14 J cm

�3 with
the g of 90% at 25 �C. Notably, the SO2PI-2 film gains a higher Ue of
3.29 J cm�3 with the g of 80% compared with the “completely
imidized” SO2PI-3 film [the Ue of 3.07 J cm�3 and g of 72%] at
150 �C. At this time, the SO2PI-1 film with lower ID has a reduced Ue

of 1.76 J cm�3 with the g of 66%, and the decreased Ue and g of
SO2PI-4 and SO2PI-5 films are also observed. Figures 4(e) and 4(f)
demonstrate the comprehensive capacitive performance of SO2PI
films. The SO2PI-2 film has more excellent Eb, Ue, and g compared
with SO2PI-3 films. It is worth noting that the processing temperature
of SO2PI-2 films decreases by 50 �C, while the capacitance perfor-
mance increases, which is beneficial to reduce the energy consumption
in the preparation process.

Compared with the previous work, the improved g of SO2PI
films mainly originates from the introduction of –SO2– groups, espe-
cially at high temperatures.21 The higher polar –SO2– groups have
stronger electrostatic forces compared with the –COOH–/–CO-NH–
groups, making it easier to capture charge carriers, resulting in lower
conductivity and higher g.22,23,35,38–40 At 400MV m�1, the g of the
SO2PI-2 film is only reduced from 96% at 25 �C to 92% at 150 �C,

indicating good temperature stability [see Fig. 4(g)]. Moreover, the
“completely imidized” SO2PI-3 film obtains a lower g of 86% at
400MV m�1 and 150 �C, which shows that an appropriate amount of
–COOH–/–CO–NH– groups also help it to improve the g.

The suppressed conductivity ensures lower energy loss to improve
efficiency, which is critical for reducing thermal breakdown of capacitor
films.41 As shown in Fig. 4(h), the conductivity of SO2PI films decreases
first and then increases with an increase in ID, consistent with the varia-
tion of Eb. The SO2PI-2 film maintains a lower conductivity at different
temperatures, increasing from 2.09�10�14 S m�1 at 25 �C to 3.52�10�13
S m�1 at 150 �C. The conductivity of the SO2PI-1–SO2PI-5 film
increases by 141, 15, 16, 18, and 14 times from 25 to 150 �C, respec-
tively. The conductivity of the SO2PI-1 film increases substantially with
raising temperature due to the fact that more charges are activated at
high temperatures, which rapidly reduces the Eb and g.

A fast charge-discharge experiment is implemented to evaluate
the power density of the SO2PI-2 film.42,43 The discharge time is
defined as the time when the Ue reaches 90% of the discharge pro-
files as shown in Fig. 5(a). The discharge time of SO2PI-2 film and
BOPP film is 11.2 ls and 10.6 ls, respectively.The power density is
obtained by calculating the ratio of 90% of the final energy density to
the discharge time. Figure 5(b) reveals that the SO2PI-2 film exhibits
a higher power density of 67.1 kW cm�3, which is 140% of the
BOPP film (47.2 kW cm�3).

In summary, the high-temperature capacitive performance of the
SO2PI film is improved by optimizing the thermal imidization process
of polyamic acid. First, both the –COOH/–CN–OH– and –SO2–
groups promote the dielectric permittivity by enhancing the dipole
polarization. These polar groups also act as traps to hinder the carrier
migration process, thereby improving the breakdown strength. Then,
the introduction of sulfone groups further reduces the energy loss at
high temperatures. Thus, the SO2PI film obtains a high Ue and g of
5.14 J cm�3 and 90% at 25 �C, respectively. It is worth noting that a
high Ue of 2.40 J cm

�3 with a g of 92% is still achieved at 400MVm�1

and 150 �C. Finally, the high power density of SO2PI-2 films is also
confirmed. The simple fabrication process and corresponding high
performance show the potential application in the field of high-
temperature capacitors.

FIG. 5. (a) Discharge time and (b) power density as a function of time of the BOPP and SO2PI-2 film.
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See the supplementary material for the information on the exper-
imental part, characterization results by FTIR and DSC, thermal prop-
erties of SO2PI films, dielectric properties, and energy storage
performance of SO2PI films at 50 and 100 �C.
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