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1. Chemical structure of COC

Ethylene Norbornene

Fig. S1 Chemical structure of COC

The cyclic olefin copolymer (COC) is composed of ethylene and ring-shaped norbornene 

groups, as shown in Fig. S1. Norbornene is much bulkier than ethylene and has a rigid saturated 

bicyclic structure.1,2 Generally, polymers with this rigid structure as the backbone will have a 

high glass transition temperature (Tg).3,4 The norbornene content in COC-6017S-04 is 

approximately 83 wt% with a high Tg value of ~178 ℃.5,6 The high Tg of polymers is beneficial 

to the high-temperature dielectric stability.7

2. Band gap versus Tg for various commercial dielectric polymers
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Fig. S2 Band gap versus Tg for various representative commercial dielectric polymers.

For dielectrics, the band gap is an important parameter for determining the electric field 

endurance. Due to the fully saturated σ-bonding in the main chains, COC-6017S-04 has a large 

bandgap (5.40 eV).8,9 A material with a wide bandgap makes it difficult for electrons to jump 

between the bandgap, and this is advantageous for obtaining higher insulation, which is 

beneficial for the energy storage performance of dielectrics.1,4,10 Generally, the larger the band 
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gap is, the higher the breakdown strength (Eb).11-13 Tg is an established gauge parameter for 

polymer thermal stability. To operate at high temperature, polymers with high Tg are necessary 

because they may lose their mechanical integrity when the operation temperature is close to 

Tg.3 Above Tg, the drastically enhanced segmental motion of polymer chains may give rise to 

significantly increased leakage current and conduction loss, leading to a poor energy storage 

performance, such as a low efficiency, etc.1,14 However, polymers with high Tg usually contain 

lots of benzene rings, which would form π-π conjugates and reduce the band gap (Eg) of 

polymers,9,15 leading to increased leakage at high electric fields and high temperatures.15,16 

Thus, the band gap and Tg typically show an inverse relationship. For example, as shown in 

Fig. S2, biaxially oriented polypropylene (BOPP), the state-of-the-art commercial polymer 

dielectric, displays the largest band gap of ~5.9 eV.3 However, it can only work below 105 ℃ 

owing to the low Tg of ~ -6 ℃.17 Polyimide (PI) exhibits the highest Tg of ~360 ℃ while with 

a band gap as low as ~2.6 eV. Fortunately, COC-6017S-04 has a wide band gap of ~5.4 eV and 

a relatively high Tg of ~178 ℃ simultaneously,9,18 making it an outlier compared to other 

representative commercial dielectric polymers.3,19-27

3. Cross-sectional morphologies

The cross-sectional images of irradiated COC-6017S-04 films are shown in Fig. S3. It can 

be seen that the thicknesses of the films are approximately 12 ± 2 μm. All the films fabricated 

by solution-casting method exhibit compact and dense microstructure, demonstrating the high 

quality of our films.

Fig. S3 Cross-sectional SEM images of COC-6017S-04 films with different irradiation 

durations of (a) 3 min, (b) 5 min, (c) 7 min, (d) 10 min, (e) 12 min and (f) 15 min.
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4. Thermogravimetric analysis (TGA) curves

Thermal stability is very important for the polymer to work at high temperatures. Thus, 

the thermogravimetric analysis (TGA) curves of pristine and irradiated COC-6017S-04 films 

were measured, as shown in Fig. S4a. 10% weight loss temperature (T10%) is an important 

parameter to evaluate the thermal stability of materials,28-30 and the T10% values of COC-6017S-

04 films under different ultraviolet (UV) irradiation conditions are shown in Fig. S4b. The T10% 

of pristine COC-6017S-04 film is 445.8 ℃. After UV irradiation, the T10%s of irradiated films 

decrease monotonically with increasing irradiation time. For example, the T10% of COC-UV 

10min film drops to 432.1 ℃. The chain scission of polymer under UV irradiation may 

account for the degenerated thermal stability, similar to the earlier reports on poly(L-lactide) 

(PLLA), poly(ether ether ketone) (PEEK), and ethylene-vinyl acetate copolymer (EVA), etc.31-

33 In spite of this, it is worth noting that even for the COC-UV 15min, the T10% is still as high 

as 429.2 ℃, much higher than the testing temperature of 150 ℃. These results strongly 

demonstrate that the COC-6017S-04 films have excellent thermal stability.
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Fig. S4 (a) TGA curves of pristine and irradiated COC-6017S-04 films. The inset image is the 

enlarged view from the dashed box. (b) Plot of T10%s of COC-6017S-04 films with different 

irradiation durations.

5. Dielectric properties at different temperatures

The dielectric spectra of pristine and irradiated COC-6017S-04 films from 1 kHz to 1 MHz 

at different temperatures from 20 ℃ to 150 ℃ are shown in Fig. S5. As the temperature 

increases, the dielectric constants of films decrease due to the increased thermal oscillation of 

molecules and the enhanced degree of disorder of dipoles at high temperatures.34,35 Because of 

the nonpolar nature of COC-6017S-04,36,37 the dielectric loss of all the films remains extremely 

low (below 0.004 at 1 kHz) from 20 ℃ to 150 ℃.
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Fig. S5 Dielectric spectra of (a) pristine COC-6017S-04 film and films irradiated with UV 

irradiation durations of (b) 3 min, (c) 5 min, (d) 7 min, (e) 10 min, (f) 12 min and (g) 15 min at 

different temperatures.

6. Unipolar displacement-electric field (D-E) loops at 150 ℃

Fig. S6 shows D-E curves until the breakdown electric fields of pristine and irradiated 

COC-6017S-04 films. All the films show a typical dielectric behavior with linear and slim D-
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E curves even at a high temperature of 150 ℃. Benefitting from the enhanced dielectric constant 

and breakdown strength, the electric displacement of the COC-UV 10min film is 1.62 μC 

cm-2, 35% higher than that of the pristine film (1.20 μC cm-2). The increased electric 

displacement is beneficial for improving the capacitive energy density.
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Fig. S6 D-E curves of (a) pristine COC-6017S-04 film and irradiated films with different UV 

irradiation durations of (b) 3 min, (c) 5 min, (d) 7 min, (e) 10 min, (f) 12 min and (g) 15 min 

under varied electric fields at 150 ℃.
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7. Dielectric energy storage performance

Table S1. The breakdown strength (Eb), discharged energy density (Ue), and energy storage 

efficiency (η) of pristine and irradiated COC-6017S-04 films at 150 ℃.

Samples Eb (MV m-1) Ue (J cm-3) η @ Eb

COC 520.8 3.07 97.5%
COC-UV 3min 568.3 3.73 95.4%
COC-UV 5min 583.3 4.00 95.3%
COC-UV 7min 609.1 4.42 95.2%
COC-UV 10min 644.8 5.18 92.2%
COC-UV 12min 612.6 4.45 92.1%
COC-UV 15min 582.1 4.06 91.9%

Table S1 summarizes the dielectric energy storage performance, including breakdown 

strengths, discharged energy densities, and energy storage efficiencies at 150 ℃. The COC-UV 

10min film exhibits the maximum Eb of 644.8 MV m-1, 23.8% higher than that ~520.8 MV m-1 

of the pristine COC-6017S-04 films. Due to the maximum Eb and increased r, the discharged 

energy density of the COC-UV 10min film is ~5.18 J cm-3, ~68.7% higher than ~3.07 J cm-3 

for the pristine film. Of particular importance is that the largely enhanced Eb is not at the cost 

of the energy storage efficiency. For example, for the COC-UV 10min film, η still maintains a 

high level of 92.2% at Eb.

8. Band gaps of films at different temperatures
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Fig. S7 Band gaps of pristine COC-6017S-04 film (a) and COC-UV 10min film (b) derived 

from UV-Visible spectroscopy.

The optical band gaps (Eg) of COC-6017S-04 and COC-UV 10min films are estimated 

from the ultraviolet absorption spectra following the equation:38 . Here, α, A, 1/2
g= ( - )α A hν E
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h and  stand for the optical absorption coefficient, proportional constant, Planck’s constant 

and frequency of the incident photon, respectively. The plots of α2 against h for COC-6017S-

04 and COC-UV 10min are plotted in Fig. S7a and Fig. S7b, respectively, and the band gaps 

were obtained by extrapolating the straight dotted line to the h axis.

9. Leakage current density at RT and 150 ℃
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Fig. S8 Current densities of pristine and irradiated COC-6017S-04 films as a function of electric 

field at (a) RT and (b) 150 ℃.

Fig. S8 shows the leakage currents of pristine and treated films at RT and 150 ℃ under 

200 MV m-1. It can be seen that the leakage current densities of all the films are low (5.63×10-9 

A cm-2 – 1.08×10-8 A cm-2) under 200 MV m-1 at RT (Fig. S8a). When the temperature increases 

to 150 ℃ (Fig. S8b), the films still maintain a very low level (3.71×10-8 A cm-2 – 5.89×10-8 A 

cm-2) under 200 MV m-1. Such a low leakage current density is beneficial to avoid 

electrothermal breakdown.39,40

10. Energy storage performance of COC-6013 films

To verify the generality of our strategy for COC with different contents of norbornene, we 

investigated the effect of UV irradiation on the energy storage performance of COC-6013 film 

with a content of norbornene of ~76 wt%.41 Considering that the Tg of COC-6013 is lower than 

150 ℃, we tested its energy storage performance at 125 ℃. COC-6013 film was also prepared 

by solution casting, and the irradiation time for both sides of the COC-6013 film was set as 0, 

1, 3, 7, and 10 min (labeled UV-0min, UV-1min, UV-3min, UV-7min, and UV-10min, 

respectively).

Fig. S9a shows Weibull distributions of breakdown strengths of pristine and irradiated 

COC-6013 films at 125℃. It can be seen that the breakdown strength (Eb) of COC-6013 film 

can also be improved by proper UV irradiation. For example, the Eb of UV-7min film is 647.9 

MV m-1, which is 13.2% higher than 572.5 MV m-1 of the pristine UV-0min film. With 
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further increasing the irradiation time to 10 min, the Eb of UV-10min film decreases to 643.6 

MV m-1. As discussed in the manuscript, the cross-linking and chain scission during UV 

irradiation play a key role in improving the Eb of COC-6017S-04 film owing to the formation 

of polar carbonyl groups as well as broken bonds, which might generate deep traps and limit 

charge transport.42-44 Similarly, for COC-6013, when the irradiation time is ≤7 min, the Ebs are 

enhanced because of the cross-linking and chain scission. While with further increasing 

irradiation time, the decrease of Ebs might be related to the possible degradation by excessive 

UV irradiation.42,43,45,46

The electric displacement-electric field (D-E) curves of the pristine and irradiated COC-

6013 films are shown in Fig. S9b, and even at 125 ℃, all the films exhibit standard linear 

dielectric characteristics. The discharged energy density (Ue) and energy storage efficiency (η) 

as a function of electric field are shown in Fig. S9c and Fig. S9d, respectively.
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Fig. S9 Energy storage performance of pristine and irradiated COC-6013 films at 125 ℃. (a) 

Weibull distributions of measured breakdown strengths. The solid lines refer to the fitting 

results using a two-parameter Weibull distribution function. (b) D-E curves. (c) Discharged 

energy density and (d) Energy storage efficiency as a function of electric field. Error bars 

represent the standard deviations.
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Table S2. Breakdown strength (Eb), discharged energy density (Ue), and energy storage 

efficiency (η) of pristine and irradiated COC-6013 films at 125 ℃.

Samples Eb (MV m-1) Ue (J cm-3) η @ Eb

UV-0min 572.5 3.84 96.7%
UV-1min 591.9 4.08 96.9%
UV-3min 614.6 4.57 95.8%
UV-7min 647.9 4.73 95.6%
UV-10min 643.6 4.66 94.3%

Table S2 summarizes the dielectric energy storage performance of pristine and irradiated 

COC-6013 films at 125 ℃, including breakdown strengths, discharged energy densities, and 

energy storage efficiencies. The maximum discharged energy density of the UV-7min film is 

~4.73 J cm-3, which is ~23.2% higher than ~3.84 J cm-3 for the pristine film. Of particular 

importance, all the films have ultra-high energy storage efficiency at the Eb.
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Fig. S10 (a) Discharged energy density and efficiency as a function of cycle number of UV-

7min film measured under 200 MV m-1 at 125 ℃. (b) D-E curves at breakdown strength, (c) 

Discharged energy density, and (d) Energy storage efficiency as a function of electric field of 

UV-7min film before and after 20000 cycles tests at 125 ℃.

Furthermore, the charge-discharge experiment for UV-7min film was conducted under an 

electric field of 200 MV m-1 (the actual operating electric field in hybrid electric vehicles) at 
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125 ℃, as shown in Fig. S10a. It is obvious that there is no sign of degradation in the discharged 

energy density and efficiency during 20000 cycles. More importantly, the film after 20000 

cycles tests shows no degradation in energy storage performance, including breakdown 

strength, discharged energy density and efficiency (Fig. S10b-d), demonstrating good dielectric 

stability of irradiated film. The above results show that our strategy is also effective in 

improving the energy storage performance of COC film with different contents of norbornene.
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