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Abstract

:

Power equipment operates under high voltages, inducing space charge accumulation on the surface of key insulating structures, which increases the risk of discharge/breakdown and the possibility of maintenance workers experiencing electric shock accidents. Hence, a visualized non-equipment space charge detection method is of great demand in the power industry. Typical electrochromic phenomenon is based on redox of the material, triggered by a voltage smaller than 5 V with a continuous current in μA~mA level, which is not applicable to high electric fields above 106 V/m with pA~nA operation current in power equipment. Until now, no naked-eye observation technique has been realized for space charge detection to ensure the operation of power systems as well as the safety of maintenance workers. In this work, a viologen/poly(vinylidene fluoride-co-hexafluoropropylene)(P(VDF–HFP)) composite is investigated from gel to insulating bulk configurations to achieve high-voltage electrical-insulating electrochromism. The results show that viologen/P(VDF–HFP) composite bulk can withstand high electric fields at the 107 V/m level, and its electrochromism is triggered by space charges. This electrochromism phenomenon can be visually extended by increasing viologen content towards 5 wt.% and shows a positive response to voltage amplitude and application duration. As viologen/P(VDF–HFP) composite bulk exhibits a typical electrical insulating performance, it could be attached to the surface of insulating structures or clamped between metal and insulating materials as a space charge accumulation indicator in high-voltage power equipment.
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1. Introduction


Power equipment is the key factor for the safe and reliable operation of power systems [1,2,3]. As the economy rapidly grows, power load is synchronously increased dramatically. To solve the problem of regional power shortages, large-area ultra-high-voltage (UHV) power transmission is applied, in which power equipment operates under long-term extreme voltages [4,5,6]. As a consequence, the risk of insulating failure caused by discharge and breakdown is increased [7,8,9,10].



Polymers are the basic electrical insulating material applied in power equipment, and include: polyethylene (PE), which serves as the core material of power cables; polypropylene (PP), which serves as as the basic energy storage material in power capacitors; and epoxy resin (EP), which serves as the insulating support in gas-insulated switchgears (GIS) [11,12,13]. A common problem is that, under high voltages, space charges are formed through thermal emission and the tunneling effect, which accumulate on the surface of and inside the insulating polymer. These excessive space charges cannot dissipate as the high voltage is continuously stressed, and may form a local charge concentration, which generates a strong distorted electric field, consequently leading to partial discharge, and even breakdown [14,15,16,17]. Thus, discovering the accumulation of space charges at an early stage is vital for ensuring the stable operation of power equipment [18].



With regard to substation overhaul in the power industry, space charges that accumulate on key insulating structures may cause serious loss of human life. Substation operators and maintenance personnel will inevitably come into contact with insulating material to conduct condition checks. However, space charges can be residual on an insulator’s surface in the hours after power shutdown, increasing the possibility of an electric shock accident. Commonly, an electricity test is conducted before maintenance; however, this procedure is complicated, with large equipment involved. Thus, if the charged state of insulating materials could be visualized, it would be a direct signal warning of potential dangers. This non-equipment strategy could largely reduce costs and improve the comfort of inspectors, which exhibits the potential of large-scale application in the power industry.



Electrochromism refers to the phenomenon by which the color of a material varies in response to an electric signal, which exhibits the properties of observable and reversible color changes along with spectral signals [19,20]. Organic electrochromism is an emerging technology owing to its rich color changes, excellent flexibility, and solution processability in comparison with inorganic electrochromism materials [21,22]. Viologen is one of the most representative organic electrochromic materials [23,24,25,26], first discovered in 1973 [21]. So far, viologen has been widely used in the fields of electrochromic smart windows [22,27], auto anti-glare rearview mirrors [23], energy-saving displays [24], and multiple stimulus-responsive smart materials [28,29].



In the field of viologen-based electrochromism, the community is continuously looking for devices that operate with low voltage and low power consumption. In 2014, Xu et al. deposited TiO2 onto an electrode surface with viologen involved, and the ion diffusion was greatly increased, leading to a significantly improved discoloration speed, as well as an operation voltage of 1.8 V [30]. In 2015, a phosphor-containing viologen derivative was synthesized by Walter et al., and an ultra-low application voltage of 0.1 V was achieved [31]. In 2019, Li et al. introduced polynuclear–metal–carboxylic–acid clusters into viologen hybrid materials, which exhibited quick responses to soft X-ray, ultraviolet light, temperature, and electric fields under −0.6 V voltage [28]. In 2021, He et al. synthesized bismuth-containing viologen derivatives, which were successfully applied to electrophosphorescent devices with a working voltage of −0.6 V [25].



As summarized above, current electrochromism is based on low voltage (<5 V) [19,25,26,30,31], with a sustainable μA~mA level current to trigger the redox reaction. Thus, electrolytes and ionic liquids are usually added to improve conductivity and reduce the driving voltage for discoloration, which are considered contrary to the nature of insulating materials working under high electric fields above 106 V/m with tiny currents at pA~nA level. Thus, current electrochromism structures are not applicable in power systems requiring electrical insulating conditions.



In this work, in order to broaden the applications of electrochromic materials to high-voltage conditions, a viologen/P(VDF–HFP) composite is systematically investigated from gel with semiconducting characteristics to bulk its electrical insulating characteristics.




2. Materials and Methods


Materials. The viologen used in this investigation is 1,1′-dimethyl-4,4′-bipyridine (OTf–MVOTF), a typical viologen small molecule. The polymer matrix is poly(vinylidene fluoride-co-hexafluoropropylene), which is shortened to P(VDF–HFP). The viologen was laboratory synthesized and the P(VDF–HFP) was purchased from Shanghai Huayi 3F New Materials Co., Ltd., China, and its Mw = 200 kDa. Figure 1a shows the molecular structures of the materials mentioned above. The electrochromic mechanism of OTf–MVOTF is shown in Figure 1b, with different valence states of OTf–MVOTF exhibiting diverse colors. The divalent cations are stable in a colorless state, the monovalent cations are blue, and the neutral particles show a blue-green color.



Electrochromic gel and devices fabrication. Electrochromic composite gel with different mass ratios of viologen was prepared, viologen: P(VDF–HFP) = 1:99, 2:98, 3:97, 4:96, 5:95. In preparation, the P(VDF–HFP) and viologen at each content ratio were blended with 10 mL acetone in a beaker, heated, and stirred at 50 °C on a heater to form a uniformly mixed solution. With the volatilization of acetone, the solution gradually became a colorless and transparent gel until viscosity reached ~22 Pa·s (shear rate ɣ = 1/s) at room temperature, and the concentration of viologen/P(VDF–HFP) mixture was ~0.3 g/mL. The electrochromic device was composed of a transparent electrode and electrochromic gel. The electrochromic electrode applied was an ITO conductive glass with a transmittance greater than 84%, and the resistance of the electrode was 10 Ω/sq. In device fabrication, transparent double-side electrical insulating tape (width: 4 mm, thickness: 0.5 mm) was attached to one ITO-coated glass to form a cavity to fill with the electrochromic gel, and then another ITO-coated glass was placed on top of the gel to form the ITO/electrochromic gel/ITO structure. It is worth noting that the side with ITO was attached to the electrochromic gel. The preparation process of the electrochromic gel device is demonstrated in Figure 2.



Viologen/P(VDF–HFP) composite bulk preparation. The electrochromic gel mentioned above was placed in an open mold at room temperature. After two days, the solvent was completely volatilized, and the viologen/P(VDF–HFP) composite bulk without solvent was thus obtained.



Characterization. UV-Vis spectrometer was applied in characterizing the electrochromic performance and color change of the sample, and the test wavelength range was 350 nm~800 nm. A voltmeter was used to control the amplitude of the applied voltage. To trigger the electrochromism of viologen/P(VDF–HFP) insulating bulk, a space charge injection was conducted with a copper plate-plate electrode clamped onto the sample. A DC voltage of 6 kV (4 kV/mm) was applied to the viologen/P(VDF–HFP) bulk for up to 1 hour. Dielectric parameters such as dielectric constant and volume resistivity was obtained from Novocontrol Concept 80 (Germany). The applied signal was 1 V AC voltage, the test frequency range was from 10−1 to 106 Hz, and the temperature range was from −100 to 100 °C. When testing, the insulating bulk was clamped by plate-plate copper electrodes. Cyclic voltammetry (CV) was tested by the CHI660E electrochemical workstation.




3. Results and Discussion


In this section, the electrochromism of viologen is realized in two configurations, i.e., the viologen/P(VDF–HFP) gel with semiconducting characteristics and viologen/P(VDF–HFP) bulk with electric insulating characteristics. The dielectric and insulating performance of the viologen/P(VDF–HFP) insulating bulk is further investigated to meet the application conditions of high-voltage power equipment.



The electrochemical properties of OTf–MVOTF were first investigated through cyclic voltammetry (CV) at different scan rates, the results of which are demonstrated in Figure 3a. The CV of viologen exhibits two reversible one-electron processes. Corresponding to these two valences, their reduction potentials are −0.72 V for monovalent cation and −1.10 V for neutral state, measured at the scan rate of 100 mV/s. Thus, the LUMO of viologen is calculated as −4.08 eV. In order to obtain the energy structure of viologen, UV-Vis spectrometry is conducted, and the results are shown in Figure 3b. The energy gap was calculated by Eg = 1240/λg, where Eg is the energy gap and λg is the intersection of the tangent of the UV-Vis result and x-axis. The calculated energy gap of viologen is 3.97 eV, leading to its HOMO at −8.05 eV. These parameters related to the energy structure of viologen are summarized in Table 1.



3.1. Electrochromism of Viologen/P(VDF–HFP) Gel


3.1.1. Electrochromism under 3 V Small Voltage


The electrochromism performance of viologen/P(VDF–HFP) gel with 2 wt% viologen content was investigated first. The divalent cation state of viologen was transparent. With the application of 3 V voltage, the composite gel immediately turned to azure. In the UV–Vis absorption spectrum, the color change is expressed as the raise of peaks at 392 nm and 604 nm. It can be observed in Figure 4a that no absorption peak of viologen/P(VDF–HFP) gel can be seen without the applied voltage. As the color turned to azure, the peaks in 392 nm and 604 nm continued to increase, reaching 1.4 and 0.7 in absorptance, correspondingly. When the applied voltage was shut down, the gel turned colorless within 30 s, with the absorption peaks disappearing in Figure 4b, showing the quick response performance of the electrochromism composite. In terms of the mechanism, viologen gains electrons through a continuous current in μA~mA level, which triggers a reduction in the divalent cation to a monovalent cation, and contrarily, the viologen is oxidized back to a divalent cation when the voltage is shut down.



The electrochromism performance of the viologen/P(VDF–HFP) gel with 5 wt% viologen content under 3 V voltage is shown in Figure 4c,d. In terms of color change with the viologen content, the gel turned to darker azure in comparison to the gel with 2 wt% viologen content. Synchronously, the absorption peak at 392 nm is elevated from 1.4 to 1.6, which further indicates that the electrochromism is more violent. As more viologen molecules are involved in electrochromism, the color change is more obvious for visual observation. Another influencing factor is the electric conduction: since viologen is a typical semiconducting molecule, an increase in viologen content in a viologen/insulating polymer composite leads to decreased electric resistivity of the system. In other words, the density of mobile charges is increased, resulting in an easier process of ion exchange and redox. Consequently, the color changes to darker azure as a stronger electrochromism is triggered.




3.1.2. Electrochromism under 5 V Large Voltage


In testing the electrochromism of the viologen/P(VDF–HFP) gel system, it is apparent that increased applied voltage leads to a more complicated electrochromism process, as demonstrated in Figure 5.



In Figure 5a, it is observed that two electrochromism stages occur in the viologen/P(VDF–HFP) gel under 5 V voltage. Firstly, the colorless film turned purple in ~1 s with the absorption peaks at 392 nm and 555 nm, synergistically increasing. It should be noted that it is 604 nm when under 3 V small voltage, and this blue shift leads a coloration closer to purple. As the 5 V voltage is stably applied, the purple film turns to a blue-green color, with the 555 nm absorption peak decreasing while the 392 nm peak remains nearly unchanged, as shown in Figure 5b. This two-stage electrochromism phenomenon was induced by the two valences of viologen, which is azure in monovalent cation (+1 valence) and blue-green in neutral state (0 valence). In correspondence to these two valences, their related reduction potentials were −0.72 V for monovalent cation and −1.10 V for neutral state.



The reduction potential obtained by cyclic voltammetry is usually smaller than that of the viologen/P(VDF–HFP) gel composite, as it is obtained in solution with solely viologen as solute, the composite with polymer leads to an increased reduction potential. Therefore, it is reasonable to consider the neutral state reduction potential of viologen/P(VDF–HFP) gel composite is between 3 V and 5 V; thus, the applied 3 V could only trigger the viologen in composite form to monovalent cation.



In Figure 5c,d, the bleaching process is the opposite of the coloring process, as the film first turns azure with an elevation of a 604 nm peak, followed by a co-descent process of 392 nm and 604 nm peaks, and finally the film turns colorless as the oxidation process is completed. Interestingly, the 555 nm peak during the coloring process does not strictly correspond to the peak during bleaching at 604 nm, which needs further investigation.



In comparison to the 2 wt% viologen/P(VDF–HFP) gel, by increasing the content of viologen to 5 wt%, the electrochromism is further enhanced under 5 V voltage, as demonstrated in Figure 6. In Figure 6a,b, the coloring process exhibits two stages, which is in accordance with that of the 2 wt% viologen content gel in Figure 5. However, the coloring is more extensive as the deeper purple is realized, owing to the comparatively larger viologen density. The film could finally turn back to colorless as the applied voltage is shut down, showing the quick response of the electrochromism gel, as demonstrated in Figure 6c,d.



Generally, the electrochromism characteristics of viologen/P(VDF–HFP) gel with varied viologen content are investigated. Typical phenomena can be concluded as: (1) reversible electrochromism with a quick response is realized, in both coloring and bleaching processes; (2) the electrochromism can be triggered by a continuous current with a range of 3–5 V voltages; (3) two-stage electrochromism with a neutral state viologen can be realized with 5 V voltage, which is closely related to the reduction potential.





3.2. Electrochromism of Viologen/P(VDF–HFP) Insulating Bulk


3.2.1. Electrochromism Characterization


The electrochromism of viologen/P(VDF–HFP) gel is triggered by a μA~mA level current, induced by 3–5 V voltages. However, power electrical equipment exhibits extreme high voltages in kV levels and electric fields greater than 106 V/m, which can hardly be sustained by viologen/P(VDF–HFP) gel. Therefore, in order to introduce electrochromic materials for high-voltage applications, a viologen/P(VDF–HFP) composite is further prepared as insulating bulk. For the viologen/P(VDF–HFP) gel structure, ITO transparent electrodes are applied to transfer a continuous small current. As ITO glass cannot withstand high voltages, copper plate electrodes are introduced in a high-voltage measurement, as demonstrated in Figure 7.



A viologen/P(VDF–HFP) insulating bulk with 1~5 wt% viologen and a thickness of ~1.5 mm was prepared. Moreover, 2 wt% and 5 wt% viologen/P(VDF–HFP)-insulating composite bulks show a similar exterior to a polymer-like surface with a milky white color. A small content of viologen does not affect the transparency of the bulk, as it is mainly dependent on the condensed matter structure of the P(VDF–HFP) matrix.



In order to trigger the redox of viologen, 6 kV high voltage (4 kV/mm) is applied to the viologen/P(VDF–HFP)-insulating bulk for up to 1 h, and the results are demonstrated in Figure 7. For 2 wt% viologen/P(VDF–HFP)-insulating bulk, a slight but no significant color change is observed after 10 min stress. For 30 min stress using 2 wt% viologen/P(VDF–HFP)-insulating bulk, gray dots appear on center of the bulk in the area covered by the copper electrode. Since the voltage stressing duration is longer, the gray color appears more obvious on 1 h stressed sample.



In Figure 7, the color change is more obvious on a 5 wt% viologen/P(VDF–HFP) insulating bulk at each voltage application duration. Contrary to 2 wt% viologen/P(VDF–HFP) bulk, 5 wt% viologen/P(VDF–HFP) bulk shows obvious gray dots after 10 min of stress, and this color change is even more obvious than 2 wt% viologen/P(VDF–HFP) bulk after 1 h of stress, indicating that the quantity of viologen involved in electrochromism is larger. By increasing the voltage application duration, the extent of the color change is extended, which increases the visualization of electrochromism. For the sample stressed for 1 h, the composite bulk changes to a dark gray, indicating that a large amount of space charges are injected, and triggering stronger electrochromism.



Thus, electrochromism is initially realized in the insulating polymer system. However, this electrochromism is not as obvious as that in the gel system, since the color change only occurs in the positions covered by electrodes, and the peripheral positions remain their intrinsic color. Regarding response duration, the insulating bulk exhibits more time in minute level required to trigger observable electrochromism, while that in the gel system only needs ~1 s. These differences in electrochromism resolution and duration are mainly caused by the number of charges required to trigger redox. In the gel system, a continuous μA-mA current provides sufficient charges for redox, while the electrical insulating system exhibits extremely small quantity of charges, which are insufficient for observable electrochromism when voltage is applied.



However, under extreme high voltages, charges can be emitted from metal electrodes through Schottky thermionic emission [32,33]. Commonly, accumulated space charges can be of a density of 1019 C/cm3, which is the minimum intensity required for electrochromism of viologen. As the high voltage is stressed, space charge density on the surface of the composite continues to grow. With more charges involved in the redox of viologen, the electrochromism becomes observable.



It should be noted that space charge accumulation usually exhibits a long duration towards the hour mark in order to achieve higher density; thus, electrochromism of viologen/P(VDF–HFP)-insulating bulk requires a longer duration for visual detection. As the electrochromism extent of viologen/P(VDF–HFP) bulks is in positive correlation with space charge density, it is an emerging method to quantitatively analyze the accumulated space charges in polymeric insulators; this is helpful in the detection of localized electric field distortions.




3.2.2. Dielectric Characterization


In order to verify the application possibility of viologen/P(VDF–HFP) electrochromism bulk in electrical equipment, the dielectric and insulating performance of the composite bulk was further investigated.



As demonstrated in Figure 8a, the dielectric constant of viologen/P(VDF–HFP) bulk with 2 wt% viologen is 44 at room temperature (20 °C). In higher temperatures, the low frequency dielectric constant starts to elevate and gradually increases with increased temperature. At 100 °C, the dielectric constant is greatly enlarged, indicating board dielectric relaxation. As the temperature is above the glass transition temperature, the rotation of the polymer chain is simpler, as well as electric conduction of the semiconducting viologen being greatly enhanced, leading to enlargement in the dielectric constant. However, as the power frequency (50~60 Hz) dielectric constant is 14.4 and similar to that of P(VDF) (~10), viologen/P(VDF–HFP) bulk can be applied in insulating structures of power equipment [34].



A further increase in viologen content leads to an increase in the dielectric constant at all frequencies. As demonstrated in Figure 8b, the 50 Hz room temperature dielectric constant of viologen/P(VDF–HFP) bulk with 5 wt% viologen content is 20.1, showing a 39.5% increase compared to that of the 2 wt% viologen bulk. A further increase in viologen leads to a decrease in thermal stability, as εr starts to raise at a relatively lower temperature. Thus, viologen/P(VDF–HFP) bulk may not be applied to power equipment under elevated temperatures at this stage, as too much dielectric loss may be generated.



The withstand voltage is greatly dependent on the resistivity of a dielectric polymer. For viologen, its volume resistivity is in a 107~108 Ω·cm level [35]. Since 108 Ω·cm is the boundary between semiconductors and insulators, it is in the range of semiconductors. The volume resistivity of viologen/P(VDF–HFP) bulk is investigated, the results of which are demonstrated in Figure 9. In Figure 9a, the volume resistivity of viologen/P(VDF–HFP) bulk with 2 wt% viologen is in a 1010~1011 Ω·cm level at room temperature at frequencies below 103 Hz, while it linearly decreases with increased frequency greater than 103 Hz. Thus, viologen/P(VDF–HFP) composite bulk exhibits fundamental electrical insulating performance. A quasi-platform can be found in temperatures above 0 °C. For 5 wt% viologen/P(VDF–HFP) bulk in Figure 9b, the room temperature volume resistivity is decreased to 109 Ω·cm; this is a result of increased semiconducting viologen content.



At elevated temperatures, the volume resistivity of 5 wt% viologen/P(VDF–HFP) bulk is further decreased compared to that of the 2 wt% composite bulk. The variation trend of volume resistivity with viologen content is demonstrated in Figure 10. It is clearly demonstrated that DC volume resistivity of the composite bulk is the highest, followed by 50 Hz AC resistivity and 106 Hz AC resistivity, respectively. The volume resistivity of viologen/P(VDF–HFP) bulk decreases with increased viologen content. For DC resistivity, the 1 wt% sample is 1011 Ω·cm, followed by the 2 wt% sample at 1010 Ω·cm, the 3 wt% sample at 5.9 × 109 Ω·cm, and the 5 wt% sample at 1.8 × 109 Ω·cm in descending order. It seems that a viologen content of 1~2 wt% greatly enhances the electric conduction of the composite, while further increasing viologen content contributes little to electric conduction, as the decreasing trend is greatly suppressed. It should be noted that the volume resistivity of the viologen/P(VDF–HFP) bulk is not comparable with traditional pure insulating polymers such as PE and PP in a 1015~1016 level. However, it could be applied with typical insulating films to form a layered structure. Thus, the typical insulating layer could withstand a high electric field, while the viologen/P(VDF–HFP) composite acts as functional layer for space charge detection. A recent investigation into Poly(3-hexylthiophene)/low-density polyethylene (P3HT/LDPE) blends indicates that a miniscule content (0.0005 wt%) of semiconducting P3HT could largely increase resistivity of the composite [36]. Thus, viologen/PVDF/P3HT ternary blends and their applications for an improved electrical insulating electrochromism system will be investigated in future works.






4. Conclusions


In this work, the electrochromism of a viologen/P(VDF–HFP) composite is investigated from gel to bulk structure for developing electrical insulating electrochromism material. The reversible electrochromism of viologen/P(VDF–HFP) gel is triggered by a continuous current in a range of 3~5 V in 1 s, showing quick response characteristics. This electrochromism is controlled by the reduction potential of viologen; under high voltages towards 5 V, +2 viologen can be reduced to the second stage in neutral state with a dark purple color, while under 3 V, it can only be reduced to monovalent cations in azure. In the insulating bulk structure, the electrochromism of the viologen/P(VDF–HFP) composite is triggered by space charges induced from the electrode under high electric fields larger than 106 V/m. This electrochromism can be visually extended by increasing viologen content towards 5 wt%, showing a positive response to voltage amplitude and application duration. Compared with a gel structure, a viologen/P(VDF–HFP) composite bulk can withstand high electrical strength beyond 106 V/m, with typical electrical insulating performance exhibiting a volume resistivity larger than 1010 Ω·cm. It can be further developed as an indicator for space charge accumulation in high-voltage power equipment, which exhibits potential for massive manufacturing in terms of insulation status monitoring and safety protection. Future investigations should address space charge distributions regarding easier electrochromism observations for industrial applications.







Author Contributions


Conceptualization, Y.N. and Y.Z.; methodology, M.Z., G.L. (Guoping Li) and H.C.; validation, Y.N. and Y.Z.; formal analysis, M.Z., H.C., W.S. and Y.J. (Yu Jing); investigation, Y.N., Y.Z., Y.J. (Yihang Jang), W.S. and G.L. (Guoping Li); resources, Y.Z., G.L. (Guanghao Lu) and S.L.; data curation, Y.N., Y.Z., X.Z. and T.Z.; writing—original draft preparation, Y.N. and Y.Z.; writing—review and editing, Y.Z., G.L. (Guanghao Lu) and S.L.; visualization, Y.Z. and M.Z.; supervision, Y.Z., G.L. (Guanghao Lu) and S.L.; project administration, Y.N. and Y.Z.; funding acquisition, Y.N. and Y.Z. All authors have read and agreed to the published version of the manuscript.




Funding


This research is funded by Basic Research Plan of Yunnan Province (202001AU070062), China Southern Power Grid (YNKJXM20190717), the National Natural Science Foundation of China (51907148), the China Postdoctoral Science Foundation (2018M643648), and the Fundamental Research Funds for the Central Universities (xjh012019023).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Pourrahimi, A.M.; Olsson, R.T.; Hedenqvist, M.S. The Role of Interfaces in Polyethylene/Metal-Oxide Nanocomposites for Ultrahigh-Voltage Insulating Materials. Adv. Mater. 2018, 30, 1703624. [Google Scholar] [CrossRef] [PubMed]

	



Yasufuku, S.; Umemura, T.; Yasuda, Y. Dielectric Properties of Oil-Impregnated all Polypropylene Film, Power Capacitor Insulation System. IEEE Trans. Electr. Insul. 1977, EI-13, 403–410. [Google Scholar] [CrossRef]

	



Suzuki, M.; Kakimoto, A.; Matsuda, S. Investigation of Interaction between Polymer Film and Insulating Oil by Dielectric Property Measurement. IEEE Trans. Electr. Insul. 2007, EI-18, 374–379. [Google Scholar] [CrossRef]

	



Zhu, Y.; Cui, H.; Qu, G.; Wu, K.; Lu, G.; Li, S. Origin of Superb Electrical Insulating Capability of Cellulose-liquid Biphasic Dielectrics by Interfacial Charge Behaviors. Appl. Phys. Lett. 2020, 117, 042906. [Google Scholar] [CrossRef]

	



Qu, G.; Cui, H.; Zhu, Y.; Yang, L.; Li, S. Substantial Improvement of the Dielectric Strength of Cellulose-Liquid Composites: Effects of Traps at the Nanoscale Interface. J. Phys. Chem. Lett. 2020, 11, 1881–1889. [Google Scholar] [CrossRef]

	



Pourrahimi, A.M.; Pallon, L.K.; Liu, D.; Hoang, T.A.; Gubanski, S.; Hedenqvist, M.S.; Olsson, R.T.; Gedde, U.W. Polyethylene Nanocomposites for the Next Generation of Ultra-low Transmission-loss HVDC Cables: Insulations Containing Moisture-resistant MgO Nanoparticles. ACS Appl. Mater. Interfaces 2016, 8, 14824. [Google Scholar] [CrossRef]

	



Zhu, Y.; Li, S.; Min, D. Origin of Dielectric Process in Aged Oil Impregnated Paper. IEEE Trans. Dielectr. Electr. Insul. 2017, 24, 1625–1635. [Google Scholar] [CrossRef]

	



Grabowski, C.A.; Fillery, S.P.; Westing, N.M.; Chi, C.; Meth, J.S.; Durstock, M.F.; Vaia, R.A. Dielectric Breakdown in Silica-amorphous Polymer Nanocomposite Films: The Role of the Polymer Matrix. ACS Appl. Mater. Interfaces 2013, 5, 5486–5492. [Google Scholar] [CrossRef]

	



Fillery, S.P.; Koerner, H.; Drummy, L.; Dunkerley, E.; Durstock, M.F.; Schmidt, D.F.; Vaia, R.A. Nanolaminates: Increasing dielectric breakdown strength of composites. ACS Appl. Mater. Interfaces 2012, 4, 1388. [Google Scholar] [CrossRef]

	



Bowman, D.R.; Stroud, D. Model for Dielectric Breakdown in Metal-insulator Composites. Phys. Rev. B 1989, 40, 4641–4650. [Google Scholar] [CrossRef]

	



Wu, X.; Chu, Y.; Liu, R.; Katz, H.E.; Huang, J. Pursuing Polymer Dielectric Interfacial Effect in Organic Transistors for Photosensing Performance Optimization. Adv. Sci. 2017, 4, 1700442. [Google Scholar] [CrossRef]

	



Wang, S.; Zhang, C.; Fu, H.; Xiang, J.; Li, J.; Li, S.; Ouyang, B.; Liu, J. Effect of Air Gap on Electrical Tree in Epoxy Resin Under High Frequency Bipolar Square-Wave Voltage. Materials 2020, 13, 5722. [Google Scholar] [CrossRef]

	



Zha, J.W.; Yan, H.D.; Li, W.K.; Dang, Z.M. Morphology and Crystalline-phase-dependent Electrical Insulating Properties in Tailored Polypropylene for HVDC Cables. Appl. Phys. Lett. 2016, 109, 222902. [Google Scholar] [CrossRef]

	



Li, S.; Zhu, Y.; Min, D.; Chen, G. Space Charge Modulated Electrical Breakdown. Sci. Rep. 2016, 6, 32588. [Google Scholar] [CrossRef]

	



Zhu, Y.; Fan, Y.; Li, S.; Wei, P.; Li, D.; Liu, B.; Cui, D.; Zhang, Z.; Li, G.; Nie, Y.; et al. Soluble Poly(4-fluorostyrene): A High-performance Dielectric Electret for Organic Transistors and Memories. Mater. Horiz. 2020, 7, 1861–1871. [Google Scholar] [CrossRef]

	



Zhu, Y.; Li, S.; Min, D.; Li, S.; Cui, H.; Chen, G. Space Charge Modulated Electrical Breakdown of Oil Impregnated Paper Subjected to AC-DC Combined Voltages. Energies 2018, 11, 1547. [Google Scholar] [CrossRef]

	



Li, X.; Tung, C.H.; Pey, K.L. The Nature of Dielectric Breakdown. Appl. Phys. Lett. 2008, 93, 72903. [Google Scholar] [CrossRef]

	



Zhang, P.; Zhang, Y.; Wang, X.; Yang, J.; Han, W. Effect of Acetylated SEBS/PP for Potential HVDC Cable Insulation. Materials 2021, 14, 1596. [Google Scholar] [CrossRef] [PubMed]

	



Li, G.; Xu, L.; Zhang, W.; Zhou, K.; Ding, Y.; Liu, F.; He, X.; He, G. Narrow Band Gap Chalcogenoviologens for Electrochromism and Visible-Light-Driven Hydrogen Evolution. Angew. Chem. 2018, 57, 4897–4901. [Google Scholar] [CrossRef]

	



Fang, H.; Zheng, P.; Ma, R.; Xu, C.; Yang, G.; Wang, Q.; Wang, H. Multifunctional Hydrogel Enables Extremely Simplified Electrochromic Devices for Smart Windows and Ionic Writing Boards. Mater. Horiz. 2018, 5, 1000–1007. [Google Scholar] [CrossRef]

	



Schoot, C.J.; Ponjee, J.J.; Vandam, H.T.; Vandoorn, R.A.; Bolwijn, P.T. New Electrochromic Memory Display. Appl. Phys. Lett. 1973, 23, 64–65. [Google Scholar] [CrossRef]

	



Wu, W.; Fang, H.; Ma, H.; Wu, L.; Zhang, W.; Wang, H. Boosting Transport Kinetics of Ions and Electrons Simultaneously by Ti3C2Tx (MXene) Addition for Enhanced Electrochromic Performance. Nano-Micro Lett. 2021, 13, 2311. [Google Scholar] [CrossRef]

	



Mortimer, R.J.; Dyer, A.L.; Reynolds, J.R. Electrochromic organic and polymeric materials for display applications. Displays 2006, 27, 2–18. [Google Scholar] [CrossRef]

	



Kim, J.; Kwon, D.; Myoung, J. Rollable and transparent subpixelated electrochromic displays using deformable nanowire electrodes with improved electrochemical and mechanical stability. Chem. Eng. J. 2020, 387, 124145. [Google Scholar] [CrossRef]

	



Ma, W.; Xu, L.; Zhang, S.; Li, G.; Ma, T.; Rao, B.; Zhang, M.; He, G. Phosphorescent Bismoviologens for Electrophosphorochromism and Visible Light-Induced Cross-Dehydrogenative Coupling. J. Am. Chem. Soc. 2021, 143, 1590–1597. [Google Scholar] [CrossRef] [PubMed]

	



Pan, M.; Ke, Y.; Ma, L.; Zhao, S.; Wu, N.; Xiao, D. Single-layer electrochromic device based on hydroxyalkyl viologens with large contrast and high coloration efficiency. Electrochim. Acta 2018, 266, 395–403. [Google Scholar] [CrossRef]

	



In, Y.R.; Kim, Y.M.; Lee, Y.; Choi, W.Y.; Kim, S.H.; Lee, S.W.; Moon, H.C. Ultra-Low Power Electrochromic Heat Shutters Through Tailoring Diffusion-Controlled Behaviors. ACS Appl. Mater. Interfaces 2020, 12, 30635–30642. [Google Scholar] [CrossRef]

	



Li, S.; Han, M.; Zhang, Y.; Lo, G.; Li, M.; He, G.; Zhang, X. X-ray and UV Dual Photochromism, Thermochromism, Electrochromism, and Amine-Selective Chemochromism in an Anderson-like Zn-7 Cluster-Based 7-Fold Interpenetrated Framework. J. Am. Chem. Soc. 2019, 141, 12663–12672. [Google Scholar] [CrossRef]

	



Song, R.; Li, G.; Zhang, Y.; Rao, B.; Xiong, S.; He, G. Novel electrochromic materials based on chalcogenoviologens for smart windows, E-price tag and flexible display with improved reversibility and stability. Chem. Eng. J. 2021, 422, 130057. [Google Scholar] [CrossRef]

	



Li, M.; Wei, Y.; Zheng, J.; Zhu, D.; Xu, C. Highly contrasted and stable electrochromic device based on well-matched viologen and triphenylamine. Org. Electron. 2014, 15, 428–434. [Google Scholar] [CrossRef]

	



Reus, C.; Stolar, M.; Vanderkley, J.; Nebauer, J.; Baumgartner, T. A Convenient N-Arylation Route for Electron-Deficient Pyridines: The Case of pi-Extended Electrochromic Phosphaviologens. J. Am. Chem. Soc. 2015, 137, 11710–11717. [Google Scholar] [CrossRef] [PubMed]

	



Min, D.; Li, S.; Ohki, Y. Numerical Simulation on Molecular Displacement and DC Breakdown of LDPE. IEEE Trans. Dielectr. Electr. Insul. 2016, 23, 507–516. [Google Scholar] [CrossRef]

	



Yang, K.; Liu, Y.; Yan, Z.; Tian, Y.; Liu, Y.; Jing, Z.; Li, J.; Li, S. Enhanced Morphology-Dependent Tensile Property and Breakdown Strength of Impact Polypropylene Copolymer for Cable Insulation. Materials 2020, 13, 3935. [Google Scholar] [CrossRef] [PubMed]

	



Kim, K.; Jung, H.; Lim, J.; Ji, S.; Choi, D.H.; Jeong, D. Configurational approach to the enhancement of the dielectric properties and energy density of polyvinylidene fluoride-based polymer composites. J. Phys. D–Appl. Phys. 2020, 53, 550237. [Google Scholar] [CrossRef]

	



Li, G.; Zhang, B.; Wang, J.; Zhao, H.; Ma, W.; Xu, L.; Zhang, W.; Zhou, K.; Du, Y.; He, G. Electrochromic Poly(chalcogenoviologen)s as Anode Materials for High-Performance Organic Radical Lithium-Ion Batteries. Angew. Chem. 2019, 58, 8468–8473. [Google Scholar] [CrossRef] [PubMed]

	



Pourrahimi, A.M.; Kumara, S.; Palmieri, F.; Yu, L.; Lund, A.; Hammarstrom, T.; Hagstrand, P.; Scheblykin, I.G.; Fabiani, D.; Xu, X.; et al. Repurposing Poly(3-hexylthiophene) as a Conductivity-Reducing Additive for Polyethylene-Based High-Voltage Insulation. Adv. Mater. 2021, 33, 2100714. [Google Scholar] [CrossRef]








[image: Materials 14 05901 g001 550] 





Figure 1. (a) Molecular structures of OTf–MVOTF and/P(VDF–HFP); and (b) electrochromic redox process of viologen (OTf–MVOTF). 
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Figure 2. Structure and preparation of the viologen/P(VDF–HFP) electrochromic device. 
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Figure 3. (a) The cyclic voltammogram of viologen at different scan rates in DMF solution; (b) the UV–Vis absorption of viologen in DMF solution, c = 10−4 mol/L. 
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Figure 4. UV–Vis absorption characteristics of viologen (2 wt%)/P(VDF–HFP) gel with 3 V voltage ON (a) and OFF (b); UV–Vis absorption characteristics of viologen (5 wt%)/P(VDF–HFP) gel with 3 V voltage ON (c) and OFF (d). 
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Figure 5. UV-Vis absorption characteristics of viologen (2 wt%)/P(VDF–HFP) gel with 5 V voltage ON (a,b) and OFF (c,d). 
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Figure 6. UV–vis absorption characteristics of viologen (5 wt%)/P(VDF–HFP) gel with 5 V voltage ON (a,b) and OFF (c,d). 
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Figure 7. Electrochromism of 2 wt% and 5 wt% viologen/P(VDF–HFP)-insulating bulks under 6 kV voltages in up to 1 h. 
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Figure 8. Dielectric spectra of 2 wt% (a) and 5 wt% (b) viologen/P(VDF–HFP) bulks in frequency of 10−1~106 Hz, temperature of −100~100 °C. 
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Figure 9. Volume resistivity spectra of 2 wt% (a) and 5 wt% (b) viologen/P(VDF–HFP) bulks in frequency of 10−1~106 Hz, temperature of −100~100 °C. 






Figure 9. Volume resistivity spectra of 2 wt% (a) and 5 wt% (b) viologen/P(VDF–HFP) bulks in frequency of 10−1~106 Hz, temperature of −100~100 °C.



[image: Materials 14 05901 g009]







[image: Materials 14 05901 g010 550] 





Figure 10. Variations in volume resistivity with 1 wt%~5 wt% viologen content in viologen/P(VDF–HFP) bulks. 
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Table 1. Energy structure parameters of viologen.






Table 1. Energy structure parameters of viologen.





	λg [nm]
	Ered [V]
	Eg [eV] [a]
	ELUMO [eV] [b]
	EHUMO [eV] [b]





	312
	−1.10, −0.72
	3.97
	−4.08
	−8.05







(a) Energy gap was calculated from the UV–Vis absorption spectra in DMF, Eg = 1240/λg; (b) Energy levels vs. vacuum levels were calculated from CV data along with the optically determined energy gap.
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