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Abstract 

There is a need to develop next generation devices for dual-dynamic regulation of thermal 

radiation and electromagnetic interference (EMI) shielding to allow the precise operation of 

electronic components. Here, a novel, stretchable and self-healing electrochromic (EC) device 

with unprecedented dynamic tunability of thermal emittance and electromagnetic interference 

has been developed, which exhibits the thermal emittance modulation (Δε) of 0.37 and 0.43 at 

8-14 μm under different voltages and strains, respectively. Additionally, by tuning the strain, 

the device can achieve the change of EMI shielding efficiency (SE) of 16.1 dB due to the 

increase of the transmittance for electromagnetic wave between the interleaving of the fibers. 

Moreover, the device exhibits outstanding mechanical stability (99.2% retention of Δε at 8-14 

μm and 97.7% retention of EMI SE after bending for 300 cycles), a remarkable stretching 

stability (98.7% retention of Δε at 8-14 μm and 95.4% retention of EMI SE after stretching for 

50 cycles) and the self-healing performance. The results indicate that the device have excellent 

tunability for EMI shielding and thermal management in communication, military, and smart 

electronics. 

Key words: High Stretching, Self-healing, EC device, Dual-dynamic modulation of thermal 

radiation and EMI shielding 



 

1. Introduction 

There is an increasing and considerable interest in developing materials with dual-dynamic 

modulation of heat and EMI shielding to ensure the operation reliability of precision electronic 

components and communication equipments under complex electromagnetic and thermal 

environments. [1-3] To date, great variety and abundance of systems have been developed to 

dynamically regulate heat or EMI shielding. [4-7] Specifically, representative dynamic heating 

regulation systems, such as electrothermal devices [8,9] and air conditioning systems, [10] manage 

temperature through driving the flow of heat using the input of external energy. These systems 

are dynamic and readily controlled for the users, but are also relatively expensive, energy-

intensive, and complex to install (Table S1). [11] According to the principle of heat transfer, 

modulation of heat for the object could be regulated by changing the temperature or the heat 

transfer coefficient (coefficient of conductivity, heat conduction and thermal radiation). 

Compared with the changing temperature, the change of infrared (IR) radiation coefficient can 

achieve fast thermal management. In recent years, the application of the EC materials in thermal 

control devices has been widely studied due to their dynamic spectral response in IR region 

when applied with voltage (Table S2). On the other hand, the dynamic regulating of EMI 

shielding based on the EC materials has also been achieved. [12-14] For example, Anderson et al. 

prepared an electrically adjustable conductive polymer based on polyaniline (PANI), HBF4, 

polyethylene oxide (PEO), Ag and AgBF4, [15] which could achieve dynamic electromagnetic 

management at ~10 V due to the variable electrical conductivity. Balci et al. reported the 

graphene-based electrically switchable radar-absorbing surfaces, which exhibited tunable 

reflection suppression ratio up to 50 dB under ±3 V. [14] In spite of the above achievements, to 

the best of our knowledge, a device with the capability of dual-dynamic regulation of thermal 

radiation and EMI shielding simultaneously has never been reported, so far. Meanwhile, certain 

shortcomings, for example, complicated fabrication process and actuation method, poor cycling 



stability and high working voltage, often remain as the major issues in the existing EC devices, 

making their development extremely challenging.  [16-18] 

In addition, EC devices often encounter the cracks during aging or reiterative bending on 

the flexible conventional device, which strongly limit their stability and durability [19, 20-24]. 

As a general phenomenon of the self-healing behaviors among living species in nature, most 

organisms have the ability to achieve self-healing after encountering damages, and to retain the 

primary functionalities. [19, 20, 25-30] Therefore, biologically inspired self-healing devices based 

on EC materials have also been developed. Their good self-healing performance make them 

promising in many different applications. [28, 29] In this context, developing a device which could 

fulfill dual-dynamic regulation of thermal radiation and EMI shielding under different stimuli, 

such as voltage and strain, combined with self-healing capability is the prospect for the 

emerging E-communication applications in high-tech areas such as aerospace, micro-

electronics, and military. 

Herein, we for the first time developed a novel device with dual-dynamic modulation 

ability of thermal radiation and the EMI shielding. The device could not only modulate the 

thermal radiation dynamically under voltages, but also regulate the thermal radiation and EMI 

shielding simultaneously under strains. The device exhibits the IR emittance modulation Δε of 

0.37 under different voltages and achieves the Δε of 0.43 and the change of EMI SE of 16.1 dB, 

respectively under different strain. More importantly, the device also shows remarkable 

stretchability, bending ability and the self-healing performance. The demonstrated dual-

function device will be highly promising for IR camouflage application and for electromagnetic 

protection. 

2. Results and Discussion 

Figure 1a presents the preparation route and architecture of the device. The device consists 

of two stretchable and self-healing electrodes and one stretchable electrolyte film made of 

polymethylmethacrylate (PMMA)/polycarbonate (PC)/LiClO4, in which styrene ethylene 



butylene styrene (SEBS) and polycaprolactone (PCL) are used as the stretchable materials and 

the self-healing agent, respectively. The fabrication of the PANI/Au/SEBS-PCL (SPA) electrode 

mainly includes three steps: (I) preparation of the SEBS-PCL substrate by electrospinning 

method; [31-36] (II) evaporation of a gold layer onto the SEBS-PCL substrate; and (III) 

electrodeposition of the PANI onto the SPA films. The morphology and structure of the SEBS-

PCL films were investigated. The films are composed of interconnected fibers, which form a 

continuous network (Figure. 1b-1g). The diameter of the fibers varies with respect to the weight 

fraction of SEBS. Beaded structure and relatively thin fibers could be observed in the samples 

of SP6, SP5 and SP4, due to the low weight fraction of SEBS (Figure.S1 and Figure. S2). With 

increasing of the content of SEBS, the diameter of the fibers increases and the fibers become 

uniform significantly (Figure. 1e). The diameter of the fibers has subtle difference between SP8 

and SP9, only about 1-6 μm, implying that there is a small effect on fiber diameter from the 

concentration of SEBS (Figure. 1f and Figure. 1g).  



 

Figure. 1. (a) Schematic illustration for the fabrication of the stretchable and self-healing device 

consisting of the PANI/SPA top electrode, PMMA/PC/LiClO4 electrolytes and the PANI/SPA 

back electrode. (b-d) SEM images of SP7 (b), SP8 (c) and SP9 (d). (e-g) Diameter distribution 

of SP7 (e), SP8 (f) and SP9 (g).  

For materials with the same composition, the main difference between the samples is the 

processing. To investigate the effects of processing, crystallization properties were 

characterized by X-ray scattering. The diffraction peaks of the films located at 19.52 °, 21.79 ° 

and 22.43° correspond to the crystal diffraction peak of SEBS, (110) of PCL and (200) of PCL, 

respectively (Figure. 2a). The decreasing of the content of SEBS induces the enhancing of the 

diffraction peak intensity (110) of PCL. Furthermore, the diffraction peak (200) of SP9 is not 

obvious, which is mainly due to the absence of physical confinement for PCL crystallization 

and the inducing orientation. In order to further confirm the structure of the fibers. Fourier 



transform infrared spectroscopy (FTIR) analysis of the films was carried out (Figure. 2b). The 

characteristic peaks of SEBS are seen in 2920, 2855, 1450, 758 and 698 cm-1 with C-H aliphatic 

groups at about 3,000 cm-1. And the characteristic peak values of PCL at 1239 and 955 cm-1 is 

related to the vibration of C-H, 1719 cm-1 confirms the stretching vibration of C=O, 1158 cm-1 

is the stretching vibration peak of C-O-C and 1367 cm-1 corresponds to the vibration peak of O-

H, which is consistent with the reported literature. [34] The results illustrate that the chemical 

structures of PCL and SEBS do not change during the electrospinning of the composite fibers 

and PCL is successfully integrated into the fiber structures without any deterioration. The Tm of 

the SEBS-PCL composites was determined through differential scanning calorimetry (DSC). 

In the DSC traces (Figure. 2c), the Tm of the composites remain a roughly constant, which is 

the same as the pure PCL, [37,38] regardless of the compositional changes. This phenonmen is 

attributed to the high immiscibility between PCL and SEBS. In Figure. 2c, Figure. S3 and Table 

S3, it is seen that the values of the melting enthalpies (ΔHm) varies linearly with the 

concentration of the SEBS and the crystallinities (χ) of PCL in the SEBS-PCL composites is 

roughly invariant at ca. 37%, indicating that the SEBS domains can not affect crystallization of 

PCL. [31] The results from atomic force microscopy (AFM) also illustrate the macrophase 

separation between SEBS and PCL on the micrometer scale (Figure. S4).  

Mechanical properties of the SEBS-PCL films are critical to their applications, which can 

be probed by their viscoelasticity. Therefore, rheometer was firstly used to evaluate the 

viscoelastic behaviors of the films with different concentration of SEBS, and the results are 

shown in Figure. S5. The samples SP9 shows more solid-like behavior over the frequency range 

at ambient temperature due to the elastic modulus (G′) > loss modulus (G′′), indicating 

mechanical robustness of the elastomers. Compared with the SP9, the G′′ values of SP8 and 

SP7 is higher than G′ with the increased concentration of PCL. This can be explained by the 

gradually decreased elastic component basing on the SEBS with increased ratio of PCL. 

Moreover, as indicated by the high G′′ values of SP6, SP5 and SP4, increasing the concentration 



of PCL endows a more liquid-like character for the SEBS-PCL films, which is important to 

maintain their self-healing performance.  

 

Figure. 2. (a) XRD patterns, (b) FTIR spectra, (c) DSC curves, (d) Stress-strain curves for the 

SEBS films of sample SP9, SP8, SP7, SP6, SP5 and SP4 (e) Mechanical properties of the SP9, 

SP8, SP7, SP6, SP5 and SP4.  

Mechanical properties of the SEBS-PCL films were also characterized by tensile tests, as 

displayed in Figure. 2d. Compared with other reported self-healing electrode, [39-41] these SEBS-

PCL films exhibit either comparable or higher mechanical performance in terms of Young’s 

modulus, extensibility, and ultimate tensile strength. All the films display excellent extensibility 

with elongation at break higher than 100%, which can be further enhanced to 600% by 

increasing the weight ratio of SEBS. Young’s modulus gradually decrease and ultimate tensile 



strength of the films gradually increase with increased ratio of SEBS due to the reduced elastic 

component (Figure. 2e). 

Integrating autonomously self-healing capability into high performance electrode material 

is a promising approach to boost the functionalities and prolong their lifetime. Therefore, the 

self-healing performances of the films were investigated (Figure. S6). All the films were 

scratched by the knife, and then heated for 2 min at 80 °C. The SP4 and SP5 exhibit excellent 

self-healing capability and the scratched parts connect to each other as expected without scar, 

which is attributed to the effect of healing agent of PCL (Figure. S6a, S6b). Meanwhile, it can 

be seen that the fiber structure of the film is destroyed and the films become a string of beads 

gluing to each other (Figure. S6a, S6b). This phenomenon is due to the low melting point of 

PCL (56 °C), which causes the PCL fiber to melt and loss of fiber morphology. Moreover, the 

SP9, SP8, SP7 and SP6 also exhibit self-healing performance (Figure. S6c-S6f). Nevertheless, 

the scratch is not completely repaired, perhaps due to the limited amount of PCL in these films. 

Given the high elasticity and self-healing of the SP8, we chose this formulation for the 

fabrication the stretchable and self-healing electrode.  

In order to prepare the electrode, gold was evaporated on the film of SP8 as the collector 

to form Au/SP8 (SP8A) and its mechanical properties and self-healing were studied. Compared 

with SP8 (Figure. S7a and Movie S1), SP8A can still be stretched more than 300% without 

fracture (Figure. S7b and Movie S2). An electronic circuit of light emitting diode (LED) with 

SP8A was designed to demonstrate further the potential of its electromechanical self-healing 

capability (Figure. 3a, Figure. 3b and Movie S3). LED is turned off after the SP8A is cut off, 

and the brightness of LED is restored after the electrode is heated to 80 ℃ due to the self-

healing of SP8A. The current-time curve further also verifies the self-healing performance of 

the SP8A (Figure. 3b). The current becomes to zero after cutting off the electrode, and returns 

to the original value after being heated. The above results illustrate the outstanding self-healing 

properties of the SP8A. 



 

Figure. 3. (a) Demonstration of the healing process for the SP8A with an LED in series with a 

self-healing conductive strip. (b) The current-time curve of the healing for the SP8A. (c) The 

current-time curve of the self-healing process for the PANI/SP8A film. (d) The cutting and self-

healing states of the PANI/SP8A film. (e) Images captured by microscopy of the self-healing 

process for the PANI/SP8A film.  

 

Figure. 4. (a) SEM image of the PANI/SP8A films with low magnification. (b) SEM image of 

the PANI/SP8A film with high magnification. (c-g) EDS mapping of the PANI/SP8A film 

showing the presence of N, O, S and Cl. 

The healing capabilities for the PANI/SP8A film were also investigated. Notably, the 

PANI/SP8A film can restore the original current after healing at 80 ℃ (Figure. 3c), and the 

scratch can heal after being scratched uncovering its excellent self-healing performances 



(Figure. 3d and Figure. 3e). Afterward, morphology of the PANI/SP8A films was characterized 

(Figure. 4a and Figure. 4b). The PANI is polymerized using the SP8A fibers as a template and 

the SP8A fiber are coated with PANI to obtain the PANI/SP8A fibers. Moreover, the existence 

of chlorine, sulfur, nitrogen and oxygen from the energy dispersive spectroscopy (EDS) 

mapping also further verify the successful polymerization of PANI (Figure. 4c-4g) on the 

surface of the SP8A fibers. On the other hand, the results of EDS also indicate co-doping of 

effect H2SO4-HClO4 for the PANI, but the doping degree of H2SO4 and HClO4 is different due 

to the role of sulfate as proton scavenger [21]. In addition, Figure. 5a-5c show that PANI film 

still coats the SP8A without delamination after being stretched under different strains, 

illustrating the strong adhesion between PANI and SP8A. To determine the working voltages 

of the PANI/SP8A films, the cyclic voltammetry testing was performed (Figure. S8a). The 

characteristic peaks at 0.48 V and -0.27 V are attributed to the transformation from 

leucoemeraldine base (LB) to emeraldine salt (ES) and the transformation from ES to LB, 

respectively (Figure. S8a). Thus, the operating voltages of the PANI/SP8A film are selected as 

0.48 V and -0.75 V due to the complete transformation of PANI between 0.48 V and -0.75 V. 

Subsequently, AC impedance testing was conducted to research the transport of electrons and 

ions between the PANI/SP8A film and the electrolyte. The Nyquist diagrams of the PANI/SP8A 

film at the oxidation and the reduced states are displayed in Figure. S8b. Both of the films show 

a small charge-transfer resistance (2.6 and 11.2 ohm), indicating a favorable charge-transfer 

between the PANI/SP8A film and electrolyte.  

Thermal radiation regulation performances of the PANI/SP8A film were investigated. The 

reflectance of the PANI/SP8A film under 0.48 V and -0.27 V was investigated (Figure. 5d). 

Apparently, the IR reflectance (8-14 μm) of the PANI/SP8A film at oxidation state is lower than 

0.4 due to the higher concentration of polaron, while it is higher than 0.77 at the reduced state 

due to the lower concentration of polaron. [21] This result means that the PANI/SP8A film has 

an IR regulating ability of higher than 0.47, exceeding the notable performances in the literature 



[14-16]. Further, the dynamic modulation of IR reflectance for the under the mechanical 

stimulus was also evaluated (Figure. 5e and Figure. 5f). It is apparent that the reflectance (8-14 

μm) of the PANI/SP8A film decreases as the film is continuously stretched. The reason is as 

follows: In its relaxed state, the film under reduced state features a high reflectance (8-14 μm) 

of ~78% (Figure. 5e). No apparent signals associated with specific functional groups of SP8A 

could be observed, which is due to complete coverage of Au on the SP8A. However, under a 

strain of 60%, the PANI/SP8A film features a reduced reflectance of ~51% (Figure. 5e), and 

signals corresponding to the chemical functionalities of SP8A confirming that the underlying 

SP8A was partially uncovered. Under an increased strain of 90%, the reflectance of the 

PANI/SP8A film decreases to ~42% (Figure. 5e), meanwhile, the intensities of spectroscopic 

signals associated with SP8A increase, due to additional exposure of the underlying SP8A. The 

reflectance of the PANI/SP8A film becomes ~34% under an increased strain of 120%, which 

achieves the change of IR reflectance of 0.44, compared with its original reflectance. On the 

other hand, the PANI/SP8A film at oxidation state can only achieve the maximum change of IR 

reflectance of 0.29 between the strains of 0% and 120%, due to the high IR absorption of PANI 

at oxidation state (Figure. 5f). In general, the change of the reflectance of the PANI/SP8A films 

demonstrates a non-linear dependence on the strain (Figure. S9), with the reflectance decreasing 

by ~13 %, ~27 %, ~35% and 44% in the reduced state and ~15%, ~20%, 26% and ~29% in the 

oxidation state at strains of 30%, 60%, 90% and 120%, respectively. The excellent tunability of 

emittance make them appealing for thermal regulation applications. To demonstrate the 

suitability of the PANI/SP8A film for thermal management, the thermographs of the 

PANI/SP8A film are presented in Figure. S10, Movie S4 and Movie S5. The temperature of the 

PANI/SP8A film at oxidation state is apparently higher than that at the reduced state due to high 

thermal radiation of the PANI/SP8A film at oxidation state. As the PANI/SP8A film is stretched, 

there is the change of 7.8 °C for the PANI/SP8A film at the oxidation state and 13.1 °C at the 

reduced state, further confirming the tunability of thermal radiation for the PANI/SP8A film 



under strain. Thus, the above results showcase that the PANI/SP8A film can not only achieve 

thermal radiation management capability by voltages, but also by mechanical stimulus. 

 

Figure. 5. Optical microscope images of the PANI/SP8A film under a strain of 0% (a), 90% (b) 

and 120% (c). (d) The reflectance of the PANI/SP8A film at oxidation (0.48 V) and reduced 

states (-0.27 V). The reflectance of the PANI/SP8A film at the reduced state (e) and the 

oxidation state (f) under different strains. 

In order to further evaluate the performance of the PANI/SP8A in practical application, a 

device with a sandwich structure was constructed, using PANI/SP8A film as the top electrode 

and the back electrode, PMMA as the electrolyte, and SEBS as the protective layer, respectively. 

And, the thermal management performance was tested. Initially, the electrochemical impedance 

spectroscopy (EIS) analysis of the device was performed to probe the interface performance 

between the electrolyte and electrode (Figure. S11). It is clearly noted that the device exhibits 

a small interfacial impedance, uncovering the excellent interfacial compatibility between the 

electrolyte and the electrode. The device exhibits the IR emittance (8-14 μm) of 0.72 in the 

oxidation state and 0.35 in the reduced state, exhibiting the Δε of 0.37, which is consistent with 

the PANI/SP8A film (Figure. 6a, Figure. S12 and Figure. S13a). Moreover, the intensity of the 

characteristic peak for SEBS in the reduced state is higher than that in the oxidation state, due 

to the high reflection of the reduced PANI/SP8A film, which leads to the IR characteristic peak 



dominated by the protective film of SEBS. Similarly, the IR thermal imaging results show that 

the device at the oxidation state features a hot object with a setpoint temperature of ~32.5 °C, 

and a cold object with a setpoint temperature of ~28.4 °C in the reduced state, which further 

verify the spectral data (Figure. 6b and Movie S6). On the other hand, in respect to mechanical 

stimulus, dynamical modulation of thermal radiation by an applied mechanical stimulus was 

also performed (Figure. 6c and Figure. 6d, Figure. S13, Movie S7 and Movie S8). As shown in 

Figure. S14, the device does not break after being stretched. With the stretching from 0 to 120 %, 

the IR emittance of the device at 8-14 μm under reduced state gradually increases from 0.35 to 

0.78 corresponding to a change of 0.43 (Figure. 6c and Figure. S13b), while that of the oxidation 

state increases from 0.72 to 0.95 corresponding to a change of 0.23 (Figure. 6c and Figure. 

S13a). Furthermore, IR thermal imaging was also used to investigate the dynamic thermal 

regulation performance under the mechanical stimulus. The EC device under oxidation state 

features a setpoint temperature of ~32.1 °C at the relaxed state and ~40.1 °C at the strain state, 

which corresponds to the change of 8 °C, while there is change of 10.1 °C under reduced state. 

The results confirm that the thermal emittance of the device could be rapidly actuated and 

modulated with strain and voltages, which is not available in the reported comparable passive 

materials (Table S1 and Table S2). Except these, the scratched PANI/SP8A film is encapsulated 

into a device, as shown in the Figure. 6e. The scratches on the film are very obvious and 

disappear after heating, demonstrating the self-healing performance for the device.   



 

Figure. 6. (a) The emittance of the device under different voltages. (b) IR thermal images of 

the device under different voltages. (c) The emittance of the EC device at the reduced state and 

the oxidation state under different strains. (d) IR thermal images of the device applying voltage 

under different strains. (e) The self-healing process for the device captured by the IR thermal 

imaging.  

To validate the ability to achieve EMI management under the mechanical stimulus, the 

EMI SE of the PANI/SP8A and EC device was investigated (Figure. 7a and 7b). It is clearly 

observed the average EMI SE for the PANI/SP8A film at initial state reaches 24 dB and 37 dB 

for the EC device in X-band (8-12 GHz), respectively. Moreover, the EMI SE of the EC device 

decreases with increasing strain. After stretched at 150% strain, EMI SE decreases 20.9 dB in 

X-band (8-12 GHz), achieving the change of EMI SE of 16.1 dB compared with the EMI SE 

of the initial state, which is the largest dynamic ranges for any comparable passive materials 

previously reported (Table S1). In addition, we also further tested SER and SEA of the device in 

the X-band. As shown in Figure. 7c, reflectivity rather than absorptivity is the primary 



mechanism in the EMI shielding process. With the stretching of the device, the proportion of 

SEA in the EMI SE gradually increases. The mechanism might be the transmittance of 

electromagnetic wave between interleaving of the fibers from the electrode increases with the 

stretching, resulting in repeated reflection and loss of electromagnetic wave by the fibers inside 

the device (Figure. 7d).The EMI shielding mechanism of the EC device was summarized as 

follows and illustrated in Figure. 7d. Numerous incident electromagnetic waves are 

immediately reflected owing to abundant free electrons and the poor penetrating capacity of the 

electrode on the surface. With an increase of the stretching, the penetrating capacity of the 

electrode for the electromagnetic wave becomes strong and the majority of incident waves can 

pass through the surface of electrode, resulting in the decreasing of EMI SE.  

More specifically, to demonstrate the durability against mechanical stimulation, we tested 

the Δε and EMI SE performances after applying repeated strain and bending. The Δε of the 

device at 8-14 μm is maintained at over 98.7 % after the bending for 300 cycles (Figure. 7e) 

without obvious structure damage. A repeated stretching was performed for 50 cycles. As shown 

in Figure. 7f, the Δε is retained above 99.2%. In addition, the EMI SE of the device could retain 

95.4 % and 97.7 % of the initial value, after the stretching for 50 cycles and bending for 300 

cycles, respectively, (Figure. 7g). The results further indicate the excellent stretchability and 

flexibility of the device. 



 

Figure. 7. (a) SET, SEA and SER of the PANI/SP8A film. (b) EMI SE of the EC device under 

different strains. (c) SEA and SER of the EC device under different strains. (d) Schematic 

illustration of the dynamic EMI shielding mechanism of the device. (e)Δε of the EC device after 

bending for 300 cycles. (f) Δε of the EC device after stretching with 150 % for 50 cycles. (g) 

EMI SE of the EC device after bending for 300 cycles and stretching with 150 % for 50 cycles.  

3. Conclusions 

This paper presents a novel self-healing device with dual-dynamic modulation capability 

of thermal radiation and EMI shielding, as well as outstanding mechanical flexibility. By tuning 

the working voltages and strain, the device displays excellent dynamic tunability in thermal 

radiation and EMI shielding, uncovering the Δε of 0.37 and 0.43 at 8-14 μm under different 

voltages and strains, respectively. Besides, by tuning the strain, the device could achieve the 

change of EMI shielding efficiency (SE) of 16.1 dB. We believe that the device may provide a 

possible dynamic IR and EMI shielding modulation approach for inspiring and bettering many 

thermal and electromagnetic management-related technologies. 



4. Experimental Section 

Materials: PCL (Mn = 80000) was purchased from Solvay. SEBS (G1645 SEBS) was 

provided by Kraton polymers LLC. Tetrahydrofuran (THF) and aniline were purchased from 

Sigma-Aldrich. All the materials were used directly without purification. 

Electrospinning of the SPA films:The mixed solutions of SEBS and PCL were prepared in 

THF. Then, the mixed solution was filled in a 5-mL syringe with a metallic needle, which was 

fixed at a 20-cm distance from a collector covered with aluminum foil. A voltage of 14.5 kV 

was applied to the mixed solution through an electrode connected to the needle. The flow rate 

of the mixed solution was set at 12 mL h-1. Finally, the fibrous film was provided, which was 

then evaporated with the gold to be served as an electrode.  

Preparation of the PANI/SPA films: The aniline solution doped by H2SO4-HClO4 was 

prepared according to our previous work. [21] Then, the PANI film on the SPA substrates was 

polymerized at the 0.74V for 3000 s.  

Preparation of the device: The solution containing 0.7 g acetonitrile, 0.7 g PMMA, 2 g PC 

and 0.3 g LiClO4 was stirred for 0.5 h at 60 ℃ and then cooled to room temperature to provide 

the gel electrolyte. The H2SO4-HClO4 doped PANI films were used as the top electrode and the 

back electrode, respectively to assemble the device with a sandwich structure. A thin SEBS 

film was utilized as the protective layer. 
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