
 

 

 
 
 
 

Highly stretchable pseudocapacitors based on buckled
reticulate hybrid electrodes 

  

Nan Zhang1,2, Pingshan Luan1,2, Weiya Zhou1 (), Qiang Zhang1,2, Le Cai1,2, Xiao Zhang1,2, Wenbin Zhou1,2, 

Qingxia Fan1,2, Feng Yang1,2, Duan Zhao1,2, Yanchun Wang1, and Sishen Xie1 () 

 
1 Beijing National Laboratory for Condensed Matter Physics, Institute of Physics, Chinese Academy of Sciences, Beijing 100190, China
2 University of Chinese Academy of Sciences, Beijing 100049, China 

  

 
 
 

Received: 14 May 2014 

Revised: 20 June 2014 

Accepted: 27 June 2014 

 

© Tsinghua University Press 

and Springer-Verlag Berlin 

Heidelberg 2014 

 

KEYWORDS 

single-walled carbon  

nanotubes, 

supercapacitor, 

stretchability, 

all-solid-state, 

nanocomposites, 

polyaniline 

 ABSTRACT 

In order to develop an excellent pseudocapacitor with both high specific

capacitance and outstanding stretchability to match with other devices applicable

in future wearable and bio-implantable systems, we focus our studies on three 

vital aspects: Stretchability of hybrid film electrodes, the interface between 

different components, and the integrated performance in stretchability and

electrochemistry of supercapacitors based on single-walled carbon nanotube/

polyaniline (SWCNT/PANI) composite films on pre-elongated elastomers. Owing

to the moderate porosity, the buckled hybrid film avoids the cracking which

occurs in conventional stretchable hybrid electrodes, and both a high specific

capacitance of 435 F·g–1 and a high strain tolerance of 140% have been achieved.

The good SWCNT/PANI interfacial coupling and the reinforced solid electrolyte 

penetration structure enable the integrated pseudocapacitors to have stretch-

resistant interfaces between different units and maintain a high performance

under a stretching of 120% elongation, even after 1,000 cyclic elongations. 

 
 

1 Introduction 

In order to meet the growing needs for portable 

electronics applicable in future wearable and bio- 

implantable systems, stretchable electronics, wherein 

circuits can be built- or embedded-in stretchable 

substrates, is emerging [1–5]. A variety of stretchable 

devices based on new structures and materials, such 

as stretchable conductors [6–10], light-emitting diodes 

(LED) [11], and other similar functional devices [12–19], 

have been investigated. To power these functional 

devices in a fully stretchable system, stretchability- 

matched and high performance energy storage devices 

are urgently needed. Owing to their high power 

density and cycling efficiency, some novel super-

capacitors based on carbon materials have been 

fabricated [20–25]. Stretchable supercapacitors [26–31] 

have also gained a great deal of attention as stretchable  
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power supply devices [32–36]. By adopting a pre- 

elongation strategy on an elastomer like polydime-

thylsiloxane (PDMS), several electric double layer 

capacitors (EDLC) with high stretchability have been 

designed [26–29]. Recently, in order to improve the 

specific capacitance of EDLC, pseudocapacitance has 

been introduced in stretchable energy storage devices 

by depositing pseudocapacitive materials on buckled 

Au film [30, 37] or on fabric [38]. However, restricted 

by the stretchability of hybrid pseudocapacitive 

materials and the configuration of the device, the 

stretchability of the buckled electrodes dramatically 

reduces after fabrication, and the limited elongation 

(about 30% elongation) or the poor elasticity of the 

existing device does not match with the fully stretch-

able integrated devices which require over 100% 

elongation [16, 17, 32]. Therefore, it is challenging to 

develop an excellent supercapacitor with both high 

stretchability and good electrochemical properties. 

Essentially, three main issues play the vital roles in 

determining the properties of these supercapacitors 

and are our main focus of concern. The first is how to 

fabricate a hybrid electrode with high stretchability 

of over 100%. According to previous reports, cracks 

are common on the surface of hybrid buckled 

electrodes for stretchable devices, and hybrid films 

tend to form an irregular and large wavelength 

buckled structure, which has a negative influence on 

stretchability [30, 37, 39]. The second is how to 

maintain the good electrochemical performance of 

electrodes with highly stretchable structure. The 

third is how to achieve an interface with a strong 

coupling between different components. The strain 

tolerance of the interface is crucial, particularly for a 

stretchable device with much more complex interfacial 

structures, and is one of the key factors affecting the 

stability and durability of a supercapacitor. 

In this paper, we report a highly stretchable, 

integrated pseudocapacitor based on free-standing 

single-walled carbon nanotube/polyaniline (SWCNT/ 

PANI) reticulate hybrid films. To address the issues 

mentioned above, certain strategies were adopted. 

First of all, we tuned the content of PANI to improve 

the specific capacitance while preserving a moderate 

porosity of the hybrid film, which is the key for good 

network deformation capacity and good electrochemical 

properties. Then, a high interfacial strength introduced 

at the collector/pseudocapacitive materials interface 

ensured the stretch-resistance of the hybrid structure 

during stretching [40–42]. Finally, we adopted an 

electrolyte penetration structure that allowed solid 

electrolyte to infiltrate through the reticulate hybrid 

architecture and be in contact with PDMS, so that a 

good coupling formed at the electrode/elastomer 

interface. Based on these strategies, we achieved 

buckled SWCNT/PANI hybrid electrodes with 140% 

elongation ability, which possessed both an excellent 

specific capacitance of 435 F·g–1 and a high strain- 

tolerance porous structure. Highly stretchable and 

integrated supercapacitors were assembled, which 

retained excellent performance under stretching as 

high as over 120% elongation and could work properly 

even after 1,000 cyclic elongations of 120%. This might 

expand the utilization of pseudocapacitive materials 

for energy storage in highly stretchable electronics 

system. 

2 Experimental 

2.1 Preparation of SWCNT/PANI hybrid films 

Freestanding SWCNT film was prepared by the 

floating catalyst chemical vapor deposition (FCCVD) 

method. More details can be found in our previous 

reports [43]. For purification and modification, the 

SWCNT film was immersed in HNO3 (15 mol·L–1) for 

4 h to remove the impurities and increase the number 

of hydrophilic functional groups (e.g., O=C–OH). 

Hydrophilic films favour the in situ polymerization 

process in aqueous solution [44, 45]. The electrolyte 

for electrodeposition consisted of 0.5 M H2SO4, 0.5 M 

Na2SO4 and 0.05 M aniline in aqueous solution [46]. 

Electrodeposition of PANI was performed in a 

traditional three-electrode cell (a saturated calomel 

electrode was used as reference electrode), as shown 

in Fig. S1(a) in the Electronic Supplementary Material 

(ESM). PANI was electrodeposited under a constant 

voltage of 0.75 V at room temperature. All chemicals 

were analytical grade and aniline was purified by 

distillation. 
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2.2 Preparation of PDMS substrate 

Silicone elastomer (Sylgard 184, Dow Corning) was 

mixed with cross linker (10:1 by weight), and poured 

into a mould. After degassing in a vacuum chamber, 

the mixture was solidified at 70 °C for 0.5–1 h. The 

thickness of PDMS substrate can be controlled by 

adjusting the amount of silicone elastomer base and 

the area of the mould. 

2.3 Preparation of buckled SWCNT/PANI hybrid 

films on PDMS 

A schematic of the preparation of a buckled SWCNT/ 

PANI hybrid film on a PDMS substrate is shown in 

Fig. S1(c) (in the ESM). Silicon PDMS of the desired 

size (5 cm × 3 cm × 0.05 cm) was fixed on the strain 

frame and stretched to 100% pre-elongation. Then, 

the freestanding hybrid film was spread out onto the 

pre-elongated PDMS substrate directly, and ethanol 

was dripped onto the surface of the SWCNT/PANI 

hybrid film to ensure flat and firm adhesion between 

SWCNT/PANI film and PDMS. Finally, the pre- 

elongated PDMS was released to the original length 

and a buckled hybrid film was formed on the PDMS 

substrate. It is important to note that several hybrid 

films can be spread onto the large substrate end to end 

by this method, which will scale up the area of SWCNT 

electrodes and resolve the limitation of SWCNT film 

area for large-scale supercapacitor electrodes. 

2.4 Assembly of the integrated supercapacitors 

Three grams of poly(vinyl alcohol) (PVA) and two 

grams of H3PO4 were added into 30 mL of water, and 

the solution was heated to 85 °C and stirred at this 

temperature for 2 h. Before assembling, metal leads 

were connected to the films. The hot solid electrolyte 

solution (H3PO4–PVA aqueous solution) was dripped 

onto the SWCNT/PANI films and coated over the 

whole electrode by a spin coater. After drying for 2 h, 

two hybrid electrodes with electrolyte gel were 

pressed together and dried for 12 h in a fume hood to 

complete the assembly. 

2.5 Characterization and measurement 

The morphology and the microstructures of SWCNT/ 

PANI hybrid film were characterized by scanning 

electron microscopy (SEM, Hitachi S-4800) and trans-

mission electron microscopy (TEM, Tecnai F20). The 

resistances of the films were measured by a Keithley 

2400 digital SourceMeter. The mechanical properties 

were characterized by a dynamic mechanical analyzer 

(TA GG92-DMA Q800). The apparatus for the stretching 

operation was fixed at 1 cm, and the tensile rate was 1% 

per min. The thickness of the films was measured by 

a stylus profiler (Dektak 8). Cyclic voltammetry curves 

and charge/discharge curves were recorded by an 

electrochemical workstation (CHI 660C). The specific 

capacitance was calculated from the charge/discharge 

curves by using the equation Cs = I × Δt/(ΔV × m), where 

I is the applied current, Δt is the time of discharge, 

ΔV is the window potential, and m is the total mass 

of the two SWCNT/PANI hybrid film electrodes. The 

mass of a hybrid film was measured directly by a high 

precision balance (METTLER TOLEDO UMX2, the 

readability is 0.1 μg, and the repeatability (standard 

deviation) is 0.25 μg). The Raman spectra were 

obtained using a confocal microscopic optical system 

(LabRAM HR800, HORIBA Jobin Yvon Inc.). 

3 Results and discussion 

The free-standing porous SWCNT films with a 

thickness of about 200 nm, as shown in Fig. S2 (in the 

ESM), were prepared directly by an improved FCCVD 

technique [43]. The continuous reticulate architecture 

endows such films with superior electrical conductivity 

(about 2,000 S·cm–1) and higher strain tolerance than 

those of post-deposited SWCNT films. Thus, the as- 

synthesized SWCNT films have enormous potential 

for applications in composites and electrodes [43, 47]. 

The SWCNT/PANI hybrid film was synthesized by 

an in situ electrochemical polymerization technique. 

Figure S1(b) (in the ESM) is the optical image of a 

SWCNT/PANI hybrid film with a thickness of about 

240 nm. However, these hybrid films cannot directly 

meet the demand of highly stretchable electrodes 

(> 100% elongation). Some novel strategies are required 

to deal with the tough issues mentioned in the intro-

duction section. 

To analyze the impact of the electrodeposition time 

on the stretchability, tensile tests on the free-standing 

SWCNT/PANI hybrid films were performed. Figure 1(a) 
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presents the strain–stress curves of the hybrid films 

at different electrodeposition times. With the increase 

of electrodeposition time, the Young’s modulus (the 

slope of the curves) increased but the breaking 

elongation gradually decreased. It is shown that the 

stretchability of the SWCNT films deteriorated sig-

nificantly after forming a composite with PANI, even 

down to half of the original strain tolerance after 

electrodeposition for only 15 s. The results reveal that 

the hybrid films are less suitable for direct use as 

stretchable electrodes than the original SWCNT films. 

However, for the SWCNT/PANI hybrid films, a 

moderate in situ polymerization of PANI is imperative 

for their high specific capacitance and energy density. 

 

Figure 1 (a) Strain–stress curves of the SWCNT/PANI hybrid films at different electrodeposition times (0, 15, 30, and 45 s). (b) The 
conductivity (black squares) and the specific capacitance (red dots) of the hybrid films at different electrodeposition times (0, 15, 30,
and 45 s). (c) The normalized resistance of the buckled SWCNT/PANI hybrid films at different electrodeposition times, where R0 is the 
resistance of the unstretched hybrid films and R is the resistance of the hybrid films under 120% elongation. (d) The normalized 
resistance of SWCNT/PANI films (with 30 s polymerization of PANI) on PDMS with (black squares) and without (blue triangles) a 
buckled structure at different elongation levels, together with a comparative curve of a buckled SWCNT film on PDMS (red dots). SEM 
images of SWCNT/PANI films at different electrodeposition times: (e) 15 s, (f) 30 s, (g) 45 s. SEM images of buckled structures at 
different electrodeposition times before stretching: (h) 15 s, (i) 30 s, (j) 45 s, and after stretching to 120% elongation: (k) 15 s, (l) 30 s, 
(m) 45 s. 
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Therefore, it is vital to minimize the adverse effects of 

PANI in order to achieve both high stretchability and 

excellent electrochemical properties. 

We measured the conductivity and specific 

capacitance of hybrid films formed with different 

electrodeposition times, as shown in Fig. 1(b). The 

conductivity decreased slightly in the early stage and 

then remained almost unchanged, which implies 

PANI does not severely affect the carrier transport in 

an electrode of a supercapacitor. This is probably 

because the highly conductive continuous SWCNT 

reticulations, which play a major role in conductivity 

[6], are preserved as a “skeleton” in the hybrid film, 

and the PANI acting as a “skin” merely affects the 

interbundle contacts [46]. This unique reticulate 

architecture has the advantage of transporting carriers 

and reacting with ions over a large area, ensuring   

a high power density of the supercapacitor while 

increasing capacitance. The specific capacitance of the 

hybrid film reached a maximum value of 435 F·g–1 at 

the deposition time of about 30 s, indicating that 30 s 

is the optimal electrodeposition time in terms of the 

electrochemical properties. Meanwhile, after intro-

ducing PDMS to provide pre-elongation and avoid 

stress concentration (see the scheme in Fig. S1(c)), the 

normalized resistance of the buckled electrodes 

under 120% elongation increased gradually below 

30 s electrodeposition time and rapidly afterwards 

(Fig. 1(c)). Interestingly, this electrodeposition time 

coincides well with that for achieving maximum 

specific capacitance. This result reveals that the three 

vital factors (moderate porosity, ideal stretchability, 

good electrochemical properties) can be achieved 

simultaneously by optimizing control of the electro-

deposition time. More importantly, Fig. 1(b) shows 

that the buckled hybrid film with the PANI electro-

deposition time of 30 s maintained a superior 

conductivity of about 1,500 S·cm–1, which is still much 

higher than the stretchable conductive textile with 

SWCNT ink (125 S·cm–1) [48]. Thus, these results 

enable us to determine the optimal polymerization 

parameters for preparing the best buckled hybrid 

films with both high stretchability and excellent 

electrochemical properties for stretchable super-

capacitor applications. To further reveal the performance 

of the optimal electrode, the dependence of its 

capacitance on the current density is presented in 

Fig. S3 (in the ESM). 

In order to explore the maximum elongation of the 

optimal electrodes, the resistances of periodically 

buckled or flat films on PDMS under different strain 

levels were tested accordingly, as shown in Fig. 1(d). 

For the optimal hybrid film without a buckled 

structure, the resistance increased slightly with the 

strain below 40% elongation and rapidly beyond. 

Contrastingly, the resistance of the buckled optimal 

hybrid film was nearly unchanged up to 140% 

elongation and showed a similar behaviour to the 

buckled pure SWCNT film. It is absolutely vital to 

keep the resistance of electrodes unchanged under 

increasing strain, since the resistance of the hybrid 

film will affect the performance of stretchable super-

capacitors. 

Such an improvement in stretchability and high 

specific capacitance of the buckled optimal hybrid 

film can be ascribed to its unique microstructure. The 

deformation of the reticulate structure is the main way 

to endure strain beyond pre-elongation, and the high 

capacitance also relies on the diffusion of electrolyte 

in the pores. Therefore, retaining the moderate 

porosity is crucial to achieve superior performance in 

mechanics and electrochemistry. Figures 1(e)–1(g) 

show that the pores were filled gradually by PANI 

with increasing electrodeposition time. The optimal 

porous architecture was achieved in the hybrid film 

with an electrodeposition time of 30 s, while the 

other films incorporated insufficient PANI or 

involved many closed pores. The proper porosity of 

the film ensures both high specific capacitance and 

mesh deformation. Once the SWCNT network is filled 

by excessively deposited inelastic PANI, the hybrid 

film with closed pores cannot endure large elongation 

via a free deformation of reticulation. At the same time, 

its specific capacitance declines due to bad diffusion 

of the electrolyte. 

In order to better illustrate the variation of the 

films after elongation, SEM images of the buckled 

structure before and after 120% stretching are presented 

in Figs. 1(h)–1(m). When the electrodeposition time 

was between 0 and 30 s, the small-wavelength buckled 

structure was regular before stretching (Figs. 1(h) 

and 1(i)). After stretching, the morphology of the 
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buckled structure was basically maintained and no 

obvious cracking was found on the surface of the 

hybrid film (Figs. 1(k) and 1(l)). However, when the 

electrodeposition time increased to 45 s, the buckled 

structure was irregular even before stretching (Fig. 1(j)). 

After stretching (Fig. 1(m)), it can be clearly observed 

that the buckled structure was damaged and large 

cracks appeared on the surface of the hybrid film. 

Therefore, under the optimal conditions (30 s electro-

deposition time), the combination of the unique 

network deformation capacity and the buckled 

structure enables the buckled SWCNT/PANI hybrid 

films, with a small wavelength of 3 m and a regular 

structure, to possess both high stretchability and 

good electrochemical properties. Though the reticulate 

hybrid films showed a relatively low breaking 

elongation (Fig. 1(a)), the optimal hybrid film on PDMS 

could still achieve a highly stretchability (140% elon-

gation, Fig. 1(d)), fully meeting the demand of highly 

stretchable hybrid electrodes.  

The process of assembling a supercapacitor is shown 

in Fig. 2(a). The H3PO4–PVA solid electrolyte and 

buckled SWCNT/PANI/PDMS electrodes were prepared 

first. Then, the solid electrolyte solution was dripped 

into the hybrid electrode and spread over the film by 

a spin coater. Finally, the H3PO4–PVA solid electrolyte 

layers on either electrode surface were face-to-face 

glued into one layer as a separator, forming the 

integrated stretchable supercapacitors (as shown in 

Fig. 2(b)), which could power a red LED, as shown in 

Figs. 2(c) and 2(d). 

In this case, the H3PO4–PVA offers three function-

alities: As electrolyte, separator and adhesive, leading 

to a simplified, reinforced and integrated configuration. 

In particular, the third function of the H3PO4–PVA gel 

tends to enhance the interfacial strength between the 

electrodes and PDMS. Figures 3(a)–3(c) illustrate a 

schematic view and SEM images of the interfacial 

structure in an integrated supercapacitor. The 

H3PO4–PVA solid electrolyte penetrated through the 

porous structure and acted as adhesive between 

hybrid electrode and PDMS. As shown in Fig. S4 (in  

 

Figure 2 (a) Schematic of assembling the stretchable supercapacitor. (b) Optical image of the integrated stretchable supercapacitor. 
Optical image of integrated stretchable supercapacitors powering a red LED (c) without elongation and (d) with 120% elongation. 



 

 | www.editorialmanager.com/nare/default.asp 

1686 Nano Res. 2014, 7(11): 1680–1690

 

Figure 3 (a) SEM image of the integrated supercapacitor cross- 
section structure. (b) Schematic of the interfacial structure in the 
supercapacitor. (c) High magnification SEM image of the cross- 
section structure around the hybrid electrode in the super-
capacitor. (d) SEM image of the SWCNT/PANI hybrid bundle in 
the fracture edge. (e) TEM image of SWCNT/PANI hybrid bundles 
after 50 cycles in 120% tensile elongations. The electrodeposition 
time of the hybrid film above was 30 s. (f) TEM image of a pure 
SWCNT bundle. 

the ESM), for the buckled SWCNT/PANI films with 

PVA as an adhesive, the resistance was fairly stable 

during 1,000 cycles of elongation. However, the 

resistance of buckled SWCNT/PANI films without 

PVA varied slightly in the first cycle, but increased 

rapidly after several cyclic elongations. The increase 

in resistance may result from the separation between 

the electrode and PDMS during stretching, which 

might lead to damage of the hybrid film. The strong 

binding between the electrode and PDMS by 

interpenetrating PVA can promote a uniform strain 

transfer and avoid local stress concentrations [6], 

which enhances the stretchability of the hybrid films 

and improving the durability of the device. The 

results demonstrate that the structure of the as- 

integrated stretchable supercapacitor within PVA- 

reinforced interfaces is superior to that based on the 

non-porous metal electrodes or liquid electrolytes. 

It is clear that the excellent and stable performance 

of the supercapacitor relies on the strong interfacial 

coupling between various components. Figure 3(b) 

shows that the configuration of the supercapacitor is 

PDMS/PVA/PANI/SWCNT//PVA//SWCNT/PANI/PV 

A/PDMS, including a series of interfaces, such as 

SWCNT/PANI, PVA/PANI, PDMS/PVA, or PDMS/PANI. 

All the interfacial couplings are between polymers 

and PVA or enhanced by PVA, except for SWCNT/ 

PANI. Thus, it is critical to investigate the effect of  

stretching on the SWCNT/PANI interface. In Fig. 3(d), 

SEM images of the intentionally snapped hybrid film 

show that the PANI coated on the bundles could be 

deformed by the tensile stress along with SWCNT 

reticulation. Raman spectra, shown in Fig. S5 (in the 

ESM), indicate the formation of PANI on the SWCNT 

film. Moreover, in contrast to the TEM image of a pure 

SWCNT film (Fig. 3(f)), the nanoscale layer of PANI 

is clearly observed on the surface of the SWCNT after 

50 stretch/release cycles in Fig. 3(e). No cracking and 

fragmentation is found on the surface of the SWCNT/ 

PANI film. This demonstrates that the interface 

between SWCNT bundles and PANI can endure the 

stress during the stretching process. Two factors may 

be responsible for the good coupling between PANI 

and SWCNT even after stretching. Firstly, hydrophilic 

and clean SWCNT bundles pretreated by HNO3 have 

a better contact with aqueous solution, which enables 

the aniline to polymerize on the surface of bundles 

directly during electrodeposition [41, 46]. Secondly, the 

interaction between SWCNT and PANI is believed to 

involve π–π stacking interactions [40–42], which 

results in a stable interfacial strength. 

Cyclic voltammograms (CVs) are usually used to 

analyze the performance of a supercapacitor. In Fig. (a), 

the CVs of the as-integrated supercapacitor exhibit 

similar shapes within a selected range of potential 

from 5 mV·s–1 to 50 mV·s–1, indicating the stable and 

typical electrochemical performance of the SWCNT/ 

PANI supercapacitor without elongation. The rectan-

gular shape is evidence of a rapid current response 

on voltage reversal and the low equivalent series 

resistance (ESR) for the entire device. Additionally, 

from CV curves in Fig. S6 (in the ESM), it can be seen 

that the supercapacitor composed of the optimal 

films (30 s) achieved the highest specific capacitance. 

Calculated from the typical galvanostatic charge– 

discharge curves of the supercapacitor without elon-

gation (Fig. 4(b)), the specific capacitance is 106 F·g–1 

(at a current density of 1 A·g–1, the mass is the total 

mass of two hybrid films) which is better than that of 

the stretchable supercapacitors reported previously. 

In addition, the energy density is 8.3 W·h·kg–1, and 

the power density is 20.1 kW·kg–1. The galvanostatic 

charge–discharge curves of the 1st, 100th, and 200th 

cycle are presented in Fig. S7 (in the ESM). The specific  
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capacitance maintained 86.3% of its original value 

after 100 cycles and then decreased to 82.6% at the 

200th cycle, which confirms the electrochemical stability 

during cyclic charging and discharging. 

A dynamic test was carried out to test the galvanic 

stability and the maximum elongation of the super-

capacitor. Charge and discharge curves were tested 

with the supercapacitor being stretched at the rate  

of 1.5% elongation per second. Figure 4(c) shows  

that the supercapacitor can be stretched to over 120% 

elongation without any noticeable decay in capacitance, 

which is significantly better than the performance of 

other stretchable pseudocapacitors, and the similar 

shapes of different charge and discharge cycles indicate 

the galvanic stability under elongation. In Fig. 4(d), 

compared with the CV curve of the supercapacitor 

without elongation, the CV curve of the supercapacitor 

with 120% elongation at a sweep rate of 50 mV·s–1 has 

basically the same shape and area. Moreover, the 

capacitance and the coulomb efficiency of the integ-

rated device are also nearly constant under different 

elongation level as shown in Fig. 4(e), indicating the 

 

Figure 4 (a) CV curves of an integrated stretchable supercapacitor without elongation at different sweep rates (5 mV· s–1, 10 mV· s–1, 
and 50 mV· s–1). (b) Charge and discharge curves of an integrated stretchable supercapacitor without elongation at different current 
densities (1 A·g–1, 2 A·g–1, 4 A·g–1, and 10 A·g–1), respectively. (c) Dynamic charge and discharge curves of an integrated supercapacitor 
at a constant current of 10 A·g–1 while the supercapacitor was stretched at a constant speed of 1.5% elongation per second. (d) CV 
curves of an integrated stretchable supercapacitor without elongation and with 120% elongation at a sweep rate of 50 mV· s–1. (e) The 
variations of specific capacitance and coulomb efficiency at different elongation levels. (f) The variations of specific capacitance and 
power density after cyclic elongation of 120% at the tensile rate of 10% elongation per second, where C and P are the specific 
capacitance and power density after a certain number of stretching cycles, and C0 and P0 are the original specific capacitance and power 
density without any elongation, respectively. 
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stability of the stretchable supercapacitor. 

The supercapacitor also exhibits excellent stretch-

ability and stability under repeated cyclic elongations. 

In Fig. 4(f), the black squares and red dots represent 

the variation of normalized specific capacitance (C/C0) 

and power density (P/P0) after 1,000 cyclic elongations 

of 120%, respectively. The specific capacitance retained 

85% of its original value after 200 cycles and then 

remained nearly unchanged up to 1,000 cycles. The 

small decrease in power density implies that the 

supercapacitor has a high and stable power output 

even under a fatigue state, which is very important 

for the practical applications of a supercapacitor. The 

attenuation of performance might be due to an 

increase in resistance and damage of the reticulation 

in the preliminary stage of stretching. After the 

conditioning stage, which stabilizes the hybrid 

reticulate architecture, the specific capacitance and 

the power density gradually become stable. It is 

worth mentioning that the stretchable supercapacitor 

manifests a satisfactory electrochemical stability after 

storage for one month in air. 

4 Conclusions 

We have fabricated a highly stretchable and stable 

pseudocapacitor with excellent characteristics based 

on SWCNT/PANI reticulate hybrid films. Appropriate 

amounts of PANI were electrodeposited on the SWCNT 

continuous reticulation by in situ polymerization to 

improve specific capacitance and preserve the 

porosity. The introduction of a hybrid structure with 

optimized porosity avoids cracking during stretching 

and enables the buckled hybrid electrodes to possess 

high stretchability of 140% elongation and good 

specific capacitance of 435 F·g–1 (for a single electrode) 

simultaneously. Owing to the multi-functionality of 

PVA and the good interaction between conducting 

polymer and SWCNTs, the supercapacitor has not 

only an optimal configuration but also strong stretch- 

resistive interfaces between different components. 

Due to the adoption of these unique strategies, the 

integrated stretchable supercapacitor achieves improved 

specific capacitance of 106 F·g–1 and high stretchability 

of over 120%. It works well even after 1,000 cyclic 

elongations of 120%, which is significantly superior 

to the conventional stretchable supercapacitors 

fabricated using other materials and shows more 

promise for applications in highly stretchable energy 

storage devices. The stretchable and reticulate 

SWCNT/PANI nanocomposites can also be used in 

biomimetic and portable devices, such as cyber skin 

for robots and electrodes for wearable electronic 

systems. With the improvement in design and 

assembling techniques, high performance stretchable 

supercapacitors along with other stretchable functional 

devices should greatly change people’s life-style in 

the future. 
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