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Abstract: Currently, there is an increasing demand for portable and wearable electronics. This has
necessitated the development of stretchable energy storage devices, while simultaneously maintain-
ing performance. Hence, the electrodes and electrolyte materials used in stretchable supercapacitors
should be robust under severe mechanical deformation. Polymers are widely used in the fabrication
of stretchable supercapacitors. It is not only crucial to choose good polymer candidates with inherent
advantages, but it is also important to design suitable polymer materials for both electrodes and
electrolytes. This mini-review explains the concept of stretchable supercapacitors, the theoretical
background of polymer-based electrodes for supercapacitors, and the fabrication strategies of stretch-
able electrodes for supercapacitors. Finally, we present the drawbacks and areas that still need to
be developed.

Keywords: stretchable supercapacitors; multiwall carbon nanotubes; conducting polymers; deforma-
tion; wearable electronics

1. Introduction

A supercapacitor has a much higher capacitance value than those of general
capacitors [1–6]. However, unlike other capacitors, supercapacitors have lower voltage
limits, which can compensate the performance gradients between rechargeable batteries
and typical electrolytic capacitors [7–17]. A typical capacitor consists of two electrodes,
where the gaps are filled with a dielectric material [18]. Under an applied voltage, the
electrodes pull electrons, and the electrical charge is stored in the space between the elec-
trodes. Simultaneously, the dielectric material placed between the two electrodes becomes
polarized, which helps increase the capacitance. Supercapacitors are similar to typical
capacitors except that they use an electrolytic solution as the wedging material instead of
a dielectric material [19]. When a voltage is applied, an “electric double layer” is created,
which produces positive and negative charges along the boundaries of the electrodes and
electrolytic solution. The electrical charge is accumulated in this double layer. To increase
the charge accumulation, it is important to increase the porosity of the electrodes, in fact,
porous electrodes have a large effective surface area. Activated carbon is the most widely
used for the electrode because of its high porosity.

Energy storage density of supercapacitors is 10–100 times larger than those of elec-
trolytic capacitors; they shows ultra-fast charge and discharge speed [20]. These advantages
make supercapacitors promising candidates for energy storage applications. Supercapaci-
tors differ from batteries in several ways. In batteries, chemical reactions occur between
the electrolytic solution and electrodes [21]. However, in supercapacitors, electrons move
between the two electrodes [22]. Batteries are mostly used with a specific volume and
weight, and they have a high energy density. Meanwhile, supercapacitors have a high
power density; hence, they can be operated at low and high temperatures.
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Since the first patent in 1957 [23], supercapacitors have been widely used in various
fields, such as electric motilities [24], hybridized vehicles [25], and supplementary energy
systems [26]. As mentioned previously, supercapacitors use porous conductors, such as
active carbon [27], carbon nanotubes (CNTs) [28], and graphene flakes [29] as electrode
materials. Owing to their porosity, these electronic conductors provide large interfacial
areas between the electric double layers. However, the brittleness of these conductors limits
their stretchability. Therefore, there have been intensive studies to develop stretchable
electrodes for supercapacitors [30]. Different types of stretchable supercapacitors have been
reported using novel designs, such as serpentines [31], kirigamis [32], meshes [33], and
corrugated structures [34]. However, these structures are fabricated using brittle materials,
which causes fracture when combined with stress concentration. The stretchability can
be improved by adding elastomers [35]; however, the insulating nature of elastomers
adversely affects the performance of the supercapacitors [36].

2. Fundamentals of Supercapacitors

Materials for electrodes of supercapacitors are categorized into electric double-layer
capacitor (EDLC) types (Figure 1a) and pseudocapacitive types (Figure 1b) [37]. The EDLC
type includes carbon-based materials, such as active carbon, template carbons, CNTs,
and graphene [37]. The pseudocapacitive type mostly includes metal oxides, nitrides,
sulfides, conducting polymers (CPs), and polymer composites [37]. EDLCs store energy
via electrostatic accumulation of charge at the interface between the electrodes and the
electrolyte. On the other hand, pseudocapacitors store energy by redox reactions at the
surface; thus, the energy density and specific capacitance of pseudocapacitors are much
higher than those of the EDLC type.
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Figure 2a shows the specific capacitance values of various active materials used in
supercapacitors. The specific capacitance of most carbon-based materials (EDLC type)
is less than 300 F/g [38]. Conductive polymers, such as polyaniline, polypyrrole, and
polythiophene, generally exhibit higher capacitance values than those of carbon-based
materials [39]. Among the CPs, polyaniline has a higher energy storage capability than
polypyrrole and polythiophene [40,41]. For pseudocapacitive types, transition metal oxides
show high specific capacitances owing to their complex electronic states, various crystalline
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phase structures, and tunable nanostructures [37]. Therefore, supercapacitors fabricated
using transition metal oxides show specific capacitance values higher than ~300 F/g.
Hybrid electrodes consisting of CPs and other inorganic electrode materials exhibit even
higher capacitance values [39]. Figure 2b shows the cycling stability and current density
range of typical active materials used in supercapacitors. The supercapacitors using a single
active material or CP-based composites show a similar life cycle, 103–104 cycles. However,
activated carbon and CNT electrodes exhibit large variations in the cyclic life and current
density range for charge/discharge, while porous carbon and graphene show relatively
smaller variations.
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3. Stretchable Supercapacitors
3.1. Hydrogel-Based Supercapacitors

Hydrogels, which are polymer networks containing water, are widely used as ionic
conductors in many stretchable devices [42]. Hydrogels exhibit excellent ionic conductivity,
biocompatibility, toughness and stretchability [43]. Carbon particles are added to hydrogels
to form stretchable electronic conductors, which remarkably increase the performance
of supercapacitors [37]. Song et al. introduced technology for fabricating stretchable
supercapacitors by coating ink on a hydrogel elastomer [44]. Supercapacitors can be
fabricated (Figure 3A) with an ink consisting of mixture of graphene flakes and carbon
nanotubes [44]. A binary solvent consisting of water and diethylene glycol permeates
the percolating network of electrodes penetrated in the polymer matrix [44]. The high
stretchability of the supercapacitor results from the interpenetrating networks. Without
a polymer network, the printed supercapacitor shows low stretchability with the breakage
of the percolating carbon network under small tensile strain. On the other hand, the
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larger strain value under repeated tensile strain can be achieved by interpenetrating the
percolating carbon network with a polymer chain. Sliding of the graphene flakes to CNTs
accommodates the imposed strain without losing their electrical connection significantly.
The entrapped carbon particles in the polymer networks are due to the bigger dimensions
of the carbon particles compared to the mesh size of the polymer chain [44]. The percolating
carbon/polymer network and the tungsten electrodes are reliable under repeated tensile
deformation. Furthermore, the surface area of the carbon particles is not influenced by
the deformation due to their high stiffness. This makes the supercapacitor stretchable and
independent of stress [44]. The fabricated electrode does not show any visible damage after
uniaxially stretching to 5 times the initial dimensions; moreover, it shows high reversibility
(Figure 4a,b). The cyclic voltammetry (CV) curves of the supercapacitor obtained at different
stretching amplitudes are identical, which shows that the capacitance of the supercapacitor
is independent of mechanical stretch. Cyclic stretching was applied at stretching amplitudes
of 1.5, 2, 2.5, 3, 3.5, 4, 4.5, and 5 for a total of 200 cycles. The supercapacitors retained 88.3%
of their initial capacitance after 1600 cycles (Figure 4c,d). The failure of the percolating
network of carbons was analyzed by measuring the resistance change of the electrode
under stretching (Figure 4e). The results show that the resistance increases with stretching
due to tensile deformation [44].
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Figure 3. Fabrication process of (A) a stretchable supercapacitor by coating ink on a hydrogel
elastomer [44], (B) PPy-CPH hydrogel-based supercapacitor [45], (C) graphene-hydrogel using
phenylenediamine-based supercapacitor [46], (D) demonstration of a self-healable supercapacitor
using all-hydrogel materials [47] and (E) all-in-on hydrogel supercapacitor [48]. Reproduced with
permission from ref. [44–48].
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There were more reports on hydrogel-based supercapacitors. For example, in the
work by Zang et al., conducting polymer-based hydrogel composites was prepared by
using a polypyrrole (PPy) and poly(vinyl alcohol)-H2SO4 hydrogel (CPH) hydrogel [45].
As shown in Figure 3B, the composite hydrogels were fabricated through a vapor-phase
polymerization of PPy interpenetrating a cross-linked CPH film. The fabricated composites
showed a stretchability of ~377%. The capacitance was retained even after 10,000 cycles
of folding tests (Figure 4f). Fang et al. also reported a hydrogel-based supercapacitor
where a graphene hydrogel using phenylenediamine was utilized for electrolyte as shown
in Figure 3C [46]. They showed a high stability by retaining 98% of capacitance after
5000 cycles of charge-discharge tests (Figure 4g). Zou et al. demonstrated a self-healable
supercapacitor using all-hydrogel materials [47]. A sandwich structure consisting of the
polyaniline (PANI)-polyvinyl alcohol (PVA) hydrogel electrodes (Figure 3D) provided
a high stretchability of 633%. The fabricated supercapacitor can restore the electrochem-
ical performance by more than half of the initial values after a damage-healing process
(Figure 4h). Furthermore, Yin et al. reported a deformable all-in-one hydrogel superca-
pacitor by using a conducting polymer [48]. The polypyrrole-polyvinyl alcohol/dilute
sulphuric acid-polypyrrole (PHP) sandwiched device (Figure 3E) had 110% of stretch-
ability while retaining > 90% of initial capacitance at 110% of compressive and tensile
strains (Figure 4i,j).

3.2. Rubber Composite-Based Supercapacitors

Stretchable supercapacitors can also be used in wearable and portable devices because
they can withstand large deformations and unexpected tensile strain without significantly
losing their electronic performance [49]. The main challenge in achieving high-performance
stretchable supercapacitors is the accurate tuning of the material composition and structure
for fabrication of stretchable electrodes. Currently, there are various methods for developing
stretchable electrodes and devices, but the following two strategies are commonly used:
(1) structural design for modification of non-stretchable materials into wavy, cellular, mesh,
helical, spring-like, honeycomb-like, and pyramid forms, which allows the material to
endure large deformations or applied stress [49], (2) integration of non-stretchable parts
on stretchable substrates, such as polyurethane, poly(dimethylsiloxane), polyurethane
acrylate, styrene/ethylene/butylene-styrene, and gel electrolyte [50]. The first method is
very complex and expensive, and the fabricated material exhibits a low strain value of
~50% [49]. In the second method, the poor electrical conductivity of the elastic substrates
and dense packing of active materials lead to low specific capacitance and capability rate
of the stretchable supercapacitor [49]. This review discusses a strategy for fabricating
stretchable electrodes with high stretchability and excellent electrochemical performance.

Wang et al. reported stretchable electrodes made up with rubber (ACM)/multiwall
CNTs (MWCNTs) composite film using CPs poly(1,5-diaminoanthraquinone (PDAA) and
polyaniline (PANI) through electro polymerization (Figure 5A) [49]. Among these ma-
terials, ACM (stretchable matrix) enables electrodes to be stretchable while enhancing
the affinity to organic electrolytes [49]. MWCNTs provide effective conductive paths and
facilitate the electro-deposition of CPs. The highest conductivity and good elastic resilience
were achieved at the ACM/MWCNT film with 35 wt.% of MWCNTs [49]. The electro-
chemical performance of the stretchable electrode is improved by the electrodeposition
of CPs, such as PANI and PDAA, onto the ACM/MWCNT films that supports pseudo-
capacitance. The ACM/MWCNTs at PDAA anode and ACM/MWCNTs at PANI cathode
exhibited high volumetric specific capacitances at a current density of 1 mA cm−2, which
are 20.2 and 17.2 F cm−3, respectively (Figure 6a–d). The fabricated supercapacitor exhibits
good pseudocapacitive behavior (Figure 6a) as well as has a fast charge–discharge character-
istic and can be used as a replacement for batteries (Figure 6b,c). A high volumetric capaci-
tance of 2.2 F/cm3 at 1 mA/cm2 are observed for the fabricated supercapacitor (Figure 6d).
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There were more examples of the rubber-based stretchable supercapacitor. In the
work by Yang et al., a rubber fiber-based supercapacitor was introduced (Figure 5B) [51].
Multilayered coatings of CNT and electrolyte on rubber fiber produced a high stretchability
of ~100% while retaining ~98% of capacitance after 1000 cycles (Figure 6e). Suriani et al.
reported a graphene oxide/natural rubber latex nanocomposite-based supercapacitor [52].
They utilized an electrochemical exfoliation method to fabricate the composites as shown
in Figure 5C. Their method achieved higher capacitance values of ~103.7 F/g than those
fabricated with conventional production processes (Figure 6f). Yoon et al. also investi-
gated rubber-based supercapacitors [53]. In their work, a single wall carbon nanotube
(SWCNT) was coated on electrospun rubber nanofibers that was then used as a superca-
pacitor (Figure 5D). The supercapacitor using SWCNT/rubber fiber electrodes showed
a stretchability of ~40% while showing a high volumetric capacitance of ~15.2 F/cm3 at
100 cycles of stretching (Figure 6g). Yu et al. also demonstrated a stretchable supercapacitor
using a rubber-based composite electrode [54]. CNT films were formed on a prestrained
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rubber substrate (Figure 5E) that showed a stretchability of ~200%. The capacitance was
not significantly changed after 20 cycles of stretching (Figure 6h).
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tion charge densities measured in three-electrode mode in 1 M Et4NBF4–AN electrolytes. (a) CV
curves at different scanning rates, (b,c) GCD curves at different current densities, (d) specific ca-
pacitances versus current density [45], (e) change in capacitance of stretchable fiber supercapacitor
under stretching cycles [51], (f) C-V curve of graphene oxide/natural rubber latex nanocomposites-
based supercapacitor [52], (g) change in capacitance of CNT-deposited rubber nanofiber electrode-
based supercapacitor as a function of stretching cycles [53] and (h) capacitance values of isotropic
buckled CNT film-based supercapacitor after cyclic stretching [54]. Reproduced with permission
from ref. [49,51–54].

4. Summary

The development of supercapacitors with high stability and performance has attracted
significant interest in recent years. Stretchable supercapacitors used in wearable and stretch-
able electronics must endure various deformations, which include folding, twisting, and
stretching. Under a given strain, stretchable supercapacitors should not exhibit a decrease
in their performance. The fabrication of stretchable electrodes is a key factor for achiev-
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ing highly stretchable supercapacitors. Stretchable electrodes with intrinsic or increased
stretchability can be fabricated by modifying their structure. Supercapacitors comprising
elastic polymers and stretchable structures are still being developed and studied. However,
some key issues need to be resolved. Furthermore, the energy density of stretchable super-
capacitors should be improved further for practical applications. Moreover, in order to be
applied in the field of wearable electronics, stretchable supercapacitors should withstand
a greater deformation as well.
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Abbreviations

ACM Acrylic rubber
AN Acetonitrile
ATR-FTIR Attenuated total reflectance Fourier transform infrared
CNT Carbon nanotube
CP Conducting polymer
CV Cyclic voltammetry
DETA Diethylenetriamine
DMAc Dimethylacetamide
EDLC Electric double-layer capacitor
Et4NBF4 Tetraethylammonium tetrafluoroborate
FE-SEM Field emission scanning electron microscopy
GCD Galvanostatic charge discharge
MWCNT Multiwall carbon nanotube
oASSC Organic semiconducting single crystal
PDAA Poly(1,5-diaminoanthraquinone)
PANI Polyaniline
QPE Quasi-solid polymer electrolyte
TGA Thermogravimetric analysis
XPS X-ray photoelectron spectroscopy
UV Ultraviolet
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10. Kadlečíková, M.; Breza, J.; Dekan, J.; Jesenák, K.; Vančo, L’.; Bédiová, K. A study of catalyst particles encapsulated inside
multiwalled carbon nanotubes on zeolite and montmorillonite. Microelectron. Eng. 2021, 242–243, 111556. [CrossRef]

11. Liu, H.; Wang, H.; Lyu, Y.; He, C.; Liu, Z. A novel triboelectric nanogenerator based on carbon fiber reinforced composite lamina
and as a self-powered displacement sensor. Microelectron. Eng. 2020, 224, 111231. [CrossRef]

12. Moschogiannaki, M.; Gagaoudakis, E.; Kiriakidis, G.; Binas, V. Effect of the deposition method and substrate on an ultra-stable
CoV2O6 hydrogen gas sensor, operating at room temperature. Microelectron. Eng. 2022, 262, 111819. [CrossRef]

13. Okutan, M.; Evecan, D.; Yıldırım, S.; Özkan Zayim, E.; Deligöz, H. Investigating the effect of electrolyte types with various ionic
liquids on the electrochromic performance of PEDOT:PSS based LbL multilayers. Microelectron. Eng. 2020, 234, 111454. [CrossRef]

14. Renuka, H.; Enaganti, P.K.; Kundu, S.; Goel, S. Laser-induced graphene electrode based flexible heterojunction photovoltaic cells.
Microelectron. Eng. 2022, 251, 111673. [CrossRef]

15. Siraj, H.; Ahmad, K.S.; Jaffri, S.B.; Sohail, M. Synthesis, characterization and electrochemical investigation of physical vapor
deposited barium sulphide doped iron sulphide dithiocarbamate thin films. Microelectron. Eng. 2020, 233, 111400. [CrossRef]

16. Wang, C.-P.; Hsiao, M.-H.; Lee, G.-H.; Chang, T.-L.; Lee, Y.-W. The investigation of electrothermal response and reliability of
flexible graphene micro-heaters. Microelectron. Eng. 2020, 228, 111334. [CrossRef]

17. Yusof, J.M.; Ismail, I.; Yusop, M.R.; Rashid, S.A.; Nong, M.A.M.; Ali, M.H.M. Effect of zinc oxide nucleation on flexible bio based
carbon nanotube cotton via chemical bath deposition method. Microelectron. Eng. 2020, 234, 111439. [CrossRef]

18. Sarjeant, W.J.; Zirnheld, J.; MacDougall, F.W.; Bowers, J.S.; Clark, N.; Clelland, I.W.; Price, R.A.; Hudis, M.; Kohlberg, I.;
McDuff, G.; et al. Chapter 9—Capacitors—Past, Present, and Future. In Handbook of Low and High Dielectric Constant Materials and
Their Applications; Singh Nalwa, H., Ed.; Burlington; Academic Press: Cambridge, MA, USA, 1999; pp. 423–491.

19. Zhao, Q.; Wang, G.; Yan, K.; Yan, J.; Wang, J. Binder-free porous PEDOT electrodes for flexible supercapacitors. J. Appl. Polym. Sci.
2015, 132. [CrossRef]

20. Bird, V.; Ishii, K.; Magazine, G. Electric Double-Layer Capacitor. Available online: https://api.semanticscholar.org/CorpusID:
106402787 (accessed on 16 August 2022).

21. Winter, M.; Brodd, R.J. What are batteries, fuel cells, and supercapacitors? Chem. Rev. 2004, 104, 4245–4270. [CrossRef]
22. Wang, R.; Yao, M.; Niu, Z. Smart supercapacitors from materials to devices. InfoMat 2020, 2, 113–125. [CrossRef]
23. Zaman, N.; Malik, R.A.; Alrobei, H.; Kim, J.; Latif, M.; Hussain, A.; Maqbool, A.; Karim, R.A.; Saleem, M.; Asif Rafiq, M.

Structural and electrochemical analysis of decarburized graphene electrodes for supercapacitor applications. Crystals 2020,
10, 1043. [CrossRef]

24. Vangari, M.; Pryor, T.; Jiang, L. Supercapacitors: Review of materials and fabrication methods. J. Energy Eng. 2013, 139, 72–79.
[CrossRef]

25. Kouchachvili, L.; Yaïci, W.; Entchev, E. Hybrid battery/supercapacitor energy storage system for the electric vehicles. J. Power
Sources 2018, 374, 237–248. [CrossRef]

26. Gidwani, M.; Bhagwani, A.; Rohra, N. Supercapacitors: The near future of batteries. Int. J. Eng. Invent. 2014, 4, 22–27.
27. Gamby, J.; Taberna, P.; Simon, P.; Fauvarque, J.; Chesneau, M. Studies and characterisations of various activated carbons used for

carbon/carbon supercapacitors. J. Power Sources 2001, 101, 109–116. [CrossRef]
28. Yang, Z.; Tian, J.; Yin, Z.; Cui, C.; Qian, W.; Wei, F. Carbon nanotube-and graphene-based nanomaterials and applications in

high-voltage supercapacitor: A review. Carbon 2019, 141, 467–480. [CrossRef]
29. Huang, J.; Wang, J.; Wang, C.; Zhang, H.; Lu, C.; Wang, J. Hierarchical porous graphene carbon-based supercapacitors. Chem.

Mater. 2015, 27, 2107–2113. [CrossRef]
30. Li, C.; Hu, Y.; Yu, M.; Wang, Z.; Zhao, W.; Liu, P.; Tong, Y.; Lu, X. Nitrogen doped graphene paper as a highly conductive, and

light-weight substrate for flexible supercapacitors. RSC Adv. 2014, 4, 51878–51883. [CrossRef]
31. Rajendran, V.; Mohan, A.V.; Jayaraman, M.; Nakagawa, T. All-printed, interdigitated, freestanding serpentine interconnects based

flexible solid state supercapacitor for self powered wearable electronics. Nano Energy 2019, 65, 104055. [CrossRef]
32. Diao, Y.; Woon, R.; Yang, H.; Chow, A.; Wang, H.; Lu, Y.; D’Arcy, J.M. Kirigami electrodes of conducting polymer nanofibers for

wearable humidity dosimeters and stretchable supercapacitors. J. Mater. Chem. A 2021, 9, 9849–9857. [CrossRef]
33. Xu, J.-L.; Liu, Y.-H.; Gao, X.; Shen, S.; Wang, S.-D. Toward wearable electronics: A lightweight all-solid-state supercapacitor with

outstanding transparency, foldability and breathability. Energy Storage Mater. 2019, 22, 402–409. [CrossRef]
34. Bulusheva, L.; Fedorovskaya, E.; Kurenya, A.; Okotrub, A. Supercapacitor performance of nitrogen-doped carbon nanotube

arrays. Phys. Status Solidi B 2013, 250, 2586–2591. [CrossRef]
35. Zhou, L.-Y.; Gao, Q.; Fu, J.-Z.; Chen, Q.-Y.; Zhu, J.-P.; Sun, Y.; He, Y. Multimaterial 3D printing of highly stretchable silicone

elastomers. ACS Appl. Mater. Interfaces 2019, 11, 23573–23583. [CrossRef]
36. Shi, Y.; Ha, H.; Al-Sudani, A.; Ellison, C.J.; Yu, G. Thermoplastic elastomer-enabled smart electrolyte for thermoresponsive

self-protection of electrochemical energy storage devices. Adv. Mater. 2016, 28, 7921–7928. [CrossRef]

http://doi.org/10.1016/j.mee.2020.111359
http://doi.org/10.1016/j.mee.2020.111455
http://doi.org/10.1016/j.mee.2021.111556
http://doi.org/10.1016/j.mee.2020.111231
http://doi.org/10.1016/j.mee.2022.111819
http://doi.org/10.1016/j.mee.2020.111454
http://doi.org/10.1016/j.mee.2021.111673
http://doi.org/10.1016/j.mee.2020.111400
http://doi.org/10.1016/j.mee.2020.111334
http://doi.org/10.1016/j.mee.2020.111439
http://doi.org/10.1002/app.42549
https://api.semanticscholar.org/CorpusID:106402787
https://api.semanticscholar.org/CorpusID:106402787
http://doi.org/10.1021/cr020730k
http://doi.org/10.1002/inf2.12037
http://doi.org/10.3390/cryst10111043
http://doi.org/10.1061/(ASCE)EY.1943-7897.0000102
http://doi.org/10.1016/j.jpowsour.2017.11.040
http://doi.org/10.1016/S0378-7753(01)00707-8
http://doi.org/10.1016/j.carbon.2018.10.010
http://doi.org/10.1021/cm504618r
http://doi.org/10.1039/C4RA11024B
http://doi.org/10.1016/j.nanoen.2019.104055
http://doi.org/10.1039/D0TA11335B
http://doi.org/10.1016/j.ensm.2019.02.013
http://doi.org/10.1002/pssb.201300108
http://doi.org/10.1021/acsami.9b04873
http://doi.org/10.1002/adma.201602239


Micromachines 2022, 13, 1470 11 of 11

37. Wang, Z.; Zhu, M.; Pei, Z.; Xue, Q.; Li, H.; Huang, Y.; Zhi, C. Polymers for supercapacitors: Boosting the development of the
flexible and wearable energy storage. Mater. Sci. Eng. R Rep. 2020, 139, 100520. [CrossRef]

38. Dubey, R.; Guruviah, V. Review of carbon-based electrode materials for supercapacitor energy storage. Ionics 2019, 25, 1419–1445.
[CrossRef]

39. Snook, G.A.; Kao, P.; Best, A.S. Conducting-polymer-based supercapacitor devices and electrodes. J. Power Sources 2011, 196, 1–12.
[CrossRef]

40. Gurunathan, K.; Murugan, A.V.; Marimuthu, R.; Mulik, U.; Amalnerkar, D. Electrochemically synthesised conducting polymeric
materials for applications towards technology in electronics, optoelectronics and energy storage devices. Mater. Chem. Phys. 1999,
61, 173–191. [CrossRef]

41. Shi, Y.; Peng, L.; Ding, Y.; Zhao, Y.; Yu, G. Nanostructured conductive polymers for advanced energy storage. Chem. Soc. Rev.
2015, 44, 6684–6696. [CrossRef]

42. Rong, Q.; Lei, W.; Liu, M. Conductive hydrogels as smart materials for flexible electronic devices. Chem. A Eur. J. 2018,
24, 16930–16943. [CrossRef]

43. Tang, L.; Wu, S.; Qu, J.; Gong, L.; Tang, J. A review of conductive hydrogel used in flexible strain sensor. Materials 2020, 13, 3947.
[CrossRef]

44. Song, C.; Chen, B.; Hwang, J.; Lee, S.; Suo, Z.; Ahn, H. A printed highly stretchable supercapacitor by a combination of carbon ink
and polymer network. Extrem. Mech. Lett. 2021, 49, 101459. [CrossRef]

45. Zang, L.; Liu, Q.; Qiu, J.; Yang, C.; Wei, C.; Liu, C.; Lao, L. Design and Fabrication of an All-Solid-State Polymer Supercapacitor
with Highly Mechanical Flexibility Based on Polypyrrole Hydrogel. ACS Appl. Mater. Interfaces 2017, 9, 33941–33947. [CrossRef]

46. Fang, J.; Zhang, X.; Miao, X.; Liu, Y.; Chen, S.; Chen, Y.; Cheng, J.; Wang, W.; Zhang, Y. A phenylenediamine-mediated organic
electrolyte for high performance graphene-hydrogel based supercapacitors. Electrochim. Acta 2018, 273, 495–501. [CrossRef]

47. Zou, Y.; Chen, C.; Sun, Y.; Gan, S.; Dong, L.; Zhao, J.; Rong, J. Flexible, all-hydrogel supercapacitor with self-healing ability. Chem.
Eng. J. 2021, 418, 128616. [CrossRef]

48. Yin, B.-S.; Zhang, S.-W.; Ke, K.; Wang, Z.-B. Advanced deformable all-in-one hydrogel supercapacitor based on conducting
polymer: Toward integrated mechanical and capacitive performance. J. Alloys Compd. 2019, 805, 1044–1051. [CrossRef]

49. Wang, X.; Yang, C.; Jin, J.; Li, X.; Cheng, Q.; Wang, G. High-performance stretchable supercapacitors based on intrinsically
stretchable acrylate rubber/MWCNTs@conductive polymer composite electrodes. J. Mater. Chem. A 2018, 6, 4432–4442. [CrossRef]

50. Zhang, Z.; Wang, L.; Li, Y.; Wang, Y.; Zhang, J.; Guan, G.; Pan, Z.; Zheng, G.; Peng, H. Nitrogen-Doped Core-Sheath Carbon
Nanotube Array for Highly Stretchable Supercapacitor. Adv. Energy Mater. 2017, 7, 1601814. [CrossRef]

51. Yang, Z.; Deng, J.; Chen, X.; Ren, J.; Peng, H. A Highly Stretchable, Fiber-Shaped Supercapacitor. Angew. Chem. Int. Ed. 2013,
52, 13453–13457. [CrossRef]

52. Suriani, A.B.; Nurhafizah, M.D.; Mohamed, A.; Zainol, I.; Masrom, A.K. A facile one-step method for graphene oxide/natural
rubber latex nanocomposite production for supercapacitor applications. Mater. Lett. 2015, 161, 665–668. [CrossRef]

53. Yoon, J.; Lee, J.; Hur, J. Stretchable Supercapacitors Based on Carbon Nanotubes-Deposited Rubber Polymer Nanofibers Electrodes
with High Tolerance against Strain. Nanomaterials 2018, 8, 541. [CrossRef]

54. Yu, J.; Lu, W.; Pei, S.; Gong, K.; Wang, L.; Meng, L.; Huang, Y.; Smith, J.P.; Booksh, K.S.; Li, Q.; et al. Omnidirectionally Stretchable
High-Performance Supercapacitor Based on Isotropic Buckled Carbon Nanotube Films. ACS Nano 2016, 10, 5204–5211. [CrossRef]

http://doi.org/10.1016/j.mser.2019.100520
http://doi.org/10.1007/s11581-019-02874-0
http://doi.org/10.1016/j.jpowsour.2010.06.084
http://doi.org/10.1016/S0254-0584(99)00081-4
http://doi.org/10.1039/C5CS00362H
http://doi.org/10.1002/chem.201801302
http://doi.org/10.3390/ma13183947
http://doi.org/10.1016/j.eml.2021.101459
http://doi.org/10.1021/acsami.7b10321
http://doi.org/10.1016/j.electacta.2018.04.009
http://doi.org/10.1016/j.cej.2021.128616
http://doi.org/10.1016/j.jallcom.2019.07.144
http://doi.org/10.1039/C7TA11173H
http://doi.org/10.1002/aenm.201601814
http://doi.org/10.1002/anie.201307619
http://doi.org/10.1016/j.matlet.2015.09.050
http://doi.org/10.3390/nano8070541
http://doi.org/10.1021/acsnano.6b00752

	Introduction 
	Fundamentals of Supercapacitors 
	Stretchable Supercapacitors 
	Hydrogel-Based Supercapacitors 
	Rubber Composite-Based Supercapacitors 

	Summary 
	References

