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and opening up novel application oppor-
tunities is consistently and significantly 
considered. Electronic devices that can be 
flexible, bendable, foldable and stretch-
able, such as wearable electronics, elec-
tronic papers, smart clothes, electronic 
skins, displays, bendable smart phones 
and implantable medical devices, have 
been required urgently.[2] As a result, to 
power these devices, there is a persistent 
need for developing equally flexible[3] and 
stretchable[4] energy-storage systems that 
can be conformal with deformation while 
retaining their electrochemical functions.

LIBs are one of the most ideal can-
didates of power sources for electronic 
devices owing to high energy density 
and power density, and cycle life.[5] In 

comparison to LIBs, SCs endow high power density and 
moderate energy density, which have also attracted growing 
attention in recent years.[6] Conventional LIBs and SCs are 
typically rigid and heavy, due to the currently used fabrica-
tion processes based on slurry-casting method and tradi-
tional configuration. The conventional electrode is prepared 
by coating slurry containing active materials, conductive 
materials (carbon black) and polymer binder on current 
collector and followed by drying and pressing. The elec-
trode materials are therefore easily detached from the cur-
rent collector, and it is difficult for metallic current collec-
tors to recover to their original shape by repeated bending/
releasing, which in turn deteriorates the electrochemical 
performance. The delaminated electrode materials are 
even able to penetrate separator and subsequently cause 
short circuit and thermal runaway. LIBs and SCs consist 
several main components including cathode and anode, 
separator/electrolyte, current collector and package mate-
rials.[7] All of the components are required to be capable 
to be deformed with a compatible feature for flexible and 
stretchable LIBs and SCs. Since the conventional compo-
nents are not deformable enough, it is highly desirable that 
all of them should be replaced by the deformable new ones. 
Currently, the investigation of flexible and stretchable LIBs 
and SCs face three key challenges: i) design and fabrication 
of flexible and stretchable electrodes; ii) electrochemical per-
formance stability at dynamic status; iii) high energy density 
and power density. The development in the field of flexible 
and stretchable energy-storage systems is still at the early 
stage of lab research. Hence, exploring novel approaches for 
flexible and stretchable energy storage remains an urgently 
academic and industrial challenge.[8]

Energy-storage technologies such as lithium-ion batteries and supercapaci-
tors have become fundamental building blocks in modern society. Recently, 
the emerging direction toward the ever-growing market of flexible and 
wearable electronics has nourished progress in building multifunctional 
energy-storage systems that can be bent, folded, crumpled, and stretched 
while maintaining their electrochemical functions under deformation. Here, 
recent progress and well-developed strategies in research designed to accom-
plish flexible and stretchable lithium-ion batteries and supercapacitors are 
reviewed. The challenges of developing novel materials and configurations 
with tailored features, and in designing simple and large-scaled manufac-
turing methods that can be widely utilized are considered. Furthermore, the 
perspectives and opportunities for this emerging field of materials science 
and engineering are also discussed.

1. Introduction

Ever-increasing energy demands and depleting fossil fuel 
resources require the exploration of sustainable energy-conver-
sion and energy storage systems that are reliable, low-cost and 
environmentally friendly, which is one of the key challenges 
that our society is facing. We have seen very impressive pro-
gress in developing electrochemical energy-storage systems 
such as lithium-ion batteries (LIBs) and supercapacitors (SCs) 
for the applications ranging from portable devices and electric 
vehicles to grid-scale energy-storage systems over the last two 
to three decades.[1] In recent years, owing to the perspective 
and expectation toward high-tech designs and products with 
more advanced functions and technological innovations by 
consumers in our modern society, exploring applicable devices 
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design concepts, fabrication methods, and electrochemical and 
mechanical performances for flexible and stretchable energy-
storage devices, especially focusing on LIBs and SCs, are exten-
sively covered. There has been considerable research on flexible 
energy-storage systems over more than one decade, while the 
stretchable batteries and SCs have not attracted much attention 
since 2009.[4b,9] We therefore first highlight the latest achieve-
ments of flexible batteries and SCs since 2010, dividing by sec-
tions of electrode, electrolyte, integrated battery systems and 
other batteries beyond LIBs. We follow with a detailed presenta-
tion on stretchable LIBs and SCs by the same dividing chapters 
as the sections of flexible LIBs and SCs. In the last section we 
describe an overview of the recent achievements and challenges 
on flexible and stretchable energy-storage systems with a dis-
cussion of the perspectives and opportunities. A timeline sum-
marizing the main milestones are illustrated in Figure 1, which 
indicates the history of the development of stretchable SCs and 
batteries.

2. Flexible Energy Storage

To power wearable electronic devices, the energy-storage sys-
tems require flexible, high energy density, excellent long-term 
stability as well as good rate capability, lightweight and low 
cost.[3b] Although a considerable effort has been devoted to 
investigate flexible energy-storage systems such as LIBs and 
SCs, this field remains at the early stages of development, where 
the electrochemical performances of the currently reported flex-
ible LIBs and SCs is far from the level of conventional rigid 
devices and the requirements of practical applications. Because 
LIBs and SCs usually consist of several components including 
anode, cathode, separator, electrolyte, current collector and 
package, all of the components must be capable to be deformed 
with compatibility for flexible LIBs and SCs. As a result, the 
major strategies focus on the following aspects: i) preventing 
of leakage and internal short-circuits during repeatable bending 
or folding, for the case of using liquid electrolyte that can be 
simply injected into sealed package; ii) maintaining good con-
tact between each component; iii) high energy density and long 
cycle life without decay during operation at bending or folding, 
which is the most challenging.

2.1. Flexible Lithium-Ion Batteries

Since first introduced in 1991, LIBs have been attracted 
growing attention and have been extensively applied as power 
source for portable electronic devices, electric vehicles as well 
as large-scaled energy-storage systems, owing to high energy 
density, long-term cycle life, good stability and high operating 
voltage.[5] Accordingly, LIBs is one of the most ideal candidates 
for flexible energy-storage systems for the applications of wear-
able devices, bendable displays, implanted medical devices and 
so on. However, currently, the most developed batteries are 
rigid and heavy due to the commonly used fabrication method 
and the metallic current collectors. Therefore, to further expand 
the practical applications of LIBs in flexible electronic devices, 
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a large number of approaches of batteries with flexible, bend-
able and foldable ability have been reported, which are mainly 
on the various designs on electrode configuration or integrated 
battery system and nanostructured materials with excellent 
electrochemical and mechanical performances, as is aforemen-
tioned. In this section, we will highlight recent progress in 
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Figure 1. A brief chronology of the development of stretchable energy-storage systems. Images reproduced with permission as follows: “Based on 
stretchable, porous and conductive textiles”: reproduced with permission[10b] Copyright 2010, American Chemical Society. “Micro-SCs based on ser-
pentine interconnections”: reproduced with permission.[10e] Copyright 2013, American Chemical Society. “Mg batteries based on buckled polypyrrole 
microfilms”: reproduced with permission.[10c] Copyright 2011, Wiley-VCH. “MnO2–Zn alkaline battery embedded in stretchable fabric”: reproduced 
with permission.[10d] Copyright 2012, Wiley-VCH. “Fiber-shaped SCs”: reproduced with permission.[10g] Copyright 2013, Wiley-VCH. “Printable stretch-
able SCs”: reproduced with permission.[10l] Copyright 2015, Wiley-VCH. “3D porous sponge-inspired stretchable electrode for LIBs”: reproduced with 
permission.[10r] Copyright 2016, Wiley-VCH. “LIBs based on serpentine interconnects”: reproduced with permission.[10h] Copyright 2013, Macmillan Pub-
lishers Limited. “Origami battery”: reproduced with permission.[10] Copyright 2014, Macmillan Publishers Limited. “Hierarchically buckled sheath–core 
fibers.”[10n] Copyright 2015, American Association for the Advancement of Science.
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electrolytes for LIBs, as well as integrated battery systems and 
the batteries beyond LIBs, since 2010.

2.1.1. Flexible Electrodes

One of the most crucial keys is developing flexible electrodes 
for LIBs, due to the intrinsic flexible feature for separator and 
package materials. The traditional method for preparation of 
cathode and anode materials is mainly based on slurry coating 
on metallic current collector. Electrode slurry usually contains 
active material, conductive material (carbon black) and polymer 
binder (poly(vinylidene fluoride), carboxymethyl cellulose, 
styrene butadiene rubber), in which active material is the 
dominant content. As a result, based on the traditional manu-
facture method, the electrode materials are easy to be detached 
from current collector by repeatable deformation. Hence, 
diverse methods are currently carried out to explore flexible 
electrode materials with high electronic/ionic conductivity and 
without significant electrochemical performance decay during 
bending or folding, as alternatives to the conventional elec-
trodes used in flexible LIBs. The multilayers of separator sand-
wiched by two electrodes presents the general stack in LIBs, 
using two-dimensional (2D) through-plane electrode structure, 
where various configuration designs have been demonstrated 
to achieve flexibility, including paper-like, textile, sponge, wire-
shape structure, etc. Moreover, novel electrode architectures 
such as 2D in-plane electrode and three-dimensional (3D) 
electrode have also been adopted in flexible batteries, showing 
improved electrochemical and mechanical performances. Var-
ious electrode structures together with flexible designs will be 
discussed in the following sections in sequence.

2.1.2. Flexible 2D Electrode Configuration

Paper-Like Configuration: In the most recent development of 
flexible LIBs, electrode materials of paper-like structure based 
on either freestanding membrane or coated on flexible sub-
strate have been widely reported. The paper-like structure can 
provide flexible, thin and lightweight features, large-scale, 
energy-efficient productions, and high surface area for reagents 
to be stored. 3D porous paper-like structure also allows fast 
access of electrons and ions transport across the entire struc-
ture. In  addition, the paper-like energy-storage systems hold 
great promise to be fully integrated with flexible electronics 
devices. Materials including carbon materials (carbon nano-
tubes (CNTs), carbon nanofibers (CNFs), graphene), conductive 
polymers and composite materials are commonly used as 
conductive network or current collector.[11]

CNTs are seamless cylindrical nanostructure of one or more 
layer of one-atom-thick sheets of carbon (graphene) with open 
or closed ends, which have extremely interesting properties of 
high electronic conductivity and flexibility. CNTs therefore are 
valuable for various applications of materials science and tech-
nology.[12] Yi Cui’s group at Stanford University is the pioneer 
of flexible LIBs. Cui and co-workers[13] demonstrated flexible 
paper LIBs using paper as separators and freestanding conduc-
tive paper (CNT thin films) as current collectors, as shown in 

Figure 2a. CNT thin films were coated on a stainless-steel sub-
strate based on a solution process and then electrode materials 
were applied to the CNT film. Finally, the double layer LiCoO2 
(LCO)/CNT or Li4Ti5O12 (LTO)/CNT film could be lifted off. 
The LIB materials and current collectors were integrated 
onto a paper through an easy lamination process. This novel 
paper battery showed high electrochemical performance and 
mechanical properties. Figure 2b displays the voltage profile 
at first cycle of the flexible paper LIB, indicating high specific 
capacity of about 130 mA h g−1. High Coulombic efficiency 
and low discharge retention are also shown in Figure 2c. For 
practical applications, high energy density is required. Com-
pared with previous reported work, this thin and flexible LIB 
with thickness of ≈300 μm showed a higher energy density of 
108 mW h g−1, based on the total mass. CNT-based composite 
materials have also attracted much attention as flexible elec-
trodes for LIBs, which combine all features from each compo-
nent. Later, Zheng et al. reported a three-dimensionally (3D) 
interconnected hybrid hydrogel system via a CNT–conductive-
polymer network architecture for flexible LIB electrodes.[14] 
As shown in Figure 2d, super-long CNTs with diameters of 
30–80 nm and length of up to 1 mm and active nanoparticle 
materials were well dispersed in poly(3,4-ethylenedioxythio-
phene) doped with poly(4-styrenesulfonate) (PEDOT:PSS). The 
authors believed that unlike previously reported conducting 
polymers that are fragile and are not compatible with aqueous 
solution, the current studied interpenetrating network of the 
CNT–conducting-polymer hydrogel exhibited high conduc-
tivity as well as good mechanical properties. As a result, high 
electrochemical performance with good mechanical ability 
was found, which indicates that the flexible TiO2 electrodes 
achieved a capacity of 76 mA h g−1 and the flexible SiNP-based 
electrodes showed a high areal capacity of 2.2 mA h cm−2 at 
0.1C rate, as shown in Figure 2f. This novel paper-like batteries 
based on CNT–conductive-polymer network can be afforded 
for practical applications. Based on CNTs and their compos-
ites, paper-like structural electrodes for flexible LIBs have been 
proposed in many related reports.[15]

Meanwhile, in recent years, for flexible electrodes, carbon 
related materials such as graphene that is a new class of two-
dimensional (2D) carbon nanostructure of one-atom-thick 
sheets with a covalently bonded honeycomb arrangement, has 
also attracted great attention owing to its high electronic and 
ionic conductivity, chemical stability, flexibility, and mechanical 
properties.[16] Graphene paper was first adopted in LIBs by 
Wallace and co-workers.[17] They synthesized stable graphene 
aqueous dispersions from commercially available, low cost 
graphite. The ultrastrong and highly conductive paper-like 
membrane was prepared by vacuum filtration using the gra-
phene aqueous dispersion, which showed a smooth surface 
with a shiny metallic luster on both sides. Recently, Chen and 
co-workers reported a paper-like high-performance flexible LIB 
electrode by combing centimeter-size high quality black phos-
phorus (BP) with highly conductive graphene sheets. This 
electrode based on BP-graphene hybrid paper showed highly 
flexible behavior and good electrochemical performances. A 
high specific capacity of 501 mA h g−1, excellent rate capability, 
and prolonged cycling performance at a current density of 
500 mA g−1 have been achieved.[18]
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Furthermore, graphite oxide (GO) and reduced graphite 
oxide (rGO) have also been used in a large number of applica-
tions, which are layered carbon materials with oxygen func-
tional groups and defects.[19] Wang et al.[20] demonstrated a 
self-supporting binder-free Si-based anode by the encapsula-
tion of SiNWs with dual layers of an overlapping graphene 
sheath that prevented the direct exposure of the encapsulated 
silicon to the electrolyte and an rGO overcoat, as a mechani-
cally strong and flexible matrix to accommodate the volume 
change during charge/discharge. Flexible Co3O4/rGO com-
posite aerogels as binder-free anodes, where the Co3O4 nano-
particles are integrated in an interconnected rGO network 
were reported recently.[21]

Additionally, interesting work on freestanding silicon nano-
wire (SiNW) paper with the combination of macroscopic flex-
ibility and transparency features, which is used as Si anode 
in LIBs, was reported by Pang et al.[22] They demonstrated a 
simple syntheses by gas flow directed assembly of intercon-
nected SiNWs with 10 nm diameter by free-catalyst thermal 
evaporation using a vertical high frequency induction furnace. 
After coating a layer of graphene, this Si anode showed high 
electrochemical performances of 5336 and 2699 mA h g−1 for 
charge and discharge capacities at current density of 1A g−1 for 
the first cycle.

Therefore, considerable effort has been devoted on paper-like 
electrodes based on various carbon-based and polymer-based 
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Figure 2. a) Schematic of the lamination process and picture of the paper-like LIB before encapsulation for measurement. b) Galvanostatic charging/
discharging curves of a laminated LTO–LCO paper battery. c) Cycling performance of LTO–LCO full cells. a–c) Reproduced with permission.[13] Copy-
right 2010, American Chemical Society. d) Schematic of the electrode materials using active nanoparticles, CNT and PEDOT:PSS. e) Photograph of 
the flexible TiO2–PEDOT:PSS–CNT film. f) Cycle galvanostatic charge/discharge curves of an electrode at C/10. d–f) Reproduced with permission.[14] 
Copyright 2014, Wiley–VCH.
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Sponge/Porous Configuration: Apart from the most studied 

paper-like approaches, flexible electrodes inspired by 3D con-
ductive interconnected network of foam or sponge structure 
have also been employed with varying degrees of success in 
using in flexible LIBs. Compared with conductive network 
structure discussed in previous section, the foam-like structure 
has an interconnected conductive network that can guarantee 
high electrical conductivity. The preparation of 3D graphene 
foams (GFs) by template-directed chemical vapor deposition 
(CVD) was first demonstrated by Cheng’s group.[23] The GFs 
consist of an interconnected flexible network of graphene, 
which have high electrical conductivity, lightweight and flexible 
feature. Based on this unique structure, several flexible elec-
trodes for LIBs have been explored. Li et al.[24] reported flexible 
LTO/GF and LiFePO4(LFP)/GF hybrid materials for LIBs by in 
situ hydrothermal deposition of active materials on GF followed 
by heating in Ar atmosphere, using GF as current collector.

Various flexible anode materials have also been demon-
strated.[24,25] Ruoff’s group[25e] reported a 3D nitrogen-doped 
porous graphene/graphite foam by simply in situ activation 
of N-doped graphene on a GF scaffold, and a flexible electrode 
based on nitrogen-doped graphene/SnO2 foam with an inte-
grated macroscale film and interconnected micro-/nanofoam 
architecture was also investigated recently.[25a,d] Porous α-Fe2O3 
nanorods onto CNT–GF showed >1000 mA h g−1 capacities 
at 200 mA g−1 up to 300 cycles without obvious fading.[25c] 
A sponge-like anode of CNT–graphene–Si composites with 
improved electrochemical performances for LIBs have also 
been reported. The assembly of CNTs and graphene created 
void that allows the volume expansion of Si, while maintains 
fast electron transport.[25h] In addition, porous CNT sponge-like 
structure was also adopted as the backbone on which active 
electrode materials were deposited.[26]

Textile Configuration: A textile or cloth is a thin, flexible 
sheet of material formed by weaving or knotting natural or 
artificial fibers (yarn or thread), which is a promising can-
didate for energy-storage sytems.[27] Carbon fiber textile or 
cloth with 3D network architecture shows high electronic 
conductivity and mechanical properties, which can be 
adopted as soft collector by a replacement of the traditional 
metal current collector. In recent years, many researchers 
prepared flexible conductive textile by coating preexisting 
cotton or polyester textile (woven or non-woven, knitted) with 
various conductive carbon or active electrode materials for 
flexible or stretchable batteries or SCs.[10b,28] Cui’s group was 
the pioneer in the study of flexible batteries and SCs in tex-
tile structure.[10b,28] In 2010, Cui’s group first demonstrated 
flexible and stretchable pseudocapacitor textiles.[10b] The tex-
tile conductor is simply prepared by dispersing CNTs ink in 
water on a polyester fiber textile, which is highly conductive 
(electronic conductivity is 1300 S cm−1) and porous. There-
fore, this conductive textile is an ideal candidate as current 
collector for flexible electrodes. Later in 2011, Li-ion textile 
batteries with high areal mass loading using this 3D porous 
textile conductor as current collector were reported.[28a] 
The area mass loading is 140 170 mg cm−2, which is about 
7–8 times higher than traditional LIBs.

In addition, carbon fiber cloth can be obtained by carboniza-
tion of polymer-based cloth with high electronic conductivity. 
Flexible LTO and LiMn2O4 (LMO)/carbon composites textiles 
were reported. TiO2/MnO2 nanosheets were first deposited on 
the highly flexible carbon textiles by electrostatic interaction and 
then were transformed in situ into LTO/LMO by chemical lithi-
ation. This resulting 3D porous textile electrode showed various 
advantages including the reduced Li+/e− diffusion length, the 
easy access of electrolyte ions, delivers excellent rate capability 
and good cyclic stability. An interesting work reported by Lui 
et al.[29] demonstrated a flexible and 3D ordered macroporous 
TiO2 electrode using a polystyrene colloidal crystal template 
on carbon cloth, which showed significant improvements over 
conventional nanoparticle electrodes without the use of binder 
or other additive. Zhong Lin Wang’s group[30] designed a self-
charging power system by integrating a whole-textile triboelec-
tric nanogenerator with a flexible LIB. The current collectors 
were synthesized by electroless plating Ni on insulating poly-
ester fabrics.

2.1.3. Flexible 3D Electrode Configuration

The kinetic problems associated with the solid-state transport 
of Li-ion into electrodes materials have an effect on the electro-
chemical performance of batteries. For current traditional LIBs 
with planar electrodes, the transport of Li-ions is reduced by the 
dense structure of the electrodes. Therefore, developing novel 
electrode materials and structures with high active specific 
surface area and high ion/electronic conductivity is the main 
challenge. As a result, various 3D electrode design using nano-
structure materials with advanced properties of optimizing 
the ionic/electronic current paths, large surface area, better 
permeability, have been widely exploited in LIBs with high 
specific capacity and good rate capability.[31] In addition, con-
ventional electrodes require polymer binder and carbon black 
to mix together with active electrode powders, which not only 
reduces the percentage of active materials but also introduces 
undesirable interfaces in the electrodes. Hence, many types of 
3D architecture electrodes have been described as alternatives 
to conventional electrodes in batteries to achieve better perfor-
mances. 3D architectures such as aligned array, wire-shaped 
structure, porous scaffolds, and so on have been reported, as 
shown in Figure 3. General speaking, the electrode with sponge 
and textile configuration are also 3D architectures that can offer 
fast pathway for Li-ions and electrons.

Array Configuration: Aligned array of nanostructured mate-
rials have applied in LIBs, owing to its high specific surface area, 
reduced conduction pathway and enhanced mechanical perfor-
mance. Cui’s group developed Si nanowires as anode, which 
could improve the accommodation with large volume changes 
to avoid the initiation of fracture, unlike the conventional bulk 
or micrometer-sized materials, and also could increase electri-
cally contact and efficient charge transport.[35] However, flexi-
bility was not indicated. In addition, aligned arrays of CNTs 
have particularly attracted much attention used in soft batteries 
as their 3D architecture offers both flexibility and mechanical 
robustness.[36] Ajayan’s group demonstrated a flexible CNT–
copper oxide–poly(vinylidene fluoride) (CNT–Cu2O–PVDF) 
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free-standing membrane, which is adopted as an electrode-
separator material for LIBs.[36] Aligned CNTs were synthesized 
on a steel substrate by a chemical vapor deposition (CVD) 
process and were then coated with Cu2O using electrodeposi-
tion. The poly(vinylidene fluoride-hexafluoropropylene) (PVDF-
HFP)–SiO2 composite polymer electrolyte was infiltrated to 
embed the hybrid nanoarray. The electrolyte membrane was 
porous by phase inversion to increase its uptake of the liquid 
electrolyte and improve ionic conductivity. The freestanding 
and flexible electrode was obtained by peeling from the sub-
strate. The result revealed that this hybrid electrode showed an 
enhanced discharge capacity (2.3 mA h cm−2) in comparison to 
pure CNTs (1.2 mA h cm−2). This design sheds light on a used 
approach for the applications requiring lightweight and minia-
turized batteries.

Furthermore, several work demonstrated 3D array structured 
electrodes for LIBs based on various materials, including Co3O4 
nanowires arrays,[37] SnO2/Fe2O3 composite nanotube array,[38] 
TiO2–C/MnO2 core–double-shell nanowires array[39] and 
LTO–C nanotube arrays.[32] As shown in Figure 3a, Liu et al.[32] 

developed a flexible and self-supported LTO–C nanotube array 
with high conductivity architectures for application in LIBs. 
ZnO hexagonal nanorod arrays were used as template to pre-
pare TiO2 nanotube arrays first and then LTO nanotube arrays 
were obtained by chemical lithiation and post-annealing pro-
cesses, and finally LTO–C nanotube arrays were prepared by 
carbonization of glucose that was adsorbed on the inner and 
outer surfaces of nanotubes. This LTO–C nanotube arrays 
exhibited good rate capability (121 mA h g−1) and long cycle life, 
attributed to the increased electroactive interface for transfer of 
Li-ions during charge/discharge and much improved electronic 
conductivity via the both inner and outer surface-coating of 
carbon layers.

Wire-Shaped Configuration: The shape of batteries is a critical 
limiting factor for the application in practical devices. As is 
well known that our clothes can afford various deformations, 
such as folding, twisting and stretching, inspired by which 
building wire-shaped batteries have been explored. Like aligned 
array structure, wire-shaped configuration used for electrodes 
in LIBs also can supply advantages such as improved Li-ions 
and electrons.[40] Meanwhile, wire-shaped electrodes are omni-
directional flexibility and can be interconnected/woven in tex-
tile and then are installation freedom for electronic devices, 
which is over conventional sheet-like batteries.[41] The first 
cable-like LIB was reported by Kwon et al.,[42] which could be up 
to very high levels of flexibility that have never been approached 
before. This cable-type LIB basically comprises several anode 
strands that were coiled into a hollow spiral core, a modified 
poly(ethylene terephthalate) (PET) nonwoven as separator 
and a coating layer of cathode. Due to the large specific area 
of anode, this cable battery showed excellent charge/discharge 
behaviors and good capacity retention. However, the specific 
capacity of 1 mA h cm−1 is low and long cycle performance was 
not observed. In addition, this cable battery was relatively too 
big with a millimeter ranged diameter to be woven into various 
textile structures.

Huisheng Peng’s group from Fudan University is the pioneer 
in the research of flexible and stretchable batteries, especially 
on wire-shaped structure. Peng and co-workers[33] believed that 
wire-shaped batteries could be scaled up for practical applica-
tions due to the well-developed textile technology. They indicated 
a new, twisted, aligned multiwalled carbon nanotube (MWCNT)/
Si[33] and CNT/Si[43] composite fiber as anodes for flexible, wire-
shaped LIBs. As shown in Figure 3b, Si was first deposited on 
the MWCNT sheet through an atomic layer deposition (ALD) 
method, which could not only exploit the high specific capacity 
of silicon and the good electrical conductivity of MWCNT, but 
also accommodate the volume change of the Si during charge/
discharge by the designed space among the aligned composite 
nanotubes.[33] Then the composite nanotubes could be twisted to 
be a flexible composite fiber electrode. A high specific capacity 
of 1970 mA h g−1 at the 50th cycle was observed, which is higher 
than pure Si with 1648 mA h g−1 at the 30th cycle. Further-
more, Peng and co-workers[44] demonstrated MWCNT/LTO and 
MWCNT/LMO yarns coupled as anode and cathode for flexible 
and stretchable LIBs with stretchability of 100%. However, low 
specific capacity needs further improvement.

3D Current Collector and Interdigital Electrodes: Rapid trends 
in the miniaturization of electronic products (microelectronics), 
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Figure 3. Various 3D electrode configurations. a) Schematic representa-
tion of well-aligned LTO-C Nanotube Arrays and diffusion of Li-ions and 
electrons during discharge/charge processes of the self-supported elec-
trode. Reproduced with permission.[32] Copyright 2014, American Chem-
ical Society. b) Schematic illustration of a half LIB based on the aligned 
MWCNT/Si. Reproduced with permission.[33] Copyright 2014, Wiley-VCH. 
c) A schematic illustration of Li-ion charging into the graphite/Si com-
posite interdigital electrode. Reproduced with permission.[34] Copyright 
2014, Wiley-VCH.
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considerable interest in the miniaturization and integration 
of the energy-storage systems.[31a] Several types of 3D nano-
architectured electrodes have been indicated as alternatives to 
the traditional planar electrodes. The 3D structures are care-
fully fabricated to optimize the ion/electron transport paths. 
Generally, the 3D nanoarchitectured electrodes are designed 
according to various structures of current collectors with toler-
ance against folding/bending motions. In addition, the tradi-
tional co-facial structure for LIBs is not intrinsically propitious 
to deformation of bending or folding, due to different tensile/
compressive stress for each layer during the motions, which 
leads to friction force against neighboring layers. Meanwhile, 
the configuration of multilayers of anode, separator or electro-
lyte and cathode stacked consecutively results in a limitation in 
lowering the cell thickness, for which a high energy density is 
difficultly achieved.

Pikul et al. demonstrated a high energy density and high-
power-density microbattery constructed from interdigital 3D 
bicontinuous nanoporous electrodes. However, flexible elec-
trodes in LIBs using 3D interdigitated have not been developed 
widely. As shown in Figure 3c, a novel method to combine 
graphite and silicon through a 3D-structured thin copper 
current collector via sputtering.[31a] The 3D structured current 
collector between the two anodic materials could enhance the 
synergistic merits of the respective materials, which enables an 
increased specific capacity and a high rate capability.

Therefore, besides the obvious rigid and brittle character of 
LIBs, the structure of current collector also plays an important 
role in determining the performance of electrodes, which is 
important technical direction for fabricating flexible battery. The 
3D current collector with large specific surface area can provide 
an improved adhesion between electrode materials. Wang et al. 
successfully developed a lightweight, thin and flexible CNT cur-
rent collector to replace the widely used heavy metal current 
collectors for LIBs, which had better wetting, stronger adhe-
sion, improved mechanical stability, and reduced contact resist-
ance at the electrode/CNT interface.[45] Besides carbon-based 
current collectors, traditional metal current collectors have also 
been investigated. Park et al.[46] reported flexible, honeycomb-
patterned Cu and Al materials that were used as current collec-
tors to achieve the optimal adhesion in the electrodes.

Furthermore, Jang Wook Choi’s group[47] demonstrated a 
flexible, coplanar cell where anodes and cathodes were inter-
digitatedly on the same plane. The thickness of the full cell 
thickness is only 0.5 mm. The 2D in-plane electrode structure 
allows the modification of its pattern for sequential addition of 
a single-cell voltage, due to which 7.4 V by series connection 
of two 3.7 V cells was demonstrated in this work. Meanwhile, 
other energy conversion devices, such as inductive electromag-
netic energy transfer or solar energy, are able to be integrated 
with this 2D in-plane battery.

2.1.4. Flexible Solid-State Electrolyte

LIBs have been intensively commercialized to meet the ever-
growing demands of technologies ranging from portable 
devices, electric vehicles to grid-scale energy-storage systems. 

However, current widely used liquid electrolyte with leakage, 
flammability and poor chemical stability issues prevents the 
development of next-generation high-performance LIBs. By 
replacing the liquid electrolyte with a solid one that provides 
substantially improved safety.[48] In addition, to realize safety 
and flexible batteries with high performances and benign 
mechanical properties, exploring solid-state Li-ion electrolytes 
with freedom design are strongly desired. Furthermore, solid 
electrolytes could suppress the growth of lithium dendrites in 
Li metal batteries. Lithium metal as the anode is the ultimate 
negative electrode that really takes advantage of the high spe-
cific capacity of cathode (e.g., sulfur). However, using solid 
Li-ion electrolytes results in decreased capacity utilization and 
performance deterioration owing to the low ionic conduc-
tivity and high interfacial resistance in contact with electrodes, 
remaining the principle design challenge.

Currently, solid Li-ion electrolytes can be divided into two 
general types: inorganic materials and organic polymers. 
Compared with solid polymer electrolytes (10−7–10−5 S cm−1), 
most reported inorganic materials have higher ionic conduc-
tivity, which can reach 1.0 × 10−4 S cm−1 at room temperature 
(RT) for oxide electrolytes and even up to 1.0 × 10−2 S cm−1 for 
sulfides.[49]

Inorganic Electrolytes: Traditional all solid-state LIBs use rigid 
substrate, while by the replacement of flexible substrate can 
realized the batteries with bendable, foldable advances, using 
reel-to-reel manufacturing. An early work about flexible inor-
ganic electrolyte was presented by Ihlefeld et al.,[50] which shows 
an integration of the Li-ion conductor lanthanum lithium tan-
talate (La1/3−xLi3xTaO3) with a thin copper foil current collector, 
for a Li-free all-solid-state battery. However, the performance of 
battery using this electrolyte was lacked. Another work about 
a bendable all-solid-state bendable LIB was indicated by Koo 
et al.,[51] based on a thin layer of lithium phosphorus oxynitride 
(LiPON) with thickness of about 2 μm as the solid electrolyte. 
All components including current collector, LCO cathode, 
LiPON electrolyte and Li metal were then deposited on mica 
substrate, and then the multilayer was peeled off using sticky 
tapes and transferred onto a poly(dimethylsiloxane) (PDMS) 
sheet. This bendable, thin-film LIB indicated a highest 4.2 V 
charging voltage and 106 μA h cm−2 capacity at non-bending 
status and that decreases to 99 μA h cm−2 at bending radius of 
R = 3.1 mm.

In recent years, Li10GeP2S12 with an unprecedented con-
ductivity of 1.2 × 10−2 S cm−1 and Li2S–P2S5 glass ceramics 
of 1.7 × 10−2 S cm−1 have been reported.[49a,52] However, these 
sulfides are either unstable with Li metal and with high voltage 
cathode materials or extremely hygroscopic, producing toxic 
H2S in contact with moisture. In 2015, Sang-Young Lee’s 
group[53] first report a bendable sulfide solid electrolytes rein-
forced by a mechanically compliant poly(paraphenylene tere-
phthalamide) (PPTA) nonwoven (NW) scaffold. These bendable 
solid electrolytes were prepared via the doctor-blade method to 
coat the sulfide SE slurry on a Ni foil and then cold pressing 
onto the NW scaffold. They demonstrated two different electro-
lyte configurations of SE-NW-SE and NW-SE-NW, which showed 
ionic conductivity of 0.20 mS cm−1 and 0.16 mS cm−1. The full 
all-solid-state battery consisting of LCO as the cathode and LTO 
as the anode showed first discharge capacities of 89 mA h gLCO

−1 
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and energy density of 44 W h kgcell
−1. Although this all-solid-state 

battery indicated lower energy density than commercialized 
LIBs (100–200 W h kgcell

−1), further improvement in electro-
chemical performance can be expected by applying advanced 
electrode materials such as sulfur coupled with Li metal.

Solid Polymer Electrolytes: Solid polymer electrolytes (SPEs) 
present more structure flexibility as well as easier lamination 
stacking and hermetic sealing processes to meet the require-
ments of different cell applications, which much attention 
sustained over the past few decades has been devoted.[54] A 
pioneer work about flexible all-solid-state LIBs using SPEs was 
reported by Liu et al.,[55] which demonstrates a flexible and 
stretchable battery composed of strain free LFP cathode, LTO 
anode and a polyethylene oxide (PEO) electrolyte. The free-
standing anode and cathode were prepared by casting solution 
of the mixture of LFP/LTO powder, carbon black and PEO as 
binder. A full battery could be fabricated either by assembling 
and pressing three layers of cathode, electrolyte an anode, or 
by pouring the solution of electrolyte and cathode in order on 
the anode layer. The resulting battery film could be cut into 
strips with 1 cm width and 10 cm length and then integrated 
into a textile form a flexible textile LIB. In this full battery, 
many polymer binder materials have to be used in order to 
obtain the desired flexible and stretchable features of the elec-
trodes, therefore, the energy density is low meanwhile the 
electrochemical performance is poor due to the low ionic con-
ductivity of SPEs.

Considerable efforts have been devoted on improving ionic 
conductivity of SPEs, including crosslinking, using diblock 
copolymer or adding plasticizers have been studied. However, 
these modifications not only reduce the ionic conductivity 
and the compatibility with Li anode, but also lead to poor 
mechanical properties and low flame resistivity.[56] Dispersing 
ceramic nanoparticles that provide competitive interactions 
within the polymer matrix is an effective approach, which 
increases ionic conductivity, meanwhile, improves electro-
chemical and mechanical stability.[57] Cui’s group first demon-
strated a composite polymer electrolyte with Li0.33La0.557TiO3 
nanowires, which shows three orders of magnitude enhance-
ment of ionic conductivity compared with filler-free electro-
lyte, due to the fast ion transport on the surfaces of ceramic 
nanowires that act as conductive network.[58] This composite 
polymer electrolyte is a promising candidate used in flexible 
LIBs due to its flexible ability. Among the fillers, graphene 
oxide nanosheets have recently also been reported to be used in 
composite SPEs. Kammoun et al. demonstrated a flexible LIB, 
which shows a high operating voltage of 4.9 V, an areal capacity 
of 0.13 mA h cm−2 and an energy density of 4.8 mW h cm−3. 
This flexible LIB was based on the solid polymer composite 
electrolyte consisted of PEO and 1 wt% GO nanosheets, which 
was able to afford 6000 bending cycles with high voltage 
retention of 93%.[59] This work presented a simple method of 
encapsulating multilayers by a lamination method that is cost-
effective and scalable. Very recently, Liangbin Hu’s group at the 
University of Maryland demonstrated a flexible solid composite 
PEO-based electrolyte based on a 3D lithium-ion conducting 
garnet nanowire network, with high capacity, high safety and 
good stability.[60] This flexible solid electrolyte showed a high 
ionic conductivity of 2.5 × 10−4 S cm−1 at room temperature, 

which indicates great potential to replace conventional flam-
mable liquid electrolyte for LIBs.

However, most of the previous work on flexible batteries has 
still been based on traditional cell assembly processes including 
stacking electrode sheets and separator layer and packaging 
and then infection of liquid electrolyte if it is required. In 
order to address the traditional cell manufacturing-related 
issues including safety, poor low electrochemical performance 
and mechanical properties, new fabrication processes such as 
multistep spray painting and screen-printing processes have 
been recently investigated. With the rapid development of 
printing technology that is simple and reliable, printed batteries 
are an excellent and powerful alternative to conventional bat-
teries for various applications that require thin, lightweight and 
flexibility.[61] Recently, Sang-Young Lee’s group reported print-
able, flexible all-solid-state batteries, as shown in Figure 4.[62] 
This battery was fabricated via a stencil printing process with 
ultraviolet (UV) cross-linking. A solid composite electrolyte 
layer and its matrix-embedded electrodes were printed on arbi-
trary objects with complex geometries, which results in fully 
integrated, multilayer-structured printable all-solid-state bat-
teries. The highly ion-conductive and flexible electrolyte used 
in this work has been indicated previously by this group, which 
can be conformable to 3D micropatterned structure of elec-
trodes over large areas.[63] This solid electrolyte is a composite 
gel polymer electrolyte composed of a UV-cured ethoxylated 
trimethylolpropane triacrylate (ETPTA) polymer matrix, liquid 
electrolyte (1 m LiPF6 in ethylene carbonate (EC)/propylene car-
bonate (PC)), and Al2O3 nanoparticles. This electrolyte matrix 
precursor was mixed with electrode active materials (LFP and 
LTO) powders to achieve a composite electrode (Figure 4a). The 
full cell presented normal charge/discharge profiles and also 
high capacity retention (≈90%) up to 30 cycles with discharge 
specific capacity of about 160 mA h g−1. In addition, the letters-
shaped full cell maintained its dimensional stability even after 
being mechanically bent and also showed no appreciable dete-
rioration in the charge/discharge specific capacity (Figure 4b).

2.1.5. Beyond Flexible Li-Ion Batteries

Recently, there has been an ever-growing demand for high-
energy-density energy-storage systems for mobile electronic 
devices with increased power consumption and electric vehi-
cles with extended driving range, as well as grid-scale energy-
storage systems. The improvement in the performance of active 
electrode materials has been the critical challenge, which is a 
result of the energy density of a rechargeable battery depending 
on the specific capacities and operating voltage. Hence, to 
largely increase the energy density, new redox chemistries 
between charge-carrier ions and host materials beyond the 
conventional lithium “intercalation” mechanism is mainly 
required.[6d,64] Advanced batteries beyond LIBs with new chem-
istries for charge-carrier ion storage have been developed rap-
idly. Li–O2 and Li–S batteries using Li metal as anode have 
attracted much attention.[1a,6d] Li metal has been considered 
as one of the most ideal anodes as account of its high theo-
retical capacity (3860 mA h g−1) and low redox potential and 
low relative density. Sulfur is one of the most promising active 
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materials due to its high theoretical capacity (1675 mA h g−1), 
low cost and natural abundance. Bruce et al.[1a] reported that 
the theoretical energy density for current used LIBs, Li–O2 and 
Li–S batteries are 1015, 2199 and 3436 W h L−1, respectively. 
Therefore, advanced Li–O2 and Li–S batteries with flexible, 
bendable and foldable ability have been also developed, based 
on these approaches for flexible LIBs.

Hui-Ming Cheng’s group is a pioneer on research of flex-
ible Li–S batteries.[65] They demonstrated a binder-free, highly 
conductive and flexible membrane consisted with S–carbon 
nanotubes for Li–S batteries.[65a] They found that a flexible 
S-CNTs membrane could be synthesized by CVD of carbon 
and carbothermal reduction using a sulfate-containing anodic 
aluminum oxide (AAO) template, following by removal of AAO 

and an ethanol evaporation-induced assembly, which can sus-
tain a 10 MPa stress with 9% strain. This S cathode can provide 
a capacity of 1438 mA h g−1 in sulfur and an overall capacity of 
332 mA h g−1 in sulfur and carbon at 0.15 A g−1. Cheng’s group 
also developed sulfur cathode has been developed by using 
GF as a current collector and host for sulfur loading through 
simple slurry infiltration.[65b] The PDMS coating on the GF 
makes this interconnected network sufficiently robust, guar-
anteeing the stretchablilty of the cathode. The sulfur-PDMS/
GF electrode possesses higher stretchability of 20% than the 
previous report[65a] with high rate performance and reversible 
capacity more than 450 mA h g−1, and tiny capacity decay of 
0.07% per cycle over 1000 cycles. Another approach of inte-
grated structure of sulfur and graphene on a polypropylene (PP) 
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Figure 4. a) Schematic representation depicting the stepwise fabrication procedure for the printable solid-state batteries, wherein chemical structure of 
their major components and a photograph of the self-standing, flexible “PRISS” letters-shaped battery were provided. The stencil-printable electrodes 
were composed of electrode active materials powders, carbon black and SCE matrix. Between the stencil-printable electrodes, a stencil-printable SCE 
thin layer acting as a solid electrolyte was positioned. b) Photograph of “PRISS” letters-shaped battery and its charge/discharge profiles at current 
density of 0.05 C/0.05 C, which were measured under being completely wound along the rods having different diameters, not a planar configuration. 
a,b) Reproduced with permission.[62] Copyright 2015, American Chemical Society.
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separator without PDMS has been proposed in order to pre-
serve the high-energy density, while rendering the stretching of 
the electrode.[65c] The fracture stress and strain of the integrated 
electrode are around 30 MPa and 65%, respectively.

In 2015, Ju Li’s group explored a flexible slurryless nano-
Li2S/reduced GO cathode paper (nano-Li2S/rGO paper) by 
simple drop-coating.[66] The rGO paper was prepared by freeze-
drying GO and a following heat treatment, and the nano-Li2S 
loading was then achieved by drop coating on the rGO paper 
using anhydrous ethanol as the solvent. The discharge capaci-
ties at the first cycle of 1119 mA h g−1 (based on Li2S) at a low 
rate of 0.1 C could be obtained. After cycling 200 times at 5 C, 
the capacity could still remain at 462.2 mA h g−1. They believed 
the flexible nano-Li2S/rGO paper could accommodate the stress 
generated from the large volume change during charge/dis-
charge, therefore mechanical integrity of the electrode could be 
maintained, which results in good cyclability. In addition, a fold-
able Li–S battery with the highest areal capacity (≈3 mA h cm−2) 
to date among foldable energy-storage devices was reported.[67] 
The main reason to achieve the folding along two mutually 
orthogonal directions is based on a special design: fully fold-
able and superelastic carbon nanotube current-collector films 
and impregnation of the active electrode materials into the 
current-collectors via a checkerboard pattern. Wang et al.[68] also 
demonstrated a flexible sulfur cathode, which is an integrated 
carbon/sulfur/carbon structure on polypropylene (PP) sepa-
rator. This integrated sandwich-structured electrode delivered a 
high capacity of 730 mA h g−1 over 500 cycles, which is highly 
promising in flexible Li–S batteries for practical applications.

Near recently, besides Li–S batteries, flexible Li–O2 batteries 
have also been investigated inspired by paper-like structure, 
textile and wire-shaped configuration. Liu et al.[69] proposed 
and demonstrated a novel, effective and scalable approach to 
fabricate a flexible paper–ink cathode for Li–O2 batteries. A 
foldable Li–O2 battery pack consisting of multiple parallel cells 
was also shown with increased energy density. A flexible Li–O2 

battery based on TiO2 nanowire arrays (NAs) on carbon textiles 
(NAs/CT) as a freestanding cathode was also demonstrated.[70] 
The schematic illustration of synthesis process is shown in 
Figure 5a. Dense and homogenous TiO2 seeds were first depos-
ited onto the CF in order to protect the CT surface effectively. 
TiO2 NAs could be grown in situ by the TiO2 seeds-directed 
self-assembly method. The TiO2 NAs/CT was applied as both 
cathode and current collector to replace the conventional rigid 
counterparts. The Li–O2 battery device was constructed using 
the pristine CT or the TiO2 NAs/CT cathode, a glass fiber sepa-
rator, and Li anode (Figure 5b). Lithium triflate (LiCF3SO3) in 
tetraethylene glycol dimethyl ether (TEGDME) was used as 
the electrolyte. The results showed almost constant specific 
capacity after 100 cycles, revealing the good electrochemical 
stability for the flexible Li–O2 battery. Figure 5c indicates that 
the electrochemical performance of this battery is hardly influ-
enced by bending or twisting strains. The high flux of electron 
conduction throughout the cathode as well as the absent of the 
parasitic reaction caused by non-conductive polymeric binder, 
together with the flexible ability of the TiO2 NAs/CT, can con-
tribute to the high performances for this highly flexible Li–O2 
battery. In addition, a wire-shaped lithium–air battery has been 
indicated by Huisheng Peng’s group.[71] They reported this bat-
tery could exhibit a discharge capacity of 12470 mA h g−1 with 
high stabililty for 100 cycles in air and it also showed well main-
tained electrochemical performances under bending. This flex-
ible cable battery could be wearable and integrated into flexible 
textile for various electronic devices.

Additionally, other flexible batteries such as sodium-ion bat-
teries (SIBs),[72] Zn–air batteries[73] and alkaline batteries[74] have 
also been studied. David et al.[72a] demonstrated the fabrication 
and electrochemical performance and mechanical properties of 
layered freestanding papers composed of acid-exfoliated few-
layer molybdenum disulfide (MoS2) and rGO flakes as a free-
standing flexible electrode in LIBs. The results revealed a stable 
charge capacity of approximately 230 mA h g−1 with respect to 
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Figure 5. a) Schematic illustration for the preparation process of the TiO2 NAs/CT. b) Schematic illustration of the flexible battery assembly.  
c) The twisting properties with the device twisted to 360° with the corresponding variation of discharge voltage vs cycle number of the Li–O2 cells.  
a–c) Reproduced with permission.[70] Copyright 2015, Macmillan Publishers Limited.
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about 99%, which indicated good cycling ability.
Herein, from 2010, a large number of investigations and 

innovations about flexible energy-storage devices have been 
indicated mainly concentrated on designing and developing 
reliable nanoengineered electrode and electrolyte materials and 
optimal battery structural configurations. However, there is a 
long way to the commercialization of flexible batteries in prac-
tical applications and more effort is desired to be devoted to.

2.2. Flexible Supercapacitors

Also well-known as supercapacitors (SCs) or ultracapaci-
tors, electrochemical capacitors (ECs) are power devices have 
attracted significant attention recently, owing to their high 
power, long cycle life, the ability to store and release the energy 
within a few seconds, and high reliability and good safety.[6a,b] 
Depending on the charge storage mechanism and used active 
materials, ECs can be distinguished generally into: electro-
chemical double layer capacitors (EDLCs) using carbon-based 
active materials with high surface area; pseudo-capacitors 
or redox SCs with fast and reversible surface or near-surface 
reactions for charge storage; hybrid capacitors using a capaci-
tive or pseudo-capacitive electrode with a battery electrode 
together.[75] Owing to the requirement of powering wearable 
electronic devices, flexible, inexpensive, lightweight, envi-
ronment-friendly SCs have been extensively developed. Var-
ious strategies have been studied for flexible SCs, which can 
be divided into the following three sections according to the 
methods of their stacks: flexible 2D through-plane electrode 
configuration; 2D in-plane electrode configuration; 3D elec-
trode configuration.

2.2.1. Flexible 2D Through-Plane Electrode Configuration

Generally, SCs are cofacial planar-structured and they consist 
of the electrolyte/separator sandwiched by two electrodes. Like 
LIBs, based on the electrode as the key component, flexible SCs 
can also be designed as following structures.

Paper-Like Configuration: Same as flexible battery, SCs with 
paper-like configuration based on conductive carbon, polymer 
materials and composite materials are one of the most widely 
developed structures, due to lightweight, flexibility, and high 
conductivity. Nanostructured carbon materials including CNFs, 
CNTs, graphene, GO have been adopted in flexible paper-like 
SCs. The reports in the literature about flexible SCs based on 
CNFs will be reviewed first. Huang et al.[76] reported a 3D hybrid 
nanostructured electrode based on CNF paper (CFP) with large 
surface area and short diffusion path for electrons/ions for 
high-performance SCs. Cobalt and nickel double hydroxide 
(DH) nanosheets were electro-deposited on porous NiCo2O4 
nanowires grown radially on CFP. The results demonstrated a 
high areal capacitance for this hybrid electrode of 2.3 F cm−2 
at a current density of 2 mA cm−2 and high rate stability of 
less than 40% decay by increasing the current density from 2 
to 150 mA cm−2. The hybrid nanocomposite electrodes with 
Co0.5Ni0.5DHs delivered an energy density of ≈58.4 W h kg−1 
at a power density of ≈41.3 kW kg−1. In addition, a flexible and 

highly conductive NiCo2O4 single-crystalline nanotube arrays 
grown on the CFP was also demonstrated.[77]

Yi Cui’s group from Stanford University is also a pioneer in 
the investigation of flexible SCs. Recently, they demonstrated a 
flexible all-solid-state SCs inspired by the structure of bamboos 
with a periodic distribution of interior holes along the length 
and graded pore structure at the cross section, as shown in 
Figure 6a and 6b.[78] This special structure not only can enhance 
electrochemical stability under mechanical deformations but 
also provide a high surface area accessible to the electrolyte and 
a fast ion-transport transport. The CNF network membrane 
could work as freestanding electrodes for an all solid-state 
SCs without extra support. The SC based on this flexible CNF 
electrode exhibited a high specific capacitance of 2.1 F cm−3 at 
33 mA cm−3. Additionally, the flexible all-solid state SC showed 
a stable cycle life in the potential range of 0–0.9 V at 67 mA cm−3  
and retain 96% of the initial capacitance after 10 000 cycles, 
indicating excellent cycling stability. The specific power and 
energy densities for this bamboo-like CNFs are 61.3 kW kg−1 
and 2.37 W h kg−1, respectively. Figure 6c indicates that almost 
100% capacitance retention ratio, calculated based on CV 
curves, was observed for the as-prepared device under contin-
uous bent and twisted status (90°, 180°), and back to the initial 
status. A Ragone plot shown in Figure 6d demonstrates that 
the all-solid-state SC has the a extremely high volumetric power 
and energy density of 6.1 W cm−3 and 2.4 × 10−4 W h cm−3, 
which is much larger than those typical all-solid-state ECs based 
on carbon materials. This nature-inspired work extends the 
research frontier on flexible all-solid-state SCs and opens up 
new paths to the development of their advanced applications.

Flexible SCs based on CNT materials have been also pro-
posed. Flexible electrodes for SCs have been achieved either 
by coating CNTs on flexible substrates such as office papers[79] 
or by CNTs network film.[80] Xiao et al.[80] reported lightweight, 
thin, flexible mesoporous vanadium nitride (VN) nanow-
ires (MVNNs)/CNT hybrid freestanding electrodes prepared 
by vacuum-filtering method. The all solid-state flexible SCs 
based on this freestanding MVNN/CNT hybrid electrodes 
with electrolyte of H3PO4/poly(vinyl alcohol) (PVA) showed a 
high volume capacitance of 7.9 F cm−3 and energy density of 
0.54 mW h cm−3 and power density of 0.4 W cm−3 at a current 
density of 25 mA cm−3. The synergistic effects by the high elec-
trochemical performance of MVNNs, and the high conductivity 
and good mechanical properties of the CNTs could contribute 
the good properties.

Although improved electrochemical performance can be 
achieved by using CNTs-based electrode, the high cost of CNTs 
and the complex process in preparation of stable CNT disper-
sions have limited their practical applications. Owing to their 
special performances of strong mechanical property and high 
conductivity, graphene and GO paper have been used in various 
applications, which have been synthesized by the flow-directed 
assembly of individual GO/graphene sheet and are prom-
ising materials in energy-storage devices.[19b,81] An early work 
about SCs using ultrathin, transparent graphene films indi-
cated 135 F g−1 for a film with about 25 nm thickness.[82] Later, 
mechanically pressing a graphene aerogel into a graphene paper 
was demonstrated.[83] The results indicated that the SCs based 
on graphene paper showed a high capacitance of 172 F g−1 at a 
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charge/discharge rate of 1 A g−1, and a capacitance of 110 F g−1 
can be obtained at a fast rate of 100 A g−1. Therefore, the authors 
believed that this flexible graphene paper as electrodes for LIBs 
or SCs could show much higher performances compared to 
graphene paper fabricated by a flow-directed assembly method. 
The high mass yield of graphene sheets with high-quality for 
various practical applications in electronics, optoelectronics, 
and energy storage was subsequently reported by Parvez et al.[84] 
Using the graphene film, the flexible solid-state SCs delivered 
a high area capacitance of 11.3 mF cm−2 with a good rate capa-
bility of 5000 mV s−1. In addition, many flexible SCs using GO 
paper have also been demonstrated.[85]

Moreover, carbon-based materials could be incorporated 
with pseudocapacitance materials including transition metal 
oxides[86] and polymers,[87] which is a promising strategy to fur-
ther achieve enhanced electrochemical performances. Meng 
et al.[87] reported an ultrathin all-solid-state SC via a simple 
process. Two slightly separated polyaniline (PANI)-based elec-
trodes were well solidified in the H2SO4–PVA gel electrolyte. It 
also indicated that this paper-like material could be modified 
into any shape, suitable for various applications. Even the SC 
was under a twisting state, it showed a high specific capacitance 
of 350 F g−1 for the electrode materials, good cycling stability 
over 1000 cycles.

Recently, in addition to carbon-based materials, polymer, 
metal oxides and composite materials, other novel materials 

such as MXenes[88] and molybdenum disulfide (MoS2)[89] have 
also been attracted much attention and used in flexible SCs. 
MXenes is a new class of 2D materials, combining hydro-
philic surfaces with metallic conductivity, which have shown 
promising performance as electrodes in both LIBs and SCs. 
Ling et al.[88] demonstrated the flexible and conductive Ti3C2Tx 
MXene membranes with high capacitance. Ti3C2Tx/polymer 
composites was prepared by mixing Ti3C2Tx MXene with poly-
diallyldimethylammonium chloride (PDDA) that is charged or 
PVA that is electrically neutral to form, which were pretty flex-
ible and highly conductive. The SCs using MXene/PVA–KOH 
composite film showed an impressive volumetric capacitance 
of about 530 F cm−3 at 2 mV s−1. Therefore, these layered mate-
rials (graphene, MXenes, MoS2, vanadyl phosphate[90] and black 
phosphorous[91]) have shown great promise as electrodes in 
electrochemical energy-storage systems.

Sponge/Porous Configuration: Sponge structured material with 
3D interconnected and porous network of both electron/ion 
pathways is emerged as a new direction used in various applica-
tions. Natural sponge is highly porous and a strong absorbing 
matrix with large internal specific surface area, which is a 
promising 3D scaffold for electrodes. In early work by Yi Cui’s 
group, a commercial sponge with a high water absorption 
capacity was employed in flexible SCs.[92] Nanostructured MnO2 
was electrodeposited onto the conductive CNT-sponge skeleton 
as the electrode for the SC. A very high specific capacitance 

Adv. Mater. 2016,  
DOI: 10.1002/adma.201603436

www.advmat.de
www.MaterialsViews.com

Figure 6. a) The graded structure of bamboos. b) TEM image for bamboo-like carbon nanofibers. c) Digital images of the flexible device bent by  
(1) 0° and (2) 90°, and twisted by (3) 90° and (4) 180° and the corresponding CV curves and capacitance retention tested at 100 mV s−1. d) Ragone 
plot. a–d) Reproduced with permission.[78] Copyright 2015, American Chemical Society.
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for the MnO2–CNT-sponge SC. It also showed a high specific 
energy of 61 W h kg−1 and a specific power of 63 kW kg−1.

Without the use of a polymer scaffold, a fully carbon-based 
sponge with flexibility and light weight such as CNT sponge 
and graphene foam (GF) have been recently prepared using 
CVD and employed as electrodes for LIBs and SCs.[24,93] Chen 
et al.[94] demonstrated a novel carbon foam (GF) with a 3D 
interconnected network synthesized by carbonizing melamine 
foam directly. For use as an electrode in SCs, it exhibited a 
specific capacitance higher than 250 F g−1 in 1M H2SO4 at a 
charge/discharge current density of 0.5 A g−1. The nitrogen-
doped carbons foam (NGF) based 3D electrode structure for 
SCs was also developed.[95] NiCo2S4 nanosheets have been 
successfully grown on NGF with strong adhesion by a hydro-
thermal method and a sulfidation process, which could be 
employed as the binder-free electrode for SCs. The resultant SC 
exhibited high rate capability of 877 F g−1 at 20 A g−1 and good 
cycling stability. They also displayed a asymmetric SC (ASC) 
with high performance assembled using NiCo2S4/NCF as the 
positive electrode and ordered mesoporous carbon (OMC) as 
the negative electrode, which exhibited a high energy density of 
45.5 W h kg−1 at 512 W kg−1.

In addition, 3D GF/CNT composite membrane with high 
flexibility and good mechanical properties was indicated to 
be a promising support candidate as flexible electrodes for 
SCS.[96] To demonstrate the concept of lightweight and flexible 
ASCs, researchers deposited MnO2 and polypyrrole (Ppy) on 
the GF/CNT membrane. The ASCs assembled from GF/CNT/
MnO2 and GF/CNT/Ppy composite membrane with high mass 
loading of electroactive materials using an aqueous electrolyte 
were shown to work at an output voltage of 1.6 V, and delivered 
a high energy/power density of 22.8 W h kg−1 at 860 W kg−1 
and 2.7 kW kg−1 at 6.2 W h kg−1. The electrochemical perfor-
mance could be further increased by less loading of active elec-
trode materials, showing 10.3 kW kg−1 at 10.9 W h kg−1.

Wu et al.[97] presented a new, green, and template-free route 
to prepare 3D sponge-like carbonaceous hydrogels and aerogels 
using crude biomass, watermelon as the carbon source. They 
synthesized the carbonaceous gel-based composite materials 
as electrodes for SCs by incorporating Fe3O4 nanoparticles into 
the carbonaceous gels networks and then calcination into mag-
netite carbon aerogels (MCAs). The MCAs exhibit a high capac-
itance of 333.1 F g−1 at a current density of 1 A g−1 in 6 M KOH 
solution. Good cycling stability with 96% capacitance retention 
after 1000 charge/discharge cycles was also observed for MCAs.

Textile Configuration: Flexible SCs can be achieved using tex-
tile electrodes containing a fibrous structural support that is 
highly flexible and mechanically robust, by a replacement of 
conventional metal current collector. The textile scaffold can 
be made of plastic, metal, CNT, graphene fiber/bundle/yarn, 
etc. The 3D network of textile is capable to provide a fast elec-
tronic/ionic conduction pathway and a high mass loading of 
active materials. Cui and co-workers[98] report a nanostructured 
material based on a highly conductive CNT textile fiber, which 
delivers an effective 3D framework for the electrodeposition 
of nanoscale MnO2. The conductive textiles were prepared by 
coating CNTs on the surface of polyester fibers. Such structure 
greatly results in a fast ion transport in the electrode, which 

improves the  electrochemical performances. For a given areal 
mass loading, the MnO2 thickness on the conductive textile 
was much thinner compared with that on a flat metal substrate. 
Therefore, this porous textile structure allowed a high mass 
loading, up to 8.3 mg cm−2, resulting in a large areal capaci-
tance of 2.8 F cm−2 at a scan rate of 0.05 mV s−1.

Meanwhile, it can be seen that the textile electrodes based 
on fibrous polymer supports result in a low weight and volume 
fraction for active electrode materials, which in turn decreases 
the specific capacitances of entire electrodes and SCs. There-
fore, carbon-based fiber cloth with good flexibility and high 
conductivity shows an advantage for the electrodes in SCs. 
Lv et al.[99] demonstrated an advanced flexible integrated elec-
trode for high-performance pseudocapacitors designed by 
growing N-doped CNT/Au-nanoparticles-doped-MnO2 (NCTs/
ANPDM) nanocomposite on carbon fabric. The free-standing 
ZnO nanorod arrays as templates were first grown on the 
carbon fabric by a hydrothermal synthesis method and then 
a thin amorphous N-doped carbon layer was formed on the 
surface of ZnO nanorods via the polymerization of dopamine 
and subsequently thermal carbonization processes. The carbon 
fabric coated with ZnO/N doped-C nanorods was used as a 
working electrode, and ANPDM could be successfully elec-
trodeposited on their surfaces. Finally, the prepared ZnO/N-
doped-C/ANPDM electrode was immersed in 3.0 m KOH solu-
tion to remove the ZnO nanorods template and formed the 
NCTs/ANPDM electrode. The solid-state ASC device using this 
flexible textile electrode achieved a high gravimetric capaci-
tance and volumetric capacitance of 158 F g−1 and 131 mF cm−3 
at a current density of 0.42 mA cm−3. A prototype solid-state 
thin-film symmetric SC (SSC) device based on NCTs/ANPDM 
exhibited a large energy density of 51 W h kg−1 and superior 
cycling performance (93% after 5000 cycles). It was believed 
that the excellent electrical conductivity and well-ordered tun-
nels of NCTs together with Au nanoparticles of the electrode 
could provide a low internal resistance, a good ionic contact, 
and consequently enhance redox reactions for high specific 
capacitance of pure MnO2 in aqueous electrolyte, even at high 
scan rates.

Dong et al.[100] proposed a new approach for the simulta-
neous preparation of flexible textile electrodes and fiber elec-
trodes. The activated carbon fiber cloth (ACFC) was used as 
body materials to design ACFC/CNTs and ACFC/MnO2/CNTs 
composites. The high electrical conductivity of CNTs, ultra-
high theoretical capacitance of MnO2, and high electrochemical 
activity of ACFC body material, together endow the fabricated 
textile electrodes with excellent electrochemical properties, 
which demonstrated a high areal capacitance of 2542 mF cm−2, 
an energy density of 56.9 μW h cm−2, and a power density of 
16287 μW cm−2. Additionally, many reports in the literature 
discuss flexible SCs using carbon textile or cloth, showing 
excellent electrochemical performance and good mechanical 
property.[101]

2.2.2. Flexible 2D In-Plane Electrode Configuration

The recent boom in multifunction portable electronic equip-
ment requires the rapid development of miniaturized 
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 electrochemical energy-storage devices, for example, micro-
SCs.[102] micro-SCs with interdigitated patterned electrodes 
can deliver very high power densities, several orders of magni-
tude higher than those of traditional batteries and SCs owing 
to the short ion transport distance.[103] Directly integrating the 
storage element as close as possible to the electronic circuit (on 
chip microdevices) represents a new direction, which provides 
excellent nano-/microscale peak power. Considerable efforts 
have been devoted to increase the energy and power densities 
of micro-SCs via the optimization of nanostructured electroac-
tive materials and the development of thin film manufacture 
technologies as well as by the exploitation of novel device archi-
tectures. Fabrication thin film electrodes with a high electrical 
conductivity, highly electrochemically activated surface area, 
good interfacial integrity, and an elaborate device structure 
with short electron/ion transport distances have been the main 
approaches to achieve high performance for micro-SCs.[103] 
Generally, using flexible chips can result in the extra ability of 
flexibility. Wang et al.[104] first reported all-solid-state flexible 
micro-SCs on a PET chip based on a pattern of microelectrode 
consisted of PANI nanowire arrays through microfabrication 
technology and in situ chemical polymerization method. The 
flexible micro-SCs exhibited a high capacitance of 588 F cm−3 
with a fast rate capability. In addition, these micro-SCs could 
be connected in series or parallel to further increase the output 
potential and/or current.

As is well known that control of structure and morphology 
is key for carbon-based electrodes to allow the effective permea-
tion of the electrolyte to establish electrical double layers (EDLs) 
in SCs. Due to the 2D layered structure of graphene films, 
their large in-plane conductivities are expected to play a crucial 
role in the development of electrodes. The in-plane electrode 
structure provides a possibility to utilize this high conduction 
pathway for SCs. Ajayan’s group demonstrated the utilization of 
pristine graphene using CVD method and multilayer graphene 
(reduced multilayer graphene oxide (RMGO)) as electrodes in 
an “in-plane” geometry in SCs.[105] The in-plane devices con-
sisting of graphene and RMGO electrodes showed normalized 
capacitance by the geometrical area is 80 and 390 μF cm−2, 
respectively. This flexible device could be easily adopted to var-
ious structural and hybrid designs for energy-storage devices.

Later, Wu et al.[103] reported graphene-based in-plane inter-
digital micro-SCs on arbitrary substrates. A thin membrane of 
GO was first obtained by spin-coating a GO slurry on a silicon 
substrate treated by O2 plasma in advance. The GO film was 
then rapidly reduced by methane (CH4)-plasma treatment, 
resulting in reduced graphene (MPG) film. Subsequently, 
well-developed lithography techniques were used to fabricate 
graphene based Au interdigital microelectrode patterns. The 
micro-SCs using H2SO4/PVA showed an area capacitance of 
80.7 mF cm−2 and a stack capacitance of 17.9 F cm−3. A power 
density of 495 W cm−3 and an energy density of 2.5 mW h cm−3 
comparable to LIBs, were achieved. Such microdevices can 
operate at ultrahigh rate up to 1000 V s−1, which is three orders 
of magnitude higher than that of conventional SCs. Moreover, 
the authors adopted this fabrication method to a PET substrate, 
which results in flexible micro-SCs, as shown in Figure 7a. 
The Au collectors could be removed by rinsing in KI/I2 solu-
tion, resulting in a transparent characteristic of the fabricated 

microdevices (Figure 7b). This flexible SC showed an area 
capacitance of 78.9 mF cm−2 and a stack capacitance of 17.5 F 
cm−3 at 10 mV s−1, which is comparable to the performance of 
the devices based on a rigid silicon substrate. A transparent all-
solid-state SC using large-scale interdigitated pattern type elec-
trodes of MnO2 was also reported.[106] This SC showed a high 
capacitance of 405 F g−1 and flexibility of bending radius of 
1.5 mm.

In addition, carbon-based composite materials have been 
also studied as electrodes in flexible SCs with in-plane 
electrode structure. Lin et al.[107] demonstrated a flexible 3D 
graphene/carbon nanotube carpets (G/CNTCs)-based micro-
SCs, fabricated in situ on nickel electrodes. The micro-SCs 
using G/CNTCs showed a high volumetric energy density of 
2.42 mW h cm−3 in the ionic liquid, more than two orders of 
magnitude higher compared with commercial Al electrolytic 
capacitors. In addition, an ultrahigh rate capability of 400 V s−1 
could enable the microdevices to demonstrate a maximum 
power density of 115 W cm−3 using aqueous electrolyte.

It can be seen that the conventional fabrication techniques 
for micro-SCs mainly on photolithography technology or on oxi-
dative channel-etching methods to fabricate the interdigitated 
electrode patterns on substrates, which are high cost and are 
therefore difficult to apply to the construction of cost-effective 
devices for commercial applications. Recently, directly printable 
in-plane micro-SCs on paper and ultrathin PET substrates have 
been demonstrated accordingly.[108] A hybrid ink composed 
of electrochemically exfoliated graphene (EG) and an electro-
chemically active PEDOT:PSS formulation was first prepared. 
By spray-coating the hybrid ink via a shadow mask with the 
designed device geometry, the direct printing of micro-SCs was 
obtained. Using paper as flexible substrate, the SCs showed an 
areal capacitance as high as 5.4 mF cm−2, which is among the 
best reported performances of graphene-based micro-SCs. This 
flexible SC also exhibited a good rate capability with capacitance 
retention of 75% when operated from 10 to 1000 mV s−1.

2.2.3. Flexible 3D Electrode Configuration

The configuration and nanostructure of the electrodes in SCs 
have greatly effect on the electrochemical performance. As a 
result of ion adsorption at the electrode/electrolyte interface 
for the SCs, 3D nanostructured materials can be designed to 
provide a high surface area and subsequently enhance specific 
capacitance. Meanwhile, optimizing the length of electron/ion 
conduction pathways can enhance the charge/discharge rate for 
SCs.[109] Various approaches to the modifications of 3D electrode 
structures without binder in flexible SCs have been reported to 
show increased electrochemical performances and mechanical 
properties. 3D architectures such as aligned array and wire-
shaped structure for flexible SCs are reviewed as follows.

Array Configuration: Various flexible SCs based on aligned 
array of 3D nanostructured electrodes have showed improved 
performances compared with traditional planar configura-
tion.[110] To achieve flexible electrodes in SCs, the arrays with high 
surface area can be either grown on polymer cloth/yarn, carbon-
based textile or metal foil. An early work demonstrated a tem-
plate-free method to prepare a large area of length-controllable 
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and  well-aligned PPy nanowire arrays using an electrochemical 
polymerization.[111] The SCs using PPy NW arrays as electrode 
indicated a high capacitance of 566 F g−1 and 70% retaining of 
its initial capacitance over hundreds of charge/discharge cycles. 

Figure 8a indicates that this advanced 3D nanostructure of 
ordered array can provide short penetrating paths and lower ion 
resistance for the diffusion of counter-ions to increase the avail-
ability in PPy NW arrays during the charge/discharge.
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Figure 7. a) Schematic illustration of the fabrication process of flexible MPG-MSCs-PET. b) The MPG-MSCs-PET with and without Au collectors, dem-
onstrating the flexible and transparent characteristics of the fabricated microdevices. c) Area capacitance and stack capacitance of the MPG-MSCs-PET. 
a,b) Reproduced with permission.[103] Copyright 2013, Macmillan Publishers Limited.

Figure 8. a) Schematic model of ion diffusion of film, random nanowire networks, and aligned nanowire arrays. Reproduced with permission.[111] Copy-
right 2010, the Royal Society of Chemistry. b) The preparation procedure and structure of the 3D hybrid nanowire electrode. c) Schematic illustration 
of the asymmetric SC structure. d) Ragone plot of the SC. EDLC and LIB are also included for comparison. e) Volumetric energy and powder densities 
of the SC compared with other data. b–e) Reproduced with permission.[112] Copyright 2010, American Chemical Society.
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Wang et al.[113] demonstrated a flexible SC based on cloth-
supported single-walled carbon nanotubes (SWCNTs) and 
a conductive PANI nanowire array composite electrode. For 
a typical synthesis process, SWCNTs were first deposited on 
a flexible substrate of non-woven wiper cloth by dip coating 
with SWCNT ink, and PANI nanowire arrays then grown 
onto the surface of SWCNT/cloth via dilute polymerization. 
The prepared PANI/SWCNT/cloth composite electrode was 
used to assemble the flexible SCs directly, which had an 
improved specific capacitance of 410 F g−1 and good cycling 
stability. Later, the flexible ASCs with array structure based 
on highly conductive carbon cloth has been reported.[114] The 
flexible ASCs consisted acicular Co9S8 nanorod arrays as the 
positive electrode and Co3O4@RuO2 nanosheet arrays as the 
negative electrode on woven carbon fabrics. The liquid-state 
and solid-state ASCs indicated high volumetric capacitance of 
3.42 and 4.28 F cm−3, energy density of 1.21 mW h cm−3 at  
13.29 W cm−3 and 1.44 mW h cm−3 at 0.89 W cm−3, respec-
tively. Good rate capability and cycle stability for the flexible 
ASCs were also achieved. Moreover, the solid-state ASCs 
showed stable electrochemical performance at the normal, 
bent and twisted conditions.

Nickel foam is one of the best candidates as 3D current col-
lector, owing to its large and uniform macropores and high elec-
trical conductivity, which can guarantee efficient electrolyte pen-
etration and fast ion conduction. Zhou et al.[112] developed a flex-
ible electrode for SCs based on well-aligned CoO nanowire array 
with PPy uniformly immobilized onto each nanowire surface 
grown on 3D nickel foam, as shown in Figure 8b. A high specific 
capacitance of 2223 F g−1, excellent rate capability and cycling 
stability (99.8% capacitance retention after 2000 cycles) were 
observed for the composite electrode benefit from the merits 
of the elegant synergy between CoO and PPy. An aqueous ASC 
device (Figure 8c) with a maximum voltage of 1.8 V using this 
hybrid array as the positive electrode and activated carbon mem-
brane as the negative electrode was assembled, which showed 
high energy density of 43.5 W h kg−1, high power density of 
5500 W kg−1 11.8 W h kg−1 and good cyclability of 20 000 times.

Wire-Shaped Configuration: Flexible SCs utilize 1D cylin-
drically wire-shaped electrodes have attracted growing 
interest and demonstrated great application potential in 
microscale energy-storage devices for in miniaturized and 
wearable electronics. Generally, the structures including two 
parallel fibers, two twisted fibers and one coaxial fiber have 
been studied for fiber-shaped SCs.[115] Zhong Lin Wang’s 
group from Georgia Institute of Technology developed the 
first wire-shaped SC in 2011.[116] They demonstrated a high-
efficiency fiber-based micro-SC with ZnO nanowires as 
electrodes using a flexible plastic wire or a Kevlar fiber as a 
substrate. This flexible fiber-shaped SC could be used in self-
powering nanosystems, such as a power shirt using piezo-
electric ZnO NWs grown radially around textile fibers. Liu 
et al.[117] reported a hierarchical graphene–metallic textile 
hybrid electrode consisted of graphene sheets immobilized 
on the surface of cotton yarns with Ni coating. Other work 
about flexible wire-shaped SCs based on polymer fibers has 
also been demonstrated.[118]

Besides polymer fibers or yards as flexible scaffold, a large 
number of reports in the literature discuss wire-shaped SCs 

based on carbon materials such as CNF, CNT, graphene, GO 
and composite materials. Later, Xiao et al.[119] in cooperation 
with Zhong Lin Wang to develop an all-solid-state flexible SC 
based on a carbon/MnO2 (C/M) core–shell fiber using CF. 
MnO2 was first grown on CF via a self-limiting electroless depo-
sition method to obtain C/M core–shell fibers. The fibers were 
then closely and parallel located on a PET substrate with a gap 
of 1 mm, and a H3PO4/PVA gel electrolyte was subsequently 
coated on the fibers. The solid state SC was prepared by pack-
aging after the gel solidified. A high rate capability with a scan 
rate up to 20 V s−1, a high volume capacitance of 2.5 F cm−3, 
and an energy density of 2.2 × 10−4 W h cm−3 could be achieved 
for the flexible, wire-shaped SC. Yongyao Xia’s group dem-
onstrated a highly flexible, all-solid-state, wire-shaped micro-
SC fabricated by twisting a Ni(OH)2-nanowire fiber and an 
ordered mesoporous carbon (OMC) fiber together using a gel 
polymer electrolyte to separate them.[120] This wire-shaped 
micro-SC displayed a high specific capacitance of 6.67 mF cm−1 
(or 35.67 mF cm−2) and a high specific energy density of 
0.01 mW h cm−2 (or 2.16 mW h cm−3), with 70% capacitance 
retention over 10 000 cycles.

Flexible graphene fiber (GF) presents for a new type of fiber 
for practical applications, which is a promising scaffold for elec-
trodes in LIBs and SCs. Meng et al.[121] reported an all graphene 
core–sheath fiber. The core of GF was covered with a sheath of 3D 
porous graphene network. The all-solid-state fiber-like supercapac-
itors were obtained from two twined fiber electrodes covered with 
H2SO4/PVA gel electrolyte. This flexible wire-shaped SC could 
offer excellent electrochemical performances due the high elec-
tronic conductivity of the core graphene fiber and the large sur-
face areas of 3D graphene network. The energy density and power 
density were 0.4–1.7 × 10−7 W h cm−2 and 6–100 × 10−6 W cm−2, 
which are comparable to that of ZnO-nanowire-based fiber SC.[116] 
Moreover, this flexible wire-shaped SC had stable electrochemical 
performances under bending status. The fiber SC had a capaci-
tance of ca. 19 μF cm−1 even in knotted state.

Recently, Zhong Lin Wang’s and Liming Dai’s group devel-
oped an approach of preparation 3D graphene–CNT hollow 
fibers, with radially aligned CNTs (RACNTs) seamlessly sheathed 
by a cylindrical graphene layer.[122] One-step CVD using an ano-
dized aluminum oxide (AAO) wire template was performed. 
The synthetic process to the 3D graphene–RACNT hollow 
fibers is shown in Figure 9a. The all-solid-state wire-shaped SCs 
exhibited a surface specific capacitance of 89.4 mF cm−2 and a 
length specific capacitance of 23.9 mF cm−1, due to the fibers 
with a controllable surface area, meso-/micropores, and high 
electrical conductivity. As shown in Figure 9c, the as-prepared 
fiber was very flexible, and it can be knotted and also can make 
into a sheet of weave. A solid-state fiber-like SC was prepared 
based on two twisted 3D graphene–RACNT fiber electrodes, 
using H2SO4/PVA gel as the solid electrolyte, which showed a 
specific capacitance of 3.33 mF cm−2 at the discharge current of 
2.12 mA cm−2 (Figure 9b). Moreover, as illustrated in Figure 8d 
and 8e, these 3D graphene–RACNT wire SCs could be inte-
grated into assemblies with various specific energy for diverse 
practical applications.

Huisheng Peng’s group is also leading the development of 
wire-shaped SCs. Recently, they demonstrated flexible fiber 
tube electrodes including hollow rGO/conducting polymer 
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fibers (HCFs) and hollow bare rGO fibers (HPFs).[123] The 
symmetric fiber-like SCs consisted of two parallel HCF elec-
trodes using H3PO4/PVA gel electrolyte showed a high spe-
cific areal capacitances of 304.5 mF cm−2 (or 143.3 F cm−3 or 
63.1 F g−1) at 0.08 mA cm−2, corresponding to an energy den-
sity of 27.1 μW h cm−2 at a power density of 66.5 μW cm−2. 
To the best of our knowledge, they represented the highest 
areal capacitance and areal energy density for the fiber SCs to 
date. Meanwhile, these wire-shaped SCs showed good stability 
with almost unchanged specific capacitance after bending for 
500 times and 96% capacity retention over 10 000 cycles.

In practical application, the flexible SC devices undergo 
unavoidably various kinds of deformations including bending, 
folding, twisting. Therefore, long-term local strains by repeat-
able deformations lead to structure and functional failure. In 
order to solve this issue, Huang et al.[124] proposed a shape 
memory SC (SMSC) for the first time. A shape memory alloy of 
nickel-titanium (NiTi) was employed as the main skeleton and 
the current collector for the active electrode materials of MnO2 

and PPy. The SMSC was pretty flexible below its activation tem-
perature. It could automatically recover its original shape and 
restore all deformations when it was heated over a trigger tem-
perature. With the extra function of shape memory, all potential 
damage to the SCs could be nipped in the bud, which results in 
increased life span. The authors also demonstrated that with 
pre-designed shapes, the cloths based on the shape memory 
textiles could provide extra functionalities, for example, auto-
matic cooling or temperature alarm other than energy storage, 
which enables various wearable electronic devices.

3. Stretchable Energy Storage

In the last decade, along with the rapid and wide development 
of flexible electronics, the field of stretchable electronics has 
also been investigated from the developing of fundamental ena-
bling technologies, studying applicable devices, and broadening 
novel application opportunities.[4b] However, stretchable energy 
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Figure 9. a) Schematic diagrams showing the synthesis of the 3D graphene–RACNT fiber. b) Surface-specific capacitance of the 3D graphene–RACNT 
wire electrode calculated from the galvanostatic charge/discharge curves. c) Photo of circle-shaped 3D graphene–RACNT fiber. Photo of weaved 
graphene–RACNT fibers. SEM image of a knot of the fiber. d) Schematic representation of an integrated SC in series and in parallel from three gra-
phene–RACNT wire SCs. e) Galvanostatic charge–discharge curves and CV curves, respectively, for the series integrated graphene–RACNT wire SC and 
a single wire SC. Galvanostatic charge–discharge curves for the parallel integrated graphene–RACNT wire SC and a single wire SC. a–e) Reproduced 
with permission.[122] Copyright 2015, American Association for the Advancement of Science.



19wileyonlinelibrary.com© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

R
ev

iew

storage did not spring up as a new technology until 2009, to 
accommodate the ever-changing market ranging from medical 
implants to stretchable electronics,[10a] owing to the relative 
complicated configurations or the requirement of maintaining 
sufficiently high energy density at various stretched deforma-
tions. The stretchable energy-storage devices must accomodate 
large strain and shape deformations, such as bending, twisting, 
folding, and stretching. Therefore, in comparison to flexible 
devices, stretchable energy-storage devices, such as LIBs and 
SCs, claim higher requests to structure and material design. 
In general, two approaches have been focused on to develop 
stretchable energy storage: exploring novel materials that are 
intrinsically elastic to serve as key components (electrodes and 
electrolytes); designing novel structural for rigid components to 
realize device systems with stretchable ability. The former idea 
is much more difficult to be realized than the latter one. The 
recent important evolutions on stretchable batteries and SCs 
are highlighted in the following sections, respectively.

3.1. Stretchable Lithium-Ion Batteries

Although the recent notable advances in the flexible LIBs 
with reliable bendable characteristic have been achieved, the 
bending function have not yet met the requirement of the bat-
teries for stretchable electronic devices that can be integrated 
into clothes[125] or conformally attached to the skin[126] because 
the batteries are also required to be stretched and deformed 
into arbitrary shapes according to dynamic motions of the 
stretchable electronic devices in order to sustain large strain 
induced by the devices while maintaining their electrochemical 
performances. Therefore, the development of stretchable LIBs 
is inevitable to power the stretchable devices. To realize the 
stretchable batteries, the current rigid key components of the 
lithium-ion batteries should be either: i) replaced by intrinsi-
cally stretchable materials or ii) made into stretchable forms by 
using new architecture for heterogeneous integration of rigid 
and soft materials,[4b] as is aforementioned. To date, a handful 
of reports in the literature have have demonstrated stretchable 
LIBs. In the following sections, recent important advances in 
stretchable electrodes, electrolyte, and integrated battery system 
on the basis of the above strategies are sequentially introduced 
and described to guide the route toward the stretchable LIBs 
with more improved performances and stretching reliability.

3.1.1. Stretchable Electrodes

Until now, the elastic organic materials that can replace the 
active materials (LCO and graphite) and carbon-based current 
conducting agent in the electrodes for the current LIBs have 
never been suggested due to their insufficient performances 
compared to the conventional materials.[127] Instead, many 
efforts have been made to achieve the stretchable electrodes 
by adopting the strategies for constructing the following main 
structures where rigid materials are incorporated with elastic 
ones: i) porous framework;[10r,128] ii) wavy design;[129] and 
iii) helically coiled spring configuration.[130]

Porous Framework: PDMS is a soft elastic polymer most 
widely used in stretchable applications due to its beneficial 

properties such as high mechanical stretchability, and chemical 
and thermal stability.[10a,131] The first study on the fabrication 
of the stretchable electrode using PDMS with pores has been 
reported in 2012 by Lee et al.[128a] In this study, a stretchable 
CNT/PDMS composite electrode as the anode for LIBs was 
prepared using porous PDMS obtained from the phase separa-
tion of poly(methyl methacrylate) (PMMA) in PDMS and then 
extraction of PMMA (Figure 11a). During this process, the 
porosity and stretchability of CNT/PDMS electrodes can be con-
trolled by varying the ratio of PDMS/PMMA/block copolymer. 
The optimized porous electrode showed 190 mA h g−1 (based on 
the weight of CNT), that is, 670% higher capacity compared to 
nonporous one, proving the effectiveness of their strategy. The 
electrodes with moderate average pore sizes ranging from 30 to 
50 μm achieved the stretchability of more than 70% based on a 
fracture strain. However, further optimization of pore structure 
is necessary to get higher capacity because only CNTs exposed 
on the surfaces of the pores can participate in the redox reaction 
with Li-ions in the liquid electrolyte penetrating into the pores.

Afterward, a further advance in the porous PDMS stretchable 
electrodes has been made by Liu et al.[10r] They reported stretch-
able electrodes using the 3D porous sponge-like PDMS scaffolds, 
based on sugar cubes as template for constructing pore struc-
ture (Figure 10b–e). Infiltration of PDMS into sugar cube pores 
and then, removal of sugar cube by dissolution in water enable 
simple and easy production of 3D porous PDMS scaffolds. A 
stretchable LTO anode and LFP cathode fabricated using 3D 
porous PDMS and a conventional electrode slurry showed high 
stretchability of more than 80% and excellent capacity retention 
of 82% and 91% for the LTO anode and the LFP cathode, respec-
tively, over 500 stretch/release cycles, which represents a great 
improvement for stretchable electrodes for lithium-ion batteries. 
In addition, the LTO anode in 33% stretched state has only a 
slight capacity decay of 6% in comparison with unstretched 
one. A stable long-term cycle life of 70% capacity retention after 
300 cycles was also observed in the stretchable full cell com-
posed of the stretchable LTO anode and LFP cathode. However, 
although the excellent stretchable stability and reversibility of the 
electrodes has been achieved, the electrodes still need to be fur-
ther developed due to their continuous decrease in performance 
with stretching, which is most likely due to an increase in resist-
ance of the electrodes during stretching.

Unlike PDMS, PVDF has been rarely used as an elastic 
material for the stretchable applications due to its rigidity 
resulting from high young’s modulus.[132] However, electro-
spun PVDF membrane with porous network can become 
stretchable because the nanofibers are very long and eventually 
form interconnected networks.[133] For the first time, Xiao et al. 
fabricated 3D stretchable silicon anode for LIBs by employing 
stretchable Ni/PVDF coaxial nanofiber membrane as current 
collector as well as substrate.[128b] A coaxial stretchable PVDF 
nanofiber membrane was first prepared by electrospinning, 
and then nickel and active amorphous silicon were coated one 
by one onto that to form a core–shell structure of Si/Ni/PVDF 
nanofiber membrane (Figure 10f–h). The resulting stretchable 
anode showed about 20% stretchability with high electrochem-
ical performance of high capacity (3210 mA h g−1), long cycle 
life (56.9% capacity retention after 1000 cycles), and good rate 
capability. However, the 20% stretchability is not enough to be 
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applied to the stretchable devices, and therefore, more efforts 
should be made to improve the stretchability.

Wavy Configuration: Wave design is the representative well-
known strategy to make stretchable substrates in the field of 
stretchable electronics.[4b,134] The key advantage of this strategy 
is that deposition of rigid materials on pre-strained elastic sub-
strate and subsequent release of prestrain can make thin layer 
of any rigid materials stretchable. However, in spite of this 
advantage, to the best of our knowledge, there has been so far 
only one study on wave structured electrodes for the stretchable 
LIBs in the literature.

Very recently, wavy stretchable electrodes with a gum-like 
stretchability were reported by Weng et al.[129] Aligned CNT 

sheets, a blend of active material (LMO or LTO) and CNTs, and 
another CNT sheet were coated on the CNT sheet sequentially. 
Un-curing PDMS fluid was then poured onto the sandwich 
structure, which was then placed onto a 450% pre-strained 
PDMS substrate. Finally, curing PDMS and releasing the pre-
strain by removal of the Cu foil were carried out to make wave 
structured electrode.(Figure 11a–d) The fabricated wavy elec-
trodes with the sandwich configuration demonstrated as high 
stretchability as 400% (Figure 11e,f) and almost unchanged 
capacity after 500 stretching cycles with a strain of 400%. More 
importantly, there was no noticeable increase in resistance of 
the electrodes during stretching, which enabled retaining the 
electrochemical performance of the electrodes even at high 
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Figure 10. a) Schematic representation of the preparation procedure for the porous PDMS–CNT nanocomposites. a) Reproduced with permission.[128a] 
Copyright 2012, Wiley-VCH. Schematic illustration for the synthesis of the stretchable electrode for LIBs. Digital photographs of: b) sugar cubes, c) PDMS 
sponge, and d) stretchable electrode. e) Digital photographs show the electrode with stretchability of 82%. The inset images show SEM images of the 
electrode in unstretched state and stretched state, respectively. b–e) Reproduced with permission.[10r] Copyright 2016, Wiley-VCH. f–h) Schematic illus-
tration of preparation procedure for the coaxial Si/Ni/PVDF flexible nanofiber membrane. The inset image shows the stretched Si/Ni/PVDF membrane.  
f–h) Reproduced with permission.[128b] Copyright 2014, the Royal Society of Chemistry.
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stretched state of 400%. Although the excellent performances 
obviously originated from the wavy structure, it should be 
noted that the wavy electrode without the sandwich structure 
showed much lower performance. The improvements attained 
in this study are quite important for the stretchable LIBs to be 
practical ones. However, abrupt degradation in performance of 
the electrodes with areal active material loading density of more 
than 6 mg cm−2 has to be overcome for further increase in the 
energy density.

Helically Coiled Spring Configuration: Recently a few attempts 
have been made to fabricate stretchable electrodes with helically 
coiled spring configuration for the stretchable LIBs.[130] The first 
demonstration of a super-stretchy fiber-shaped electrode with 
spring configuration was given in 2014.[130a] They achieved the 

spring structured electrodes with the remarkable super-stretch-
ability of 600% and quite stable electrochemical performances 
under stretching (Figure 12a–c). The fiber-shaped electrodes 
were first prepared by fabricating two MWCNT sheets incorpo-
rated with active materials (LMO and LTO) and then scrolling 
into fibers, which were further wound onto an elastic PDMS 
fiber to work as the spring structured stretchable electrodes. 
The stretchable batteries with high performance under 
stretching could be also fabricated by winding the prepared 
LMO and LTO fiber electrodes as cathode and anode, respec-
tively, onto PDMS fiber in parallel with a gap of 1 mm to avoid 
short circuit and then coating gel electrolyte, using PDMS to 
seal the battery. If low loading amount of active materials in the 
electrodes, large parallel gap between the cathode and anode in 
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Figure 11. a,b) Schematic illustration of a stretchable battery (a) and its multilayered structure (b). c,d) SEM images of the arched structure before 
(c) and after (d) 1000 stretching cycles at a 400% strain, respectively. e,f) A gum-like LIB fixed on a moving stage lights up an LED before (e) and under 
400% (f) stretching strain. a–f) Reproduced with permission.[129] Copyright 2015, Wiley-VCH.
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the spring configuration, and relatively high volume portion of 
PDMS fiber in the battery were further optimized, the energy 
density of the super-stretchy batteries with spring configuration 
would be much higher.

Afterwards, with a view to addressing the previous energy 
density problem, the same research group has reported 
advanced springlike fiber electrodes without PDMS fibers, 
leading to significant increase in energy density.[130b] They 
comprised overtwisted aligned MWCNTs with uniform coiled 
loops and the same active materials (LMO and LTO), pro-
viding the electrode with a high stretchability larger than 
300% (Figure 12d–j). Compared with the previous work,[130a] 
the PDMS-free springlike electrodes lead to reduction in 

the volume and the weight of the battery by about 400% and 
300%, respectively, with the enhanced linear specific capacity 
by 600%. The battery using springlike electrodes was highly 
stretchable, and it remained 85% capacity under a 100% strain 
(Figure 12k). In addition, the capacity reduced by less than 1% 
after repeated 300 stretching/releasing cycles at 50% strain 
(Figure 12l). This study successfully addressed the low energy 
density problem resulting from large volume of inactive elastic 
polymer substrate in the stretchable fiber battery shown in the 
previous study while still attaining the excellent stretchability 
and performance. Since there are no binder, conducting agent, 
and metal current collector in the springlike electrode, given 
presenting a comparison in energy density of the springlike 
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Figure 12. a) Schematic illustration of the fabrication of the stretchable LIB based on the MWCNT/LMO fiber as the positive electrode and MWCNT/
LTO fiber as the negative electrode. Photographs of: b) a stretchable fiber-shaped battery under a 600% strain and c) a stretchable fiber-shaped battery 
powering a LED before and after stretching by 200% strain. a–c) Reproduced with permission.[130a] Copyright 2014, the Royal Society of Chemistry. 
d–j) SEM images of a springlike CNT fiber at different strains of 0% (d), 50% (e), and 100% (f). g–j) SEM images of a CNT/LTO composite fiber (g), 
a springlike CNT/LTO composite fiber (h–j) at different magnifications. k,l) Specific capacitance vs strain (k) and stretching cycles (l). d–l) Reproduced 
with permission.[130b] Copyright 2014, Wiley-VCH.
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and the conventional electrodes based on the total electrode 
mass including current collector, it would be more helpful to 
assess the increase in the energy density achieved in this study 
considering its practical criteria for use in the future stretchable 
electronic devices which may need energy density comparable 
to that of the conventional electrodes in the current LIBs.

3.1.2. Stretchable Solid-State Electrolytes for Lithium-Ion Batteries

Obviously, the use of liquid electrolytes in traditional LIBs pre-
sents the largest obstacle to variation in the cell design with 
advanced feature of high flexibility or stretchability, for which, 
considerable efforts have been devoted to replace liquid electro-
lytes with solid ion electrolytes that are shape-conformable, in 
recent decades. More importantly, a solid electrolyte that pro-
vides substantially improved safety, which is beyond the ability 
of current widely used liquid electrolyte with leakage, flam-
mability and poor chemical stability issues that prevents the 
development of next-generation high-performance LIBs.[135] 
However, recently, most stretchable LIBs were demonstrated 
to use gel electrolyte and the development of stretchable solid 
electrolyte have been not rapidly carried out.

Compared with inorganic electrolytes, SPEs present more 
structure flexibility as well as easier lamination stacking, which 
are more potential in stretchable LIBs. Recently, Porcarelli 

et al.[136] designed a super soft polymer electrolyte network 
that was architectured from a thermoplastic polymer matrix 
of known molecular weight using the rapid and cost-effective 
in situ photopolymerization technique. The UV-induced (co)
polymerization could promote an effective interlinking between 
PEO chains plasticized by tetraglyme at various lithium salt 
concentrations. This interlinked PEO-based solid polymer 
electrolytes showed an ionic conductivity values exceeding 
0.1 mS cm−1 at 25 °C are obtained, along with a wide electro-
chemical stability window larger than 5 V and an excellent 
lithium-ion transference number (>0.6). Moreover, this solid 
polymer electrolyte was highly elastic, which offers good pros-
pects in stretchable all-solid-state LIBs.

A current strong interest has been focused on ionic liquids 
(ILs), motivated by their unique combination of properties, as 
safe electrolytes for the application in electrochemical devices. 
Wang et al.[137] demonstrated a gum-like hybrid electrolyte 
that can be applied in flexible/stretchable LIBs, as shown in 
Figure 13. This hybrid electrolyte endowed double percolation 
network structure: a percolation network of a liquid electrolyte 
supported by a network of solid particles, and a strong entangle-
ment network of polymer electrolyte (poly(ethylene oxide), PEO, 
with LiClO4). The thermally sensitive particles wax particles 
were used as the core. It found that the hybrid electrolytes indi-
cated gum-like when the content of the liquid phase was more 
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Figure 13. a) Schematic illustration of the network structures designed for the gummy electrolyte. b) Details of the core–shell particles. c) Performance 
stability of the gummy electrolyte against arbitrary deformation. d) Temperature-dependent of the ionic conductivity for the gummy electrolyte. The 
inset photographs are the contact angle testing of the electrode surface before and after the high temperature testing. a–d) Reproduced with permis-
sion.[137] Copyright 2013, Wiley-VCH.
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electrolyte content of ca. 50 wt% showed a high ionic conduc-
tivity (ca. 3 × 10−4 S cm−1 at room temperature) and excellent 
mechanical performance, which could be used in advanced bat-
teries with improved safety and flexibility/stretchability. In addi-
tion, the battery using this hybrid electrolyte indicated improved 
safety: the melting layer of the thermally sensitive particles could 
stop the electrochemical reaction due to the decreased ionic 
conductivity when the temperature reached the melting point 
of the wax particles, so the battery temperature can remain in a 
safe range (Figure 13d). Zhang et al.[138] also reported a stretch-
able solid electrolyte using ionic liquid. The stretchable SPEs 
comprised of lithium bis(fluorosulfonyl) imide (Li[N(SO2F)2], 
LiFSI) and polymeric ionic liquid (i.e., poly[N,N-dimethyl-N-[2- 
(methacryloyloxy) ethyl]-N-[2-(2-methoxyethoxy) ethyl]ammonium] 
bis(fluorosulfonyl) imide, P[C5O2NMA,11]FSI). The maximum 
ionic conductivity for SPEs is 1.4 × 10−5 S cm−1 at 30 °C. More-
over, the SPE can afford 500% strain.

It is worth noting that the characteristics of ionic conduc-
tivity of polymer electrolytes during tensile deformation are not 
well recognized. Kelly et al.[139] reported the effects of tensile 
strain on the ionic conductivity of the PEO film through an in 
situ study. The results showed that both in-plane and through-
plane ion conductivities of PEO undergo a similar and steady 
ion conductivity growth during axial deformation, achieving an 
approximate 4-fold increase in ion conductivity at a 15% strain. 
The authors believed that this phenomenon was mainly attrib-
uted to the disentanglement of polymer chains during tensile 
deformation and the subsequently reduction of the degree of 
tortuosity in the path of ion transport.

3.1.3. Stretchable Integrated Battery Systems

Various strategies have been adopted to achieve the stretch-
able key components such as electrode and electrolyte in LIBs. 
While fabrication of fully integrated energy-storage devices 
with high bendability, twistability and stretchability is also an 
effective idea to reach system-level deformability in practical 
application with standard manufacture technologies. A work 
from Rogers’ group[10h] caused a stir in the field of stretch-
able batteries, which demonstrated a segmented design in 
the active electrode materials, with unusual ‘self-similar’ 
interconnect structures between them, and using silicone 
elastomers as substrates, with The schematic illustration in 
Figure 14a of the pouch cells consisting arrays of small-scaled 
storage components connected by conductive frameworks 
with highly stretchable feature. The current collectors con-
sist of patterned circular disks of aluminum and copper were 
first fabricated by photolithography. The patterned layers of 
PI encapsulate interconnecting traces between these disks 
were then prepared by photolithography and oxygen plasma 
etching. Thin, low modulus sheets of silicone elastomer form 
top and bottom substrates were used to support these struc-
tures and other components of the batteries. A square array 
of 100 disks of electrode connected in parallel was covered 
by elastomer sheets. In order to avoid short circuit and to 
eliminate the requirement for a separator, there were spatial 
offsets between the molded pads of the laminated LCO and 

LTO. A gel electrolyte was later injected into the gap. Acry-
loxy perfluoropolyether elastomer was used as stretchable 
package materials. The highly stretchable LIBs showed excel-
lent electrochemical performances and mechanical prop-
erties. Figure 14c indicates that the voltage profiles of the 
electrodes under 300% uniaxial strain (red) indicated good 
stability for the stretchable battery, showing a stable capacity 
density of ≈1.1 mA h cm−2. As shown in Figure 14e, this bat-
tery could provide sufficient power to light up light-emitting 
diodes, even at a stretching status of up to 300%. However, 
this stretchable battery exhibited a capacity decay over only 
20 cycles (Figure 14d), which is due to some combination of 
reaction with moisture in the packaging materials, and elec-
trical conduction discontinuity of slurry particles. Therefore, 
improvement in the stretchable batteries based on self-similar 
serpentine interconnects should be considered.

Origami[10i] and kirigami[10o] are the ancient arts based on 
folding and cutting 2D paper into deformable 3D structure, which 
are able to realize a high level of stretchability. Song et al.[10i] dem-
onstrated an origami LIB that can be highly deformed by folding 
and twisting. The LCO/LTO electrodes were prepared on to paper 
current collectors by standard slurry coating, and the packaging 
is aluminized polyethylene (PE). The assembled full battery was 
folded according to the desired origami patterns (Miura-ori pat-
tern in Figure 15a) in an ambient environment. The origami 
LIB with Miura-ori pattern showed many identical parallelogram 
faces that were connected by “mountain” and “valley” creases, 
which could be either almost fully compressible in one direc-
tion or foldable in two directions. A high level of deformability 
could be achieved, while the main parts of the parallelogram faces 
remained undeformed and rigid configuration. However, the fold-
ability of the origami LIBs is restricted and uneven surfaces could 
be introduced by repeatable folding which restrict their practical 
applications. Hence, later, this group developed kirigami LIBs, 
showing large stretchability higher than 150%.[10o] Conventional 
materials including graphite and LCO with standardized battery 
manufacturing could be applied to fabricate the planar LIBs. As 
shown in Figure 15b, three kirigami patterns were presented with 
a zigzag-cut pattern, a cut-N-twist pattern, and a cut-N-shear pat-
tern. Figure 15c displays the LIB under its fully stretched state, 
indicating that the kirigami LIB could reach larger than 100% 
stretchability. This kirigami LIB showed good and stable electro-
chemical performances at deformed status, shown in Figure 15d. 
Over 85% capacity retention and Coulombic efficiency of 99.8% 
over 100 cycles could be achieved for the kirigami LIB under 
alternative states of compact and stretched states.

3.1.4. Beyond Stretchable Li-Ion Batteries

One significant challenge in the field of LIBs is to search for next 
generation systems with higher energy density in order to meet 
the current demands for longer operation time of electronic appli-
cations including electric vehicle which are powered by the con-
ventional LIBs based on lithium–metal-oxide cathode materials 
and carbonaceous anode materials.[65a,140] From this point of view, 
Li–S system has attracted much attention because of its signifi-
cant theoretical capacity. As mentioned in Section 2.1.5, various 
flexible Li–S batteries with good electrochemical performances 
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have been developed, however, the development of highly stretch-
able Li–S is still remaining challenge.

Moreover, stretchable metal–air batteries, such as zinc–
air batteries[10q] and aluminum–air batteries,[10s] have also 
attracted much attention due to their high capacity and long-
term stability for wearable electronic devices. Very recently, 
Peng’s group developed an all-solid-state aluminum–air bat-
tery based on fiber-shaped structure (Figure 16), which showed 
a specific capacity of 935 mA h g−1 and an energy density of 
1168 W h kg−1.[10s] As shown in Figure 16b,c, it can be seen 

that the output voltage of the aluminum–air battery remained 
unchanged under bent and stretchable states. In addition, 
as the common feature for the fiber-shaped battery, this flex-
ible and stretchable could be woven into textile for practical 
application.

3.2. Stretchable Supercapacitors

The development of sustainable and environmental friendly 
energy for a low carbon footprint triggered main changes 

Figure 14. a) Schematic illustration of the structure for the stretchable LIB. b) The ‘self-similar’ serpentine geometries for the interconnects (black: 
1st level serpentine; yellow: 2nd level serpentine). c) Galvanostatic charging/discharging of the battery without (black) and with 300% uniaxial strain 
(red). d) Capacity retention and Coulombic efficiency vs cycle number. e) Photo showing the stretchable battery powering a red LED under biaxially 
300% strain. a–e) Reproduced with permission.[10h] Copyright 2013, Macmillan Publishers Limited.
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in modern society, which makes SCs one of the most prom-
ising technologies among various available battery chem-
istries. Flexible, bendable, foldable, stretchable are needed 
for SCs to achieve the increasing market requirement, 
representing a new direction in science and technology.[8] 
Compared with stretchable batteries, SCs have been devel-
oped rapidly due to relative easier fabrication and structure. 
Owing to the conventional materials for SCs including active 
electrode materials and polymer electrolyte usually sustain a 
small strain, various novel materials with intrinsic stretch-
ability and new designs have been proposed to accommo-
date a high level of deformation for stretchable SCs. The 
following section, the common developed configurations as 
well as elastic polymer materials for stretchable SCs will be 
reviewed systematically.

3.2.1. Stretchable Configurations

Wavy/Buckled Configuration: One of the most simple and 
obvious idea structure designs for stretchability is wavy, buckled 
or wrinkle configuration, which has been developed widely. A 
pioneer work on stretchable SCs based on buckled structure was 
reported in 2009.[10a] Basically, SWNT macrofilm was laminated 
and aligned on the prestrained elastomeric PDMS substrate. A 
periodically buckled pattern could be formed by releasing the 
prestrained PDMS, owing to mechanical mismatch between 
the relatively stiff SWNT macrofilm and the compliant PDMS 
substrate. The results showed no significant change in the CVs 
of the stretchable SCs with 0 and 30% applied strains. The 
initial specific capacitance calculated based on the discharge 
slopes was found to reduce from 54 F g−1 to 52 F g−1 for the 

Figure 15. a) Illustration of the multilayer structure for conventional LIBs in the planar state. Two types of origami LIBs using Miura folding. Repro-
duced with permission.[10] Copyright 2014, Macmillan Publishers Limited. b) Illustrations of three kirigami patterns. c) Photograph of a LIB under its 
fully stretched and compact state. d) Energy capacity and Coulombic efficiency vs cycle number. b–d) Reproduced with permission.[10o] Copyright 2015, 
Macmillan Publishers Limited.
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stretchable SCs under 30% strain. It can be seen from this 
work that the stretchability of the SCs is only 30%, which limits 
their applications. Additionally, liquid electrolyte was employed, 
which would lead to electrochemical performance decay due to 
the possibility of leakage of harmful electrolytes, and the lami-
nation between electrodes and separator could also decrease 
the performance of the stretchable SCs. Therefore, more effort 
on the development of high performance stretchable SCs have 
been devoted in recent years. Niu et al.[10f ] demonstrated a 
highly stretchable SC prepared by directly growing SWCNT 
films with continuous reticulate architecture on prestrained 
PDMS. The stretchable electrodes were integrated with gel elec-
trolyte of H2SO4/PVA. They indicated that the electrochemical 
performance of the stretchable SCs remained constant under 
120% strain and also in the dynamic state of stretching.

Other carbon-based materials, for example, graphene, 
have also been adopted in stretchable SCs with wrinkle con-
figuration. Zang et al.[10k] reported a simple and cost effec-
tive approach to prepare stretchable electrodes with high per-
formance for SCs by using crumpled-graphene papers. The 
stretchable electrodes were obtained by transferring graphene 
paper onto the pre-strained elastomer film along one or two 
directions sequentially. The stretchable electrodes based on the 
crumpled graphene papers exhibited a high level stretchability 
of linear strain 300% and areal strain 800%, and high specific 
capacitance of 196 F g−1 and good reliability over 1000 stretch/
release cycles. In addition, stretchable all-solid-state SCs with a 
uniform wavy shape were demonstrated, which consists of two 
wavy PANI/graphene electrodes and a H3PO4/PVA gel electro-
lyte.[141] Ni foam was employed as a catalyst for growing porous 
graphene. The flexible sheet was then manually folded into a 
wavy shape by using a steel rod. The stretchable SC exhibited a 
maximum specific capacitance of 261 F g−1 and good cycling sta-
bility of 89% capacitance retention over 1000 charge/discharge 
cycles at a current density of 1 mA cm−2. Moreover, the results 

also showed that that the SC maintained both high mechanical 
properties and high capacitance, even under a 30% strain.

Recently, Xiaodong Chen’s group from Nanyang Technological 
University developed an advanced wavy structure for stretch-
able SCs.[142] As shown in Figure 17a, compared with in-plane  
structure that would lead to cracks of the rigid electrodes under 
stretching, the wrinkled structure endows much higher stretch-
ability that can accomodate the strain by changing its shape 
with an out-of-plane bend. However, the direction adhesion 
part between the electrodes and the stretchable substrate likely 
causes large stress in the electrode materials, which restricts the 
stretchability and electrochemical and mechanical stability of 
the system. Therefore, they discovered a novel wrinkled struc-
ture. The wrinkled electrodes were suspended on the stretch-
able substrate rather than direct attachment on it, which could 
significantly reduce the stress in the electrode materials during 
stretching. Chen’s group developed suspended wavy graphene 
microribbons used in stretchable micro-SCs. The suspended 
electrode array was obtained by transferring graphene micro-
ribbons onto tripod-shaped PDMS substrate, as indicated in 
Figure 17b. Figure 17c indicates that the rGO microribbons were 
well bonded to the special PDMS substrate, without noticeable 
damages or defects. The cross-sectional optical image clearly 
indicated that these PDMS tripods were positioned with a suffi-
cient gap for the bending of the PDMS film and the rGO micro-
ribbons. The results also showed stable electrochemical perfor-
mance of the stretchable SCs under various strains (0–100%), as 
shown in Figure 17d. It also can be seen that the stretchable SC 
without or with 100% strain could light the LCD. Hence, this 
novel strategy supplies a promising approach for the stretchable 
SCs for in mobile and wearable electronic devices.

Wire-Like Configuration: In recent years, wire-shaped SCs 
that can afford high strained deformation have been developed 
rapidly. Huisheng Peng’s group for the first time, developed 
a stretchable, fiber-shaped SCs with high electrochemical and 

Figure 16. a) Fabrication of the fiber-shaped Al–air battery. b, c) Discharge curves of fiber-shaped Al–air batteries at different bending angles or 
stretching ratios at a discharge current of 1 mA. d) Photographs of a commercial LED watch powered by fiber-shaped Al–air batteries woven into a 
fabric. a–d) Reproduced with permission.[10s] Copyright 2016, Wiley-VCH.



28 wileyonlinelibrary.com © 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

R
ev

ie
w

Adv. Mater. 2016,  
DOI: 10.1002/adma.201603436

www.advmat.de
www.MaterialsViews.com

mechanical performances.[10g] The spinnable CNT arrays were 
first prepared by CVD. Serving as the electrodes, aligned CNT 
sheets were then wrapped on an elastic fiber coated with a thin 
layer of gel electrolyte. This stretchable wire-like SC showed spe-
cific capacitance of 19.2 F g−1 and it could be further enhanced 
to 41.4 F g−1 by introducing OMC components among aligned 
CNTs. The stretchable SC showed unchanged CV and charge/
discharge curves at a 75% strain and the capacitance retention 
higher than 95% could be achieved after stretched by 100 cycles 
at a 75% strain. Accordingly, this wire-like SC with high stretch-
ability demonstrates a promising potential. Later, Peng and  
co-workers reported a new superelastic fiber-shaped SC pro-
duced based on two aligned CNT/PANI composite sheets as 
electrodes, which showed more than 400% stretchability.[143a] 

An interesting result showed a high specific capacitance of 
about 79.4 F g−1 was well maintained by stretching under a 
300% strain for 5000 cycles for this fiber-shaped SC.

Choi et al. reported stretchable, cable-like solid-state MnO2/
CNT/nylon fiber SCs.[143b] The elastic electrodes were prepared 
with giant inserted twist to coil a nylon sewing thread that 
was helically wrapped with a CNT sheet, and pseudocapaci-
tive MnO2 nanofibers were then electrochemically deposited. 
Excellent electrochemical performances and mechanical prop-
erties were observed for the wire-like SCs, which shows only 
15% decrease capacitance when reversibly stretched to 150% 
along the fiber direction. The maximum linear capacitance of 
5.4 mF cm−1 and areal capacitance of 40.9 mF cm−2 (based on 
active materials) and areal energy density of 2.6 mW h cm−2 

Figure 17. a) Schematic illustration of the different electrode arrays and the relevant strain distribution by the finite element modeling analysis.  
b) Schematic illustration of preparation process of the stretchable micro-SC. c) Optical images of the micro-SCs under released status together with its 
cross-sectional image. d) CV curves of the micro-SCs under various strains at scan rate of 500 mV s−1. e,f) LCD lit by the stretchable micro-SCs under 
0 (e) and 100% (f) strain. a–f) Reproduced with permission.[142] Copyright 2015, Wiley-VCH.
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and power density of 66.9 mW cm−2 (based on overall SC 
dimensions) were achieved for the stretchable SCs.

In 2015, a super stretchable conducting fiber with up to 
1320% stretchability was demonstrated, which was prepared by 
wrapping CNT sheets oriented in the wire direction on stretched 
rubber wire cores, resulting a sheath–core structure.[10n] This 
idea is based on the combination of buckled configuration and 
wire-like structure. As shown in Figure 18a, the rubber fiber 
core was highly stretched (1400% strain) during the wrapping 
of nanotube sheet (NTS) layers, resulted in the observed hier-
archical 2D buckling-induced wavy surface architecture of CNT 
sheets. The designed structure showed distinct short- and long-
period sheath buckling, which was able to be stretched revers-
ibly out of phase in the axial as well as belt directions. A resist-
ance change of less than 5% under 1000% strain was observed, 
which enables a various applications.

Textile Configuration: Textile is a porous and flexible, which 
is generally made by weaving natural or synthetic fibers, 
including cotton or polyester, which is flexible or even stretch-
able. For wearable electronic devices, an energy-storage system 
in a textile configuration is easy to be incorporated as a com-
ponent. A pioneer work about stretchable SCs from our group 
demonstrated conformally coating SWNTs on cellulose and 
polyester fibers to form a porous and conductive textile as 
electrodes.[10b] The conductive textiles showed good flexibility 
and stretchability and had a strong adhesion between the 
SWNTs and the textiles. Stretchable SCs using these conductive 
textiles indicated high areal capacitance of 0.48 F cm−2. There-
fore, the highly conductive textiles could deliver a new direction 
for wearable electronics and energy storage several years ago.

Later, Jang Wook Choi’s group explored a textile structure 
alternately interwoven with inelastic and elastic yarns, for 
which, strain up to 200% could be achieved via a tricot weave 
in diagonal directions.[144] Figure 19a presents the schematic 
illustration of the weaving structure of the tricot-weave textile. 
The textile consisted inelastic polyester yarns (green line) con-
tributed the basic framework of the textile and elastic Spandex 
yarns (orange line) woven together by being wound around 
the polyester loops, constituting a repeating zigzag pattern. 
The stretchable SCs using this textile coated with MWCNTs 
showed consistent capacitance of 35 F g−1 at 0.25 A g−1 at dif-
ferent strains. Figure 19c indicates the CV profiles under both 
with and without dynamic strain operation, showing that two 
profiles strains fully overlapped each other, implying the good 
mechanical stability. The textile SCs were also tested under 
biaxial stretching mode. The results showed that the capaci-
tance was well retained when the SCs were stretched at 50% 
strain in biaxial directions.

Other Configurations: Other configurations to achieve high-
level stretchability for SCs have been also reported recently, 
including coating on stretchable substrate, embedding in 
stretchable materials, and serpentine metallic interconnec-
tions. Liming Dai’s group demonstrated a stretchable all-solid-
state SC with a good electrochemical and mechanical stability 
and transparent feature, using highly aligned CNT sheets on 
a PDMS substrate as the transparent and flexible current col-
lector and active materials.[145] However, the electrochemical 
performance of the stretchable SCs was shown at only 30% 
strain. Bandodkar et al.[10l] demonstrated highly stretchable elec-
trochemical devices, which were prepared by screen-printing 

Figure 18. Two-dimensional, hierarchically buckled sheath–core fibers. a) Schematic illustration of fabrication process. b) Illustration of the structure 
of a longitudinal section of the sheath, showing 2D hierarchical buckling. c) Low- and d) high-resolution SEM images showing long- and short-period 
buckles for a fiber under 100% strain. a–d) Reproduced with permission.[10n] Copyright 2015, American Association for the Advancement of Science.
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of conducting inks judiciously tailored with elastomer and 
surfactant by custom-designed stencils. The designed 2D ser-
pentine interconnects was on the between the electrodes and 
contact pads enabled high levels of stretchability without failure.

3.2.2. Stretchable Electrolytes for Supercapacitors

Developing intrinsically stretchable materials for energy-storage 
devices presents a stiffer challenge. A handful of reports in 
the literature have focus on the stretchable electrolytes for 
SCs. Zhao et al.[146] reported a highly stretchable H3PO4/PVA 

polymer electrolyte achieved by modifying the polymer mole-
cular weight and its weight ratio according to the conductivity 
and mechanical properties. The stretchable electrolyte showed 
a high conductivity of 3.4 × 10−3 S cm−1 and a high fracture 
strain at 410% elongation. A stretchable SC using this stretch-
able electrolyte and buckled polypyrrole electrodes was assem-
bled, which showed good capacitance retention of 94.5% under 
30% strain and capacitance retention of 81% after 1000 stretch/
release cycles.

In addition, self-healing polymer has been an emerging area 
due to its amazing properties, for the development of many 

Figure 19. a) Schematic illustration of the tricot-weaving structure consisting of two kinds of yarn (green: polyester yarn, orange: Spandex yarn), a 
focused view of the weaving structure made of both yarns, a further zoomed-in view of the weaving point to illustrate that each yarn consists of a bundle 
of fibers. b) Optical microscopy images of the actual textile electrode from the front and the rear sides after Ag nanoparticles coating, along with a rear 
view schematic. c) CV curves under and without dynamic strain at a scan rate of 80 mV s−1. d) The cycling performance under biaxially 50% strain and 
recovered states. a–d) Reproduced with permission.[144] Copyright 2015, American Chemical Society.
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interesting and important applications such as electronic skin 
and energy-storage clothes. Recently, Huang et al.[10m] dem-
onstrated an electrolyte prepared with poly(acrylic acid) dual 
crosslinked by hydrogen bonding and vinyl hybrid silica nan-
oparticles, which endows intrinsic self-healability and high 
stretchability. The SCs with this stretchable electrolyte and 
wavy electrodes attached to the electrolyte could stretched up 
to 600% strain and retain the capacitance completely even after 
20 cycles of breaking/healing. The highly stretchable SCs with 
multifunctionality of self-healing indicate a significant step 
toward the potential and wide-scale applications such as weara-
blenergy-storagege devices.

4. Conclusions and Perspectives

Undeniably, LIBs and SCs have been employed in an extensive 
range of practical applications, changing the mode of produc-
tion and lifestyle of the present world considerably. With a focus 
on flexible and stretchable energy storage, including LIBs and 
SCs, we have highlighted the advances and progress that have 
been achieved in recent years according to the materials explo-
ration, structural designs, manufacture methods and integrated 
assembly. Different from the conventional structure and manu-
facture technology, to realize flexibility and stretchability, inno-
vative concepts require the identification of each component 
in LIBs and SCs, including cathode, anode, separator/electro-
lyte, current collector and packaging materials. Two starting 
points can be concluded to achieve the function of flexibility 
and stretchability: carrying out novel configuration designs and 
exploring intrinsically flexible or stretchable materials. Carbon-
based materials with outstanding performance including CNF, 
CNT, graphene, GO and their composites can be either used as 
conductive materials or active materials, which exhibit an irre-
placeable role in the field of energy-storage systems. Together 
with other active electrode materials such as LCO, LTO, MnO2, 
these inorganic materials are intrinsically inflexible, which 
promotes the development of various configurations for elec-
trodes extensively. Electrode configurations such as paper-like, 
 textile, sponge, wire-shape etc. can provide the realization of 
flexibility, and configurations such as porous framework, wavy/
buckled structure, helically coiled spring shape etc. can enable 
the devices with stretchable feature. In addition to 2D electrode 
structure, 3D electrode designs using nanostructure materials of 
optimizing the ionic/electronic current paths, large surface area, 
better permeability, have also been widely exploited in LIBs and 
SCs with enhanced electrochemical performances. Moreover, the 
development of microbatteries and micro-SCs with enhanced 
energy/power densities also plays an interesting direction in 
micro energy harvesting, expanding the practical applications.

The recent advances and achievements have demonstrated 
the promising potential of flexible and stretchable energy-
storage devices toward practical applications such as wear-
able electronics. However, lots of challenges remained to be 
addressed for realizing the practical applications and further 
studies are required to reach a full understanding on electro-
chemical performances and mechanical properties. Devel-
oping reliable materials with enhanced electrochemical and 
mechanical performances and improved safety for flexibility 

and stretchability electrodes, exploring large-scaled and indus-
trial production technologies to lower the fabrication cost are 
urgent. By replacing conventional flammable liquid electrolyte, 
solid-state electrolytes can provide better safety and integrity 
and compatibility. However, study of flexible and stretchable 
solid electrolytes with comparable ionic conductivity with liquid 
electrolyte becomes an urgent problem to be solved. Addition-
ally, improving the cycling stability of flexible and stretchable 
devices and subsequently lowering energy costs are also imper-
ative. On other hand, currently the packaging materials with 
flexible and stretchable features have been attracted little atten-
tion, especially for stretchable packages. Therefore, optimizing 
device structure and modification reliable packaging mate-
rials to protect the integrity of energy storage under various 
deformed conditions should also be considered significantly. 
Fully flexible or stretchable integrated energy-storage systems 
can also expedite the future industrial production.

Gazing into the future, the field of flexible and stretchable 
energy-storage devices is absolutely exciting and fairly open-
ended, providing researchers from various backgrounds to 
explore novel and interesting concepts and designs. Along with 
the technical breakthroughs in flexible and stretchable energy-
storage systems, we believe novel devices that can change the 
lifestyle of the present world will be emerged in our daily lives 
in the near future.
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