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LIBs generally meet the requirement of 
high energy density, while SCs are typi-
cally used for high power density based 
on the different working mechanisms. 
Some efforts are also made to achieve both 
high energy density and high power den-
sity by synthesizing functional materials 
and designing novel structures.[5–18] These 
advancements have been summarized in 
the other reviews and will not be covered 
here. However, the traditional LIBs and 
SCs that appear in a rigid bulky or planar 
structure cannot satisfy next-generation 
electronic devices. For instance, it is diffi-
cult for them to meet the requirements of 
being small, lightweight, flexible, weave-
able, adaptable, and self-powering from 

wearable electronic devices.
Therefore, besides the continuous efforts to increase the 

energy storage capability, considerable interest has also been 
attracted to introducing smart components into conventional 
materials, and designing new structures aimed at more func-
tions.[19–27] On one hand, flexible, stretchable, transparent, 
responsive, and self-healing properties are integrated into LIBs 
and SCs, in addition to storing energy, on the basis of the use of 
functional materials. On the other hand, the LIBs and SCs have 
been also integrated with various energy harvesting devices to 
realize the desired self-powering capability. To better achieve 
the practical application of the above energy storage devices, 
miniaturized structural design such as fiber-shaped LIBs and 
SCs has boomed over just a few years, and more attention is 
being paid to weaving them into powering fabrics.

Here, recent progress in developing high-performance 
energy storage devices by an integration strategy is highlighted 
to satisfy the next-generation electronics. Integration with more 
functions based on advanced materials is first discussed for 
multifunctional devices. Integration with energy harvesting 
devices is then provided for self-powering devices. The integra-
tion of LIBs and SCs into smart fabrics is followed to reflect 
a new booming direction in the energy storage industry. The 
current challenges and developing directions are finally sum-
marized for future study.

2. Integration at the Level of Materials

High energy and power densities have been extensively explored 
since the discovery of LIBs and SCs, while the incorporation of 
more functions has become increasingly important, particularly 

Energy storage devices are arousing increasing interest due to their key role 
in next-generation electronics. Integration is widely explored as a general and 
effective strategy aiming at high performances. Recent progress in integrating 
a variety of functions into electrochemical energy storage devices is carefully 
described. Through integration at the level of materials: flexible, stretchable, 
responsive, and self-healing devices are discussed to highlight the state-of-
the-art multi-functional electronics. Through the integration at the level of 
devices, the incorporation of photovoltaic and piezoelectric devices is detailed 
to reflect the advances in self-powering electronics. Integrated energy storage 
devices are presented for wearable applications to indicate a new growth 
direction. The main challenges and important directions are summarized to 
offer some useful clues for future development.

1. Introduction

The increasing demand for high-performance portable elec-
tronic devices has stimulated rapid development in making 
them thin, lightweight, flexible, wearable and intelligent.[1–4] 
The concept for these advanced devices has been proposed for 
decades and often appears in various science fiction movies 
where they can be used in a variety of fields such as wear-
able electronic products, roll-up displays, implantable medical 
devices and sensors. Recently, some prototyped products have 
been also released from the sports field by Nike, Fitbit and 
Jawbone, to smart watches by Pebble, Garmin, Withings, LG 
and Apple, smart glasses by Google and smart clothes by AiQ 
and Sunsang Fingers. This new technology represents a break-
through in electronics and produced an explosion in the world-
wide market. The number of these electronic devices will reach 
126.1 million in 2019 according to the forecast data from the 
International Data Corporation.

Lithium ion batteries (LIBs) and supercapacitors (SCs) have 
been widely used as two main electrochemical energy storage 
devices, and play a key role in powering portable electronics. 
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in recent years. The main functions, including being flex-
ible, stretchable, transparent, responsive, and self-healing are 
carefully discussed in the following sections to reflect the key 
advancements in this field.

2.1. Flexible Materials

To achieve a flexible LIB or SC, it is required for the electrode, 
electrolyte, and packing materials to all be flexible.[28–33] As 
the flexible packing materials are commercially available, the 
main efforts are made to develop flexible electrodes and elec-
trolytes with high electrochemical performances. The prepara-
tion of electrodes for a conventional LIB is mainly based on 
a slurry-casting method: mixing active materials with binders 
and conductive additives such as carbon black and graphite, 
and then casting the mixture onto a current collector made of 
metal foil or mesh.[34–36] High-efficiency LIBs require active 
materials with high energy density and minimized amount of 
non-active components. For this reason, the most commonly 
used method to obtain a flexible electrode is to settle the active 
materials onto a flexible conductive substrate without any addi-
tives or binders.[37–41]

The flexible substrates can be divided into metal,[29,42,43] 
paper and other fabrics,[26,39,41,44] and carbon-based mate-
rials.[19,45–48] Metal substrates that also work as current collec-
tors, such as the most commonly used copper for cathodes and 
aluminum for anodes, have proved their superior properties of 
high conductivity, high strength and easy production.[29,35,49,50] 
However, the metal substrates are relatively heavy and smooth, 
which will decrease the specific capacity of the whole battery. 
Moreover, the adhesion between the active materials and the 
metal surface is weak, making the active materials easy to crack 
and likely to fall off during the bending process.

Non-conductive paper and fabric are explored as substrates 
due to their good mechanical strength, high flexibility, and low 
cost.[26,39,51–56] Moreover, ordinary paper and fabrics are usu-
ally made from fibers such as cellulose, resulting in a rough 
and porous surface with lots of functional groups. By intro-
ducing active materials with high electrical conductivity into 
ordinary paper or fabric, lightweight and flexible electrodes are 
obtained for energy storage devices. For example, both cellu-
lose[39] and wood fibers[54] can be coated with conductive layers 
of carbon nanotubes (CNTs) to obtain conductive papers as 
flexible and bendable substrates and electrodes. Other active 
materials are further added to the conductive paper to increase 
the capacity of the electrode.[51,52] Compared with metal sub-
strates, fabric substrates absorb much more solution, and 
have a much better adhesion of active materials. This results 
in a higher mass loading and a significantly improved energy 
density of the whole battery.[57] Furthermore, by paper folding 
techniques, folded cells based on active powders deposited on 
paper/CNT substrates displayed an obviously increased area 
energy density.[46]

Conversely, carbon-based substrates including carbon paper, 
carbon nanofoam, and carbon fabrics show similar advan-
tages to paper and fabric substrates. In addition, they are also 
electrically conductive.[58–61] Novel carbon materials as one-
dimensional CNT and two-dimensional graphene are playing 

a significant role in the development of flexible energy storage 
devices, due to their unique properties of light weight, high 
surface area, high mechanical strength, good electrical con-
ductivity, high chemical and thermal stability and wide poten-
tial window.[62–67] For example, highly flexible CNT sheets were 
drawn from CNT arrays to support SnO2 nanoparticles.[68] The 
obtained binder-free composite electrode showed a reversible 
capacity of 950 mAh g−1 after 50 cycles with 0.1C cycling rates. 
Si/graphene papers were also prepared by dispersing Si nano-
particles on graphene oxide sheets through a filtration method, 
followed by thermal reduction.[69] This composite material 
showed a high lithium storage capacity of 2200 mAh g−1 after 
50 cycles and 1500 mAh g−1 after 200 cycles at a current den-
sity of 1000 mA g−1. It was suggested that a graphene 3D net-
work provided a better electrical contact with Si and served as 
a mechanically strong framework to support and trap Si active 
materials during bending and cycling.

Besides being used as conductive and flexible substrates, CNT 
and graphene have a broad application as additives and active 
anode materials. Free-standing bare CNT and graphene film 
usually show anode capacities of 100–600 mAh g−1.[37,63,70–72] 
When acting as additives, CNT and graphene are added to non-
conductive paper and fabric to result in conductive and flexible 
substrates, in which they create a three-dimensional network to 
offer an efficient current transport pathway, a light but strong 
skeleton and increased surface area for loading active mate-
rials.[73–76] CNT and graphene-based free-standing composite 
film electrodes can also be obtained by a variety of methods, 
such as vacuum co-filtration, blade-coating, self-assembling, 
dry-drawing, and in-situ growing. In a Si/graphene composite 
electrode, graphene served as an efficient conducting network 
to facilitate electrolyte storage and ion diffusion, and accom-
modated the volume change of Si during the charge-discharge 
process. It showed a high reversible capacity of 3350 mAh g−1 
at 840 mA g−1.[77]

The flexibility of the whole battery can be further enhanced by 
designing some special structures (Figure 1).[46,78] For example, 
an origami LIB that can be folded, bent and twisted was pro-
duced from a rigid origami technique (Figures 1a and b).[78] 
They were fabricated through the slurry-coating of electrodes 
onto paper current collectors and encased in standard materials, 
followed by folding into a Miura pattern. Another cable-typed 
LIB with high flexibility was produced from hollow-spiral and 
multiple-helix electrodes, leading to a promising application for 
future portable and wearable electronics (Figures 1c–f).[79] This 
work has been optimized by replacing the metal wire with CNT 
composite fibers, which showed a lighter weight and higher 
volume specific capacity.[73,80] Or more recently, after further 
optimization by introducing novel redox-active catholyte mol-
ecules based on 5,12-naphthacenequinone, the resulting LIB 
showed a significantly improved stability at both room tempera-
ture and 60 °C.[81]

The other aspect of an LIB lies in the electrolyte. To realize 
flexible LIBs, one of the most important points is the safety 
issue and stability during bending. The traditional organic 
liquid electrolyte suffered from leakage and explosion in flex-
ible LIBs. To this end, the flexible solid-state electrolyte with 
high ionic conductivity provides a good solution.[33,82–84] Adding 
liquid electrolytes to a polymer is the most commonly used 
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method to obtain gel electrolytes, which are leakage-proof with 
low flammability. Other solid or gel electrolytes such as plastic 
crystal electrolytes are also widely explored and have been 
described in detail by other reviews.[33,85]

Compared with LIBs, the assembly and structures of SCs 
are relatively simple. SCs can be water-compatible, and the 
polyvinyl alcohol (PVA)-based aqueous gel electrolytes are 
widely explored, e.g., PVA/H2SO4, PVA/H3PO4, PVA/KOH 
and PVA/LiCl.[86–88] Other polymers like polyethyleneoxide 
(PEO) and poly(methylmethacrylate) (PMMA) are also used as 
polymer matrices for flexible SCs.[28,89,90] On the other hand, 
non-aqueous gel electrolytes consisting of plasticized polymer 
complexes with electrolytic salts or polar polymer matrices with 
organic electrolyte solutions can reach a higher voltage of up to 
4 V.[91–93] Thus the energy density can be greatly increased.

The basic principle of constructing electrodes of flexible 
SCs is the same as flexible LIBs. What needs to be added is 
that conducting polymers are more applicable to SCs and are 
beneficial to flexible electrodes.[94–98] Their properties can not 
only enable an improved flexibility, but commonly used con-
ductive polymers such as polyaniline (PANI), polypyrrole (PPy), 
poly(3,4-ethylenedioxythiophene) (PEDOT), and their deriva-
tives also show high pseudocapacitance performances. A flex-
ible graphite/PANI hybrid paper electrode exhibited a volume 
capacitance of 3.55 F cm−3 at a current density of 4.57 mA cm−3 
and a power density of 0.054 W cm−3 normalized to the whole 
volume of the solid-state device.[99]

Here, we have summarized the main points concerning the 
fabrication of flexible LIBs and SCs. It is concluded that each 
component should be compatible with deformation, which 
requires a flexible electrode, current collector, and shape-con-
formable non-liquid electrolyte. By integrating flexible nano-
structured materials like CNTs and graphene into conventional 
rigid electrode materials, flexibility and mechanical stability 

are no longer a challenge, but the cost and 
energy density of the whole device are still 
not satisfying. A more applicable strategy is 
still under pressing need with the ever faster 
development of wearable electronics.

2.2. Stretchable Materials

Following the realization of flexible LIBs 
and SCs, stretchability is the next neces-
sary step to achieve. Wearable electronics 
require a good adaptability to body move-
ment. However, compared with flexibility, a 
satisfactory stretchability of a device is much 
more difficult to obtain. More meticulous 
designs of both material and structure are 
required.[100,101]

First, the intrinsic stretchable electrode can 
be developed by using a three dimensional 
network built by low dimensional materials 
and restricted by some polymers, such as 
randomly dispersed CNTs coated on a poly-
dimethylsiloxane (PDMS) substrate.[102–108] 
In these kinds of electrodes, each low 

dimensional material has more than one connecting point with 
each other. When the electrode is being stretched, the low dimen-
sional materials will shift and consequently the connecting points 
will slip. However, the connections within these low dimensional 
materials are mostly retained unless they shift too much. The 
stretchability of the electrode by this method is limited by the size 
of the low dimensional material and the deformation is difficult 
to exceed 100%.

Another more universal but efficient method is to deposit 
active materials onto a stretchable substrate with created wrin-
kles.[109–113] The wrinkles are mostly created by a pre-strain 
method (Figure 2a). The stretchable substrate is pre-stretched 
to a certain extent and then coated with suitable active mate-
rials prior to release. With the shrinking of the surface area 
covered with active materials a crumpled morphology is pro-
duced. When the electrode is stretched again, within the pre-
stretch extent, the wrinkles will be extended and flattened, and 
the inner structure of the electrodes is not damaged, so that 
the electrochemical performance is maintained. For instance, a 
stretchable SC was fabricated by depositing single-walled CNTs 
onto a pre-stretched PDMS substrate, and the electrical resist-
ances of the buckled single-walled CNT film remained almost 
unchanged at a strain of up to 140%.[111]

An upgrade of the pre-stretch method was developed 
recently by designing a gum-like structure, and the resulting 
LIB displayed a significantly improved capability of 400% 
strain and exhibited stable electrochemical performance after 
stretching for 500 cycles (Figure 2b).[114] Aligned CNT sheets 
were first stacked on a Cu foil, followed by coating LiMn2O4 or 
Li4Ti5O12 nanoparticles as the cathode and anode, respectively. 
Later, another CNT sheet was stacked to form a sandwich 
structure. Afterwards, an un-curing PDMS fluid was intro-
duced into the sandwich structure, which was finally placed 
onto a 450% pre-stretched PDMS substrate, cured and peeled 
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Figure 1. Flexible LIBs. a,b) Concept of origami LIBs. Reproduced with permission.[78] 
Copyright 2014, Nature Publishing Group. c–e) A cable-like LIB. Reproduced with permis-
sion.[79] Copyright 2012, John Wiley and Sons.
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off from the Cu foil. Here a close adherence of the substrate 
to the sandwich composite was achieved to enable the super-
stretchy behavior.

The third method is to bridge rigid materials or components 
with stretchable interconnections.[20,115,116] Thus, the stretch-
able interconnection parts undertake all the strain and a strong 
adhesion to the rigid components is important. Au strips that 
had been patterned on PDMS membranes were connected 
with rigid Si islands.[117] This elastic electronic circuit showed 
a stretchability of 12% and inspired the following explorations. 
Recently, the elongation was further increased to 300% through 
the introduction of a “spring within a spring’ structure”.[20] The 
LIB included pouch cells where arrays of small-scale storage 
components were connected by conducting frameworks. It 
showed a high capacity density of around 1.1 mAh cm−2.

A variety of fibers can be also woven into stretchable fabric 
electrodes,[118–123] and they can be stretched to 100–200%. For 
instance, a stretchable electrode was prepared by immersing the 
ordinary fabric into a single-walled CNT ink, and the resulting 
SC can be stretched by 120% 100 times without obvious decay 
in capacitance. To enhance the energy storage capability, some 
conducting fibers such as carbon fibers were woven into fabrics 
for the stretchable SC that did show a high specific capacitance 
of 0.5 F cm−2, but a notable decay in capacitance occurred after 
bending and stretching by 50%, possibly due to the limited 
stretchability of carbon fabrics.[122]

Recently, considerable attention was attracted to the design 
of a helically coiled spring to fabricate energy storage devices 
that were super-stretchy. It can be divided into two main struc-
tures. In one case, a fiber electrode or device was shaped into 
a spring.[124–128] Typically, the same two fiber electrodes such 
as graphene microfibers were coated with a gel electrolyte to 
obtain a fiber-shaped SC (Figure 3a),[125] and the spring-like SC 
can be then fabricated by wrapping the fiber-shaped SC around 
a cylinder substrate. As a modification, a spring-like fiber elec-
trode, such as twisted aligned CNT, with coiled loops was first 

prepared with a high stretchability of over 300% (Figure 3b).[129] 
An elastic SC was fabricated by placing two spring-like fibers in 
parallel, while an elastic LIB was produced from two spring-like 
fibers bearing LiMn2O4 and Li4Ti5O12 nanoparticles as positive 
and negative electrodes, respectively.

In the other case, active materials are helically wound 
with an elastic fiber substrate. For instance, a highly stretch-
able fiber-shaped SC was fabricated by sequentially wrapping 
aligned CNT sheets on an elastic fiber serving as electrodes 
(Figure 3c).[130] The resulting fiber-shaped SC maintained 
a specific capacitance of 18 F g−1 after stretching by 75% for  
100 cycles. Later, the same group wound a fiber-shaped cathode 
and anode in parallel around an elastomer substrate and then 
coated with gel electrolyte to obtain a super-stretchy LIB which 
can be stretched by 600% (Figure 3d).[126] The stretchability was 
controlled by the helical angle and the pitch distance of the two 
fiber-shaped electrodes on the elastic fiber.

Stretchable energy storage devices have been also realized by 
designing some new architectures including wavy structures, 
interconnected rigid components through elastic bridges, and 
textile structures. A variety of methods available for stretch-
ability provides a good adaptability in the design of flexible 
power systems. More efforts are needed to further enhance the 
stability of these stretchable energy storage devices and develop 
matchable packing materials aiming at practical applications in 
the wearable electronics industry.

2.3. Transparent Materials

Transparent materials have attracted increasing attention 
for various electronic devices including displays, e-papers, 
touch screens, and smart phones. They are generally realized 
by coating a thin layer of active materials onto a transparent 
current collector such as indium tin oxide (ITO)[21,131–134] 
or preparing thin film electrodes in the absence of current 
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Figure 2. Stretchable LIBs based on a wavy structure. a) Schematic illustration of the preparation of a buckled CNT film on PDMS. Reproduced with 
permission.[111] Copyright 2013, John Wiley and Sons. b) Schematic illustration of a super-stretchy LIB and its multi-layered structure. Reproduced with 
permission.[114] Copyright 2015, John Wiley and Sons.
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collectors.[108,135–137] The transparency change of MoS2 during 
lithiation/delithiation in a LIB was recently observed in a spe-
cially designed microbattery through in-situ transmission elec-
tron microscopy.[138] The MoS2 exhibited a bandgap at the range 
of visible light with low transmittance. The reaction product, 
Li2S, was insulating and expected for high transmittance, and 
the thin percolative Mo network was also transparent. There-
fore, an increased transmittance was produced after lithiation 
for MoS2 nanosheets.

A material becomes optically transparent when the thickness 
is much less than its optical absorption length. Accurately con-
trolled superthin electrode films can be easily prepared with a 
template method. A Au/MnO2 core-shell nanomesh structure 
on a flexible polymeric substrate was produced through a nano-
sphere lithography combined with an electrodeposition process 
(Figures 4a–c).[139] The efficient contact between the Au current 
collector and the in-situ grown MnO2 nanosheet provided excel-
lent electrochemical properties including high capacitance of 
4.72 mF cm−2 with high rate capability besides maintaining a 
high transparency and flexibility. The similar strategy was also 
used to fabricate coaxial RuO2/ITO nanopillars for a trans-
parent SC, which also showed a maximal specific capacitance of 
1235 F g−1 at a scan rate of 50 mV s−1.[140]

Recently, some general and promising preparation methods 
such as spray painting, in-situ growth, and filtration were devel-
oped for carbon nanomaterials mainly including CNTs and gra-
phene.[102,110,135,141–143] By directly growing graphene films onto 
a pre-stretched substrate, a stretchable electrode was obtained 
with an optical transmittance of up to 72.9% at a wavelength of 
550 nm, low sheet resistance and desirable mechanical compli-
ance (Figures 4d and e).[143] Metal oxides and polymers can be 
further added to increase the conductivity and capacitance of 
the carbon-based electrode by co-precipitation and electrochem-
ical deposition, respectively.

2.4. Responsive Materials

Energy storage devices with the function to monitor their 
charging states by exhibiting different colors are promising 
for various smart devices, and have been recently realized by 
designing chromatic materials whose colors change under dif-
ferent redox states.[22,144–147] An ordered bi-continuous double-
gyroid vanadium pentoxide network was developed to make an 
electrochromic SC (Figures 5a and b).[144] An active V2O5 under-
goes a reversible Li-ion insertion with colors that changed from 
yellow to green in two consecutive stages:

V O 0.5Li 0.5e Li V O2 5 0.5 2 5+ + ↔+ −  (1)

Li V O 0.5Li 0.5e LiV O0.5 2 5 2 5+ + ↔+ −  (2)

Only a fraction of V5+ ions were reduced to V4+ ions at the 
first stage (reduction peak at about 3.4 V) with the color change 
from yellow to green. The remaining V5+ ions were reduced to 
V4+ ions at the second stage (peak at 3.2 V).

Similarly, metal oxide W18O49 and PANI have also been used 
as chromatic active materials to constitute the pattern and back-
ground in a chromatic SC, respectively (Figure 5c).[22] They 
both revealed high electrochemical and electrochromic behav-
iors when operated at different ranges of potential windows, 
i.e., −0.5−0 V for W18O49 and 0−0.8 V for PANI. The coopera-
tion of the two materials enabled the supercapacitor to work at 
a widened, 1.3 V window while displaying variations in color 
schemes depending on the level of energy storage. PANI/CNT 
composite materials were also used to fabricate electrochromic 
fiber-shaped SCs and stretchable thin-film SCs on the basis of 
PANI as a chromatic active material.[145,146]

Thermally responsive properties have been widely studied 
to enhance the safety of energy storage devices.[24,148,149] High 

Adv. Energy Mater. 2015, 1501867

www.MaterialsViews.com
www.advenergymat.de

Figure 3. Stretchable fiber-shaped energy storage devices. a) A spring-shaped SC. Reproduced with permission.[125] Copyright 2013, John Wiley and 
Sons. b) SEM images of a spring-shaped fiber with increasing strain up to 50%. Reproduced with permission.[129] Copyright 2014, John Wiley and Sons. 
c) Schematic illustration of the fabrication of a highly stretchable, fiber-shaped SC with a coaxial structure. Reproduced with permission.[130] Copy-
right 2013, John Wiley and Sons. d) Schematic illustration of the fabrication of a super-stretchy LIB in a fiber shape. Reproduced with permission.[126]  
Copyright 2014, Royal Society of Chemistry.
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power delivery and rapid current flow are prone to generate a 
severe thermal effect, particularly at high environmental tem-
peratures. The electrochemical power delivery can be com-
manded by thermally responsive materials, which provide 
a possible solution to solving this safety vulnerability. For 
instance, a thermosensitive polymer has been incorporated 
onto electrodes as active materials to prepare thermally respon-
sive electrodes.[24] The configuration of the polymer would 
change with the varying temperature. The polymer collapsed at 
40 °C to inhibit ion transport, and thus weakened the power 
delivery, while the polymer was dissolved at 20 °C to recover 
the accessible ion channels for the normal charge-discharge 
process. Therefore, the resulting SC showed a temperature-trig-
gered on-off capability, i.e., it automatically stopped working at 
high temperatures.

2.5. Self-Healing Materials

Self-healing is an ability to heal and recover from physical 
damage automatically. This function is particularly desirable 
for wearable electronic devices that may be damaged with some 

severe body movements. Self-healing energy storage devices 
were generally realized by introducing self-healing materials 
into active materials.[23,150–155] Self-healing materials can effec-
tively work with or without the assistance of external stimuli 
such as heating or UV light, so they are divided into two gen-
eral categories, i.e., intrinsic systems based on non-covalent or 
dynamic covalent attractions and extrinsic systems that need an 
external healing agent of capsules or vascular networks. Cur-
rently, the intrinsic systems are already used in flexible energy 
storage devices with a self-healing polymer to recover the struc-
ture while the active material performs electrochemical storage 
in the composite.

A typical self-healing composite has been prepared from a 
supramolecular polymer as host, with inorganic metal particles 
as nanostructured fillers.[23,152] This composite material com-
bined a supermolecular polymeric hydrogen bonding network 
with glass transition temperatures of below room temperature 
and nickel microparticles with nanostructured surfaces. The 
material was flexible and exhibited a conductivity of 40 S cm−1. 
An LIB anode composed of silicon coated with a thin layer of 
self-healing polymer was made stretchable and could repair 
spontaneously after mechanical damage and cracks in the 
composite electrode. Similarly, self-healing polymers could be 
also incorporated within CNTs to fabricate self-healing SCs. 
By coating CNTs onto self-healing substrates (composed of a 
supramolecular network formed through hydrogen bonds and 
hierarchical flower-like TiO2 nanostructures) as electrodes, the 
specific capacitance can be restored up to 85.7% after cutting 
five times.[153] By wrapping CNTs and Ag nanowires onto a self-
healing polymer fiber, a self-healable core-shell wire was also 
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Figure 4. Optical devices based on different materials. a,b) SEM images 
of the Au nanomesh and Au@δ-MnO2 core-shell nanomesh. c) Optical 
images of a transparent flexible SC based on Au@MnO2 electrodes sealed 
in a PDMS film before and after bending. The characters of “NCNST” can 
be clearly observed below the transparent flexible SC device. Reproduced 
with permission.[139] Copyright 2014, John Wiley and Sons. d,e) SEM 
images of a four-layered buckled graphene film on PDMS substrate. The 
scale bars are 1 μm at (d) and 20 nm at (e). Reproduced with permis-
sion.[143] Copyright 2014, American Chemical Society.

Figure 5. Electrochromic SCs. a) Schematic illustration of an SC based 
on two laterally offset double-gyroid structured electrodes. b) Photograph 
of a transparent electrochromic SC based on (a). It was composed of an 
oxidized yellow top electrode, a laterally offset green/gray bottom elec-
trode in the reduced state, and a thermoplastic gasket spacer. Scale bar, 1 
cm. Reproduced with permission.[144] Copyright 2012, American Chemical 
Society. c) Photographs of the SC electrode at different states to demon-
strate the stored energy conveyed through the patterned color scheme. 
Reproduced with permission.[22] Copyright 2014, American Chemical 
Society.
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obtained to fabricate a novel fiber-shaped SC.[155] It showed a 
specific capacitance of 1.34 mF cm−1 and recovered to 92% after 
breaking and self-healing.

To conclude, energy storage devices have advanced through 
the introduction of a variety of functional materials into elec-
trodes that have generated new functions besides storing energy. 
Although flexible, stretchable, transparent, responsive, and self-
healing properties are mainly discussed here; other properties 
such as SCs with alternating current line-filtering functions 
have been produced to attenuate the leftover alternating current 
ripples on direct current voltage.[156,157] Integration at the level 
of materials may have different effects on the original electro-
chemical performances. For instance, after the introduction of 
CNTs into a rigid material to obtain a flexible electrode, the con-
ductive three-dimensional CNT network reveals a synergistic 
effect with original electrode active materials, thus increasing 
the transport efficiency of ions and enhancing the rate capa-
bility. On the other hand, the integration of self-healing poly-
mers into active electrode materials decreases the conductivity 
of the electrode, which decreases the electrochemical proper-
ties. This negative influence can be reduced by introducing a 
third conductive component. However, the increased weight of 
the electrode still leads to a lower specific capacity. To this end, 
more efforts are required to design multi-functional composite 
materials while maintaining high electrochemical performance.

Besides focusing on the functional materials described 
above, a reasonable connection with other devices is another 
straightforward way to bring more intelligence into an energy 
storage system. Among them, integration with energy har-
vesting devices, which will be discussed carefully below, has 
successfully realized the self-charging function and turned out 
to be a promising candidate for powering portable electronic 
devices.

3. Integration at the Level of Devices

Energy harvesting and storage are two critical technologies 
in energy systems, which are separated units based on dif-
ferent structures and working mechanisms.[35,158–162] Due to an 
intensive demand for miniature and wearable electronics, the 
development of sustainable and self-powering energy systems 
has become an important research field. As for rechargeable 
energy storage devices, LIBs and SCs can store and deliver elec-
tric energy through charge and discharge processes. However, 
the energy storage device must be recharged when the stored 
energy is depleted. It is not feasible for energy devices used in 
miniature and wearable electronics to need to be charged from 
the fixed grid. Thus, it is necessary for energy storage devices to 
integrate with energy harvesting functions, forming sustainable 
self-powering energy systems where the incorporated energy 
harvesting part can charge the energy storage part directly and 
continuously.

Various energy harvesting parts have been developed and 
categorized by the harvested energy resources including 
thermal energy,[163–165] solar energy[158,166,167] and mechanical 
energy.[168,169] These energy harvesting parts displayed dif-
ferent structures and working mechanisms. Currently, two 
main kinds of energy harvesting devices, mechanical and solar 

energy harvesting devices, have been mostly integrated into 
energy storage devices.

3.1. Mechanical Energy Harvesting Devices

Mechanical energy, such as vibrational and frictional energy, 
is a green and ubiquitous resource of nature. Triboelectric and 
piezoelectric nanogenerators represent the two most explored 
forms of devices that convert mechanical energy to elec-
trical energy. The mechanical energy is generally intermittent 
and small due to the irregular and intermittent mechanical 
motion.[170–172] Therefore, it is necessary to store and accumu-
late the converted electrical energy for applications in electronic 
devices. Integrating energy storage devices with nanogenera-
tors is studied as a useful strategy with which to achieve the 
above goal.

3.1.1. Based on the Triboelectric Effect

For a triboelectric nanogenerator (TENG), the working mecha-
nism is based on the conjunction of triboelectrification and 
electrostatic induction.[173–175] Compared to other energy har-
vesting devices, it can be made with easy processes and low 
cost, and may output a high power, so it is suitable for the 
portable electronics. For example, a TENG has been integrated 
with a flexible LIB to form a wearable power device.[176] A Ni-
coated polyester belt was prepared as one electrode and the 
parylene/Ni-coated polyester belt was used as the other elec-
trode. The two electrodes were finally woven into a TENG cloth 
(Figure 6a). The TENG worked through the vertical contact-
separation (C-S) motion between the two TENG cloths. As the 
pressing motion gave rise to a contact electrification, the elec-
trons were transferred from the tribopositive Ni belt to the tri-
bonegative parylene belt. The charge separation generated an 
electric potential difference (EPD) between the two electrodes. 
The EPD drove the electrons to transport between the two elec-
trodes through the external circuit. This was reversed during 
the releasing process (Figure 6b). Hence, the pulse current was 
generated under pressing and releasing. A TENG cloth was 
integrated with a flexible LIB to form a self-charging device 
with a rectifier. The generated current was directly conducted 
to the LIB with the assistance of a rectifier (Figures 6c–d).  
The LIB was charged rapidly to about 1.9 V by the TENG 
cloth at low-frequency motions (Figure 6f). The stored energy 
was sufficient to power small electronics, such as a heartbeat 
meter.

3.1.2. Based on the Piezoelectric Effect

Although the TENG can be integrated with LIBs, it required 
an additional rectifier to convert into a direct current, which is 
inconvenient for portable applications. To this end, a mechan-
ical-to-electrochemical self-charging power cell (SCPC), where 
the piezoelectric nanogenerator and the LIB were hybridized 
into a single device was created (Figure 7a).[177] The SCPC 
was fabricated by using a polarized poly(vinylidene fluoride) 
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(PVDF) film to replace the polyethylene separator in the tra-
ditional LIB. The entire device was sealed in a stainless-steel 
coin cell filled with electrolyte (Figure 7b). There were three 
major parts in the SCPC, i.e., anode, separator and cathode. A 
Ti foil modified with aligned TiO2 nanotube arrays acted as an 
anode and the LiCoO2-based composite on the Al foil served as 
the cathode. A layer of polarized PVDF film between the anode 
and cathode was used as a separator (Figure 7c). This polar-
ized PVDF separator generated a piezoelectric potential under 
external stress, which was the driving force for the migration 
of Li ions.

The working mechanism of the SCPC was involved in an 
electrochemical process induced by the piezoelectric potential, 
which was derived from the deformation of PVDF.[177] In the 
original state, it appeared as a discharge state (Figure 7d). When 

the SCPC was pressed, a piezoelectric field from the cathode 
to anode was established in the polarized PVDF (Figure 7e). 
As a result, the Li ions in the electrolyte were driven by the 
piezoelectric field, migrating from the cathode to anode. The 
decreased concentration of Li ions at the cathode enabled the 
chemical equilibrium (LiCoO Li CoO xLi xe2 1 x 2↔ + +−

+ −) to 
move to the right. In this case, the Li ions were de-interca-
lated from LiCoO2 to form Li1−xCoO2 at the cathode electrode. 
Meanwhile, the increased concentration of Li ions at the 
anode produced LixTiO2 according to the chemical equilibrium 
(TiO xLi xe Li TiO2

+
x 2+ + ↔− ) (Figure 7f). During the above pro-

cess, the Li ions were continuously migrated from the cathode 
to anode and the device was charged until the piezoelectric field 
was balanced by the transferred Li ions. In a self-charging and 
discharging cycle of the SCPC, the voltage of the device was 
increased by 65 mV within 4 min under pressing (Figure 7g). 
After finishing the self-charging process, the SCPC can be dis-
charged to the original voltage. The stored electric capacity was 
≈0.036 μAh.

The performance of the SCPC was affected by the pressing 
force and the used materials. The increasing force and fre-
quency can both enhance the self-charging effect. Under the 
same force, a flexible device can generate a higher piezoelectric 
performance than a rigid one due to the larger deformation. 
A flexible Kapton film was used as a substrate to fabricate the 
flexible SCPC.[178] The flexible SCPC exhibited a better self-
charging effect compared to the rigid SCPC based on a stain-
less steel substrate. Minute mechanical forces such as those 
produced by the pressing of fingers can provide enough strain 
for this flexible SCPC. In view of the fact that mechanical 
energy harvesting and storage mainly relied on the piezoelec-
tric field generated in the PVDF separator, optimizing the 
structure of the piezoelectric separator is an effective way to 
improve the performance. For instance, a porous structure was 
designed for the PVDF separator using ZnO nanowire arrays 
as templates.[179] This porous structure can facilitate the trans-
port of Li ions, leading to a higher performance. In order to 
effectively use the piezoelectric field, some composite mate-
rials such as CuO/PVDF nanocomposites were synthesized as 
the anode by infiltrating the PVDF gel into the grass-like CuO 
nanoarrays.[180] In this composite, the intimate and large con-
tact between CuO nanoarrays and PVDF gave the integrated 
device a high performance compared to the previous structure 
in which the prepared PVDF film was merely deposited onto 
the CuO arrays.

3.2. Solar Energy Harvesting Devices

Solar energy is a widespread, renewable, and environmentally-
friendly resource in the world. To utilize solar energy in our 
daily life, solar cells have been mostly developed for harvesting 
solar energy and further converting it to electrical energy. 
In view of the variation in sunlight intensity under different 
weather conditions, locations, and times, the energy output of 
the same solar cell may fluctuate, and it is therefore not suit-
able for direct use in electronic devices.

Energy storage devices including LIBs and SCs can 
effectively store electrical energy. An effective approach to 
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Figure 6. Wearable power devices based on TENG and LIB belt. a) Sche-
matic illustration of the fabrication of TENG-cloth. b) Schematic illustra-
tion of the working mechanism of the TENG in two TENG cloths with 
contact-separation mode. c) Photograph of the wearable power device 
where the TENG-cloth was integrated with LIB to power a heartbeat 
meter strap that had a remote communication with a smart phone. 
d) The original coin cell of heartbeat meter being replaced by the LIB 
belt. e) Equivalent electrical circuit of the power system. f) Typical charge 
and galvanostatic discharge curve of the integrated device. Reproduced 
with permission.[176] Copyright 2015, John Wiley and Sons.
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collecting the fluctuating electricity generated from solar 
cells is to integrate solar cells and energy storage devices, 
i.e., the solar cell part charges the energy storage part instead 
of the power grid. Therefore, the converted electrical energy 
from the solar cell can be effectively stored, to not only avoid 
energy waste, but also to make the output power stable. Cur-
rently, energy storage units have been successfully integrated 
with silicon solar cells, polymer solar cells (PSCs) and dye-
sensitized solar cells (DSSCs) to form self-charging energy 
devices.[181–187] The performance of the integrated energy 
device is determined by the photovoltaic conversion and 
energy storage part, and the entire energy conversion and 

storage efficiency is calculated by multiplying power conver-
sion and energy storage efficiencies.

For both photovoltaic conversion and electrochemical storage 
parts, the electrode materials are a key to their performances. 
The photovoltaic conversion part includes two electrodes for 
transferring and collecting charges, and the electrochemical 
storage part also needs two electrodes with an electrolyte typi-
cally sandwiched between them. The two parts are generally 
connected through external conductive wires with low effi-
ciencies. It is difficult or even impossible to make such a con-
nection for various miniature and portable electronic devices. 
Therefore, the integration of the above two functions into one 
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Figure 7. a) Schematic illustration of the self-charging power cell (SCPC) by hybridizing a piezoelectric nanogenerator and an LIB. b) Sticking an SCPC 
on the bottom of a shoe for harvesting and storing the compressive energy generated by walking. c) Cross-sectional SEM image of the SCPC. d) Sche-
matic illustration of the SCPC in a discharged state. e) Schematic illustration of the piezopotential generated after a compressive stress was applied to 
the SCPC. f) Schematic illustration of the corresponding charging reaction of the SCPC. g) A typical curve of self-charging and galvanostatic discharge 
for the SCPC. Reproduced with permission.[177] Copyright 2012, American Chemical Society.



R
ev

ie
w

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1501867 (10 of 19) wileyonlinelibrary.com

device has become standard in recent years. The energy har-
vesting and storage parts typically share one or two electrodes 
in the integrated device.

3.2.1. Planar Shaped Devices

The integrated energy device realizes energy conversion and 
storage in one device. The traditional configuration is a planar 
shape, in which it is easy to integrate these two parts into 
one unit. Due to the low cost and easy fabrication, DSSCs are 
firstly integrated with LIBs or SCs. A DSSC is composed of a 
working electrode, a counter electrode and an electrolyte. The 
counter electrode is opaque, so a DSSC is usually illuminated 
from the working electrode. One electrode of the LIB or SC part 
may share the counter electrode with the DSSC, so the design 
of the shared electrode is a key to the performance of the inte-
grated energy device. For instance, a platinum sheet with one 
side being coated by an activated carbon layer was prepared 
as such an effective electrode.[188] The activated carbon layer 
served as an electrode material of the SC, while the uncovered 
platinum side functioned as a counter electrode of the DSSC. 
The shared electrode was assembled with a dye-sensitized TiO2 
layer working electrode and an activated carbon layer to form 
the DSSC and SC part, respectively. As expected, in this inte-
grated energy device, the electrical energy generated from the 
DSSC part was directly stored in the SC part.

Besides the metal electrode, a variety of nanostructured 
electrodes based on carbon nanomaterials such as CNT have 

also been widely explored as sharing electrodes due to their 
high electrocatalytic activities in DSSCs and high long-term 
stability as electrodes in SCs.[189–194] For instance, a flexible, 
free-standing and aligned multiwalled CNT sheet was pre-
pared as a sharing electrode in an integrated energy device 
(Figure 8a).[195] When the working electrode of a DSSC part was 
connected with the other electrode of the SC part, the voltages 
of the integrated device were increased rapidly under illumina-
tion, indicating the charging process. The voltage was main-
tained at 0.72 V, which was slightly lower than the open-circuit  
photovoltage of the DSSC unit, due to the electricity lost in the 
external circuit (Figures 8b and c). After finishing the charging 
process, the stored electrical energy can be outputted under gal-
vanostatic discharging when the SC part was connected to the 
external load. The SC part can be charged again by the DSSC 
part when the DSSC part was illuminated. For the integration 
of solar cells and SCs, it is critically important to enhance the 
specific capacitance of the SC, aiming at improving the storage 
capability of the integrated energy device. The introduction of a 
second phase with high electrochemical properties represents 
the most studied strategy for the SC part. Both metal oxides 
and conducting polymers have been extensively investigated. 
For instance, the pseudocapacitive PANI has been infiltrated 
into the aligned CNT sheet, and the output electric power of the 
integrated energy device was greatly enhanced (Figure 8d).[195]

Generally, the output voltage was below 1.5 V when SCs are 
integrated with solar cells. There are two methods to obtain 
high output voltages from integrated devices. In one case, the 
integrated devices can be connected in series. For example, 
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Figure 8. The integrated DSSC and SC device. a) Schematic illustration of an integrated device. b) Photocurrent density–voltage characteristics of an 
integrated device. c,d) Photocharging and galvanostatic discharging curves of integrated devices with bare multi-walled CNT sheets and multi-walled 
CNT/PANI composite films as electrodes, respectively. Reproduced with permission.[195] Copyright 2013, Royal Society of Chemistry.
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four integrated devices were arranged in series to output 
a higher voltage of 2.5 V.[196] In the other case the energy 
storage part with a higher voltage, such as LIB, may be used 
to replace the SC. An output voltage of ≈3 V had been achieved 
through this strategy.[197] To prepare the sharing electrode, 
aligned TiO2 nanotube arrays were grown at both sides of a 
Ti foil with one side as a working electrode of DSSC part and 
the other side as the anode of LIB part (Figure 9a). When the 
DSSC part was illuminated, the generated electrons trans-
ported along the Ti foil to the anode where the following 
reaction occurred, i.e., (TiO xLi xe Li TiO2

+
x 2+ + ↔− ). At the 

cathode, another reaction occurred to release the electrons, i.e., 
(LiCoO Li CoO xLi xe2 1 x 2↔ + +−

+ −). The electrons reached the 
counter electrode of the DSSC part through the external circuit 
to combine with the holes at the counter electrode (Figure 9b). 
Under continuous illumination, the Li ions were inserted into 
the anode to realize a charging process. The voltage of a single 
DSSC unit is about 0.8 V, which does not match the voltage 
platform of the LIB part. Therefore, four tandem DSSCs were 
used as energy harvesting units to charge the LIB. The voltage 
of the integrated device was increased to 3 V in ≈8 min, and 
the stored electric capacity was about 33.89 μAh according to 
the discharging process (Figure 9c). The performance of the 

integrated device can be well maintained after three cycles of 
the charging and discharging processes. Moreover, the stored 
energy in this integrated device can effectively power small 
electronic devices such as light-emitting diodes (LEDs).

Both DSSC and LIB, or SC parts require different electro-
lytes, usually liquid electrolytes that are inconvenient, or even 
have problems such as leakage and volatilization. Therefore, it 
is necessary to further seal such integrated energy devices for 
practical applications. Gel electrolytes have been thus proposed 
to fabricate solid-state DSSCs and the following integrated 
energy devices, though both mechanical and thermal stability 
need to be further enhanced. To this end, solid-state solar cells 
and SCs have been widely investigated to form an all-solid-state 
integrated energy device.[198]

3.2.2. Fiber Shaped Devices

The planar device is usually heavy, rigid, and large, restricting 
their applications to portable electronics. Recently, fiber-shaped 
energy devices were developed for applications in portable and 
wearable electronics due to their flexibility, light weight and 
weaving properties.[199–219] The explored fiber-shaped energy 
devices mainly contain energy harvesting and storage devices. 
Integrating fiber-shaped SCs/LIBs with solar cells to form fiber-
shaped integrated energy devices can realize self-powering and 
portable applications simultaneously. [220–224]

Aligned CNT fibers have been widely investigated for the 
fabrication of fiber-shaped integrated devices. For instance, 
an SC and a DSSC were assembled into one device based on 
a TiO2 nanotube-modified Ti wire as the sharing electrode.[220] 
Two aligned CNT fibers were twisted around the Ti wire to 
form the DSSC and SC parts (Figures 10a–e). The aligned TiO2 
nanotubes can effectively enhance charge separation and trans-
port for the DSSC and enlarge the contact area with electrolytes 
for the SC. The flexible CNT fiber ensured a good contact with 
the modified Ti wire in each part. During the charging process, 
the DSSC and SC part were bridged together by connecting the 
two separated CNT fibers. The generated electrons from the 
DSSC part can be directly stored in the SC part, and the voltage 
was increased rapidly to 0.6 V, which was close to the open-cir-
cuit photovoltage of the DSSC (Figures 10f and g). The entire 
energy conversion and storage efficiency was appropriately 
1.5%, where the power conversion efficiency was 2.2% and the 
storage efficiency was 68.4%.[220]

By combining the characteristics of fiber shape and planar 
architecture, a coaxial structure offers some advantages com-
pared to the twisting structure in the fiber-shaped device, e.g., 
the contact between the electrode and electrolyte were better 
with a higher stability.[225–227] Coaxial fiber-shaped integrated 
energy devices have been also created recently by introducing 
appropriate electrode materials. A flexible, transparent, con-
ductive CNT sheet has been found to effectively meet the 
requirements. A modified Ti wire as the sharing electrode was 
wrapped by two separated CNT sheets with one as the counter 
electrode for DSSC and the other as an electrode for SC. This 
coaxial integrated device showed high stability, and the entire 
energy conversion and storage efficiency can be maintained at 
88.2% after bending for 1000 cycles.[223]
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Figure 9. The integrated DSSC and LIB device. a) Schematic illustration 
of an integrated device. b) Detailed structure and working mechanism of 
the integrated device. c) The discharge/charge cycling curves of the inte-
grated device with four tandem DSSC units and one LIB unit. Reproduced 
with permission.[197] Copyright 2012, American Chemical Society.
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As previously mentioned, for the integration of liquid-based 
fiber-shaped DSSCs into the LIB or SC, it is necessary to seal 
them for stable performance, which is complex and inconvenient 
for applications. Therefore, the development of an all-solid-state 
solar cell that can work in air becomes critically important for 
low cost and high stability. To this end, polymer solar cells (PSC) 
represent a promising candidate to satisfy them. An all-solid-
state integrated energy fiber has been designed and fabricated 
from a PSC and an SC (Figure 11a).[222] A Ti wire was first grown 
with a layer of aligned TiO2 nanotube arrays. The left part of the 
modified Ti wire was then sequentially coated with poly(3-hexyl 
thiophene):phenyl-C61-butyric acid methyl ester (P3HT:PCBM) 
and poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) 
(PEDOT:PSS) on the surface, followed by winding the aligned 
CNT sheet to form the PSC unit. Afterwards, the right part of the 
modified Ti wire was wrapped by another CNT sheet, followed 
by coating a layer of poly(vinyl alcohol) (PVA)/H3PO4 gel electro-
lyte to form the SC. A single layer of CNT sheet was preferred to 
obtain the best performance for the PSC part. For this integrated 
device, the entire energy conversion and storage efficiency was 
gradually increased with increasing CNT sheet thickness in the 

SC part. A maximal entire efficiency of 0.84% 
was achieved at a thickness of 20 μm. This all-
solid-state integrated energy device displayed 
a high stability with the entire energy conver-
sion and storage efficiency being maintained 
at over 90% after bending for 1000 cycles 
(Figure 11b). Furthermore, this integrated 
energy fiber can effectively work and may be 
stored without sealing, and the entire effi-
ciency can be maintained at 75% in 7 days 
(Figure 11c).

Perovskite solar cells represent one of the 
most explored solid-state solar cells and have 
started to attract increasing attention for their 
high power conversion efficiencies.[228–235] 
Recently, fiber-shaped perovskite solar cells 
have been realized through the use of modi-
fied Ti wire and aligned CNT sheets as two 
electrodes with the perovskite material 
sandwiched between them.[236] After modi-
fication by introducing an elastic fiber sub-
strate according to the strategy in DSSCs,[237] 
the resulting fiber-shaped perovskite solar 
cell can be further made to be stretchable. 
Similar to the DSSC, the perovskite solar 
cell should also be able to be integrated 
with the SC or LB into a fiber shape. How-
ever, it remains unavailable and may attract 
increasing attention in the near future, par-
ticularly considering that integrated devices 
showed low efficiencies while the perovs-
kite solar cells exhibited the promise of high 
power conversion efficiencies.

To conclude, by integrating energy storage 
devices with energy harvesting devices, self-
charging power systems can be successfully 
realized in both planar and fiber shapes. The 
utilization of mechanical energy from body 

moments and solar energy from daylight, provide a promising 
option for renewable and sustainable power systems, especially 
aiming at miniature equipment. Based on the integrated energy 
storage devices described above, efforts have been further paid 
to develop novel power fabrics that represent a new platform in 
the advancement of energy storage.

4. Integrated Energy Storage Fabrics

Emerging research on portable power devices has aroused tre-
mendous interest in wearable energy systems. Although LIBs 
and SCs are desirable power devices for future portable, wear-
able and miniature electronic devices, their traditional bulky 
shape still cannot meet the future needs. To this end, increasing 
interest has been attracted to making energy storage fabrics, as a 
promising future direction. So far, the energy storage fabrics can 
be fabricated by two methods. One is made from custom fabrics. 
The other one is woven from fiber-shaped energy storage devices.

Custom fabrics, including cotton and polyester fabrics, are 
low-cost and easily obtained. The original non-conductivity of 
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Figure 10. The fiber-shaped integrated device based on DSSC and SC. a) Schematic illustration 
of a fiber-shaped integrated device. b) SEM image of a shared Ti wire electrode grown with TiO2 
nanotube arrays on the surface. c) SEM image of a CNT fiber. d,e) Enlarged views of (b) and 
(c), respectively. f) Schematic illustration of the electrode connection during charging and dis-
charging. g) Photocharging-discharging curve of a fiber-shaped integrated device. Reproduced 
with permission.[220] Copyright 2012, John Wiley and Sons.
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these fabrics restricts their application as electrode materials. 
Hence, conductive materials are introduced to prepare a con-
ductive fabric. Due to electrical conductivity and stable energy 
storage performance, activated carbon, CNT, and graphene are 
incorporated into the fabric through various methods including 
dip-coating, screen-printing and bush-coating.[26,121,238–240] For 
instance, a conductive fabric was prepared by dipping the cotton 
cloth into a single-walled CNT ink. The produced fabric showed 
a high electrical conductivity and the sheet resistance was less 
than 1 Ω sq−1.[121] Using this conductive fabric as both active 
material and current collector, a high-performance flexible SC 
fabric was obtained. A cotton fabric could be also modified 
with the other carbon nanomaterials such as graphene. Using 
a simple brush-coating method with graphene oxide ink, a con-
ductive graphene-cotton fabric was produced after annealing. 
The SC fabric had a specific capacitance of 81.7 F g−1.[239] Aside 
from incorporating conductive carbon-based materials, custom 
fabric can be also converted into conductive fabric by a direct 
activated process.[241,242] For example, a cotton cloth was con-
verted into activated carbon fabric by the chemical active proce-
dure and heating treatment. The original 3D porous microstruc-
ture was well maintained after coating capacitive materials such 
as MnO2, which was beneficial to the electrolyte infiltration.[242]

A custom fabric is made up of yarns, so the conduc-
tive yarns can be directly woven into a conductive fabric. An 
energy storage fabric can be obtained by coating electrolyte 
onto this fabric. Activated carbon materials were introduced 
into swelled yarns, including cotton, linen, bamboo, and vis-
cose yarns, through fiber welding.[243] The introduced carbon 
particles cover the surface of the fiber, forming a conductive 
network among welded fibers. These composite yarns can be 

successfully woven into a fabric with non-conductive yarns that 
act as a physical separator (Figure 12a). The gel electrolyte was 
finally coated onto the fabric to form the SC. This SC fabric 
showed a flexibility and elasticity (Figure 12b). When the single 
yarn was twisted with a steel wire to form the carbon/steel yarn, 
a higher performance SC fabric was achieved due to the higher 
electrical conductivity of the carbon/steel yarn.

Alternatively, the conductive yarn can be used in fiber-shaped 
energy devices, which can be then woven into energy fabrics. 
Hence, the fiber-shaped device plays a vital role in obtaining 
high performance fabrics. Carbon-based fibers, including CNT, 
graphene, and composite fibers, are promising electrodes in 
fiber-shaped SCs. For instance, a fiber-shaped SC based on a 
single-walled CNT fiber was obtained by twisting two fiber elec-
trodes together, and the final SC was integrated into traditional 
cloth to form an energy storage fabric (Figure 12c).[244] Com-
pared with SCs, LIBs have a higher energy density, which is 
beneficial for high performance fabric. A fiber-shaped LIB was 
obtained by twisting the CNT/MnO2 composite fiber and a Li 
wire as positive and negative electrodes, respectively.[73] Using 
the metal Li wire is not welcome for practical applications. In 
order to improve flexibility and safety, a coaxial full LIB based 
on CNT/LiMn2O4 and CNT-Si/CNT composite fibers was devel-
oped. This full LIB can be woven into an energy storage fabric 
with an area energy density of 4.5 mWh cm−2 (Figure 12d).[27] 
When the energy device is integrated into cloth, it is inevitably 
folded and stretched, so developing a highly stretchable energy 
device is important for their stable operation. Accordingly, a 
fiber-shaped LIB with an elongation of 600% was integrated 
with a cloth. This energy fabric can well perform during folding 
and stretching of the cloth (Figures 12e–h).[126]
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Figure 11. A fiber-shaped integrated device based on PSC and SC. a) Schematic illustration of the fabrication process. b) Dependence of the entire 
energy conversion and storage efficiency of integrated device on bent cycle number. c) Dependence of the entire energy conversion and storage effi-
ciency of integrated device on time. Reproduced with permission.[222] Copyright 2014, John Wiley and Sons.
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Aside from outputting power, the energy fabric can be 
endowed with other functions. For example, a smart SC was 
fabricated based on an electrochromic fiber where a CNT-based 
fiber was coated with PANI.[146] Different colors of fiber elec-
trodes, derived from different oxidation states of PANI, can be 
shown under different voltages (Figures 13a–e). These elec-
trochromic fibers were easily woven into a fabric. When some 
fibers in the fabric were selected as positive electrodes and 
other fibers were used as negative electrodes, some specific 
symbols, according to the selective electrodes, can be displayed 

during charging/discharging processes 
(Figures 13f–h). The alterable colors in this 
system were light yellow, blue and green. 
Other colors may be also realized as long as 
different polymers and inorganic oxides are 
introduced.

5. Conclusions and Outlook

To satisfy the increasing energy demands 
for portable, wearable and miniature elec-
tronic devices, it is necessary to develop 
high-performance energy storage sys-
tems. Apart from the basic function of 
storing electrical energy, additional func-
tions have been incorporated into energy 
storage devices. Integration has proven to 
be an effective strategy for improving the 
performance of energy storage devices. 
Flexibility, stretchability, transparency, 
electrochromism, intelligence, and self-
healing functions have successfully been 
introduced into LIBs and/or SCs. Moreover, 
energy storage devices can be integrated 
with energy harvesting devices, including 
nanogenerators and solar cells, to form 
self-powering energy systems. To effec-
tively harvest and store energy, the energy 
harvesting and energy storage unit need to 
be well matched and delicately designed. 
These integrated energy devices can har-
vest energy from the environment and store 
energy simultaneously, with promising 
applications to portable electronic devices. 
The flexible, lightweight, and weaveable 
fiber-shaped energy devices are easily inte-
grated with fabric to form energy powering 
fabrics that show promising applications 
for wearable electronics.

Although some functional energy storage 
devices have been well designed and show 
good prospects, they are still below the per-
formance requirements for next-generation 
electronics. Some aspects may be improved 
by future study of the following aspects. 
1) Integrating two or more functions into 
one energy storage device is necessary. This 
becomes more complex for future portable 

electronic devices. Developing multifunctional energy storage 
devices is effective for reducing the component amount with 
a smaller size. 2) It is necessary to optimize the structure of 
integrated energy harvesting and storage devices. Nowadays, 
integrated energy devices are usually fabricated by sharing one 
electrode. Hybridizing energy storage and harvesting device 
into single device is a useful way to reduce the device volume. 
Taking the integrated DSSC and SC device for an example, it 
is necessary to invent a sharing electrolyte that is applicable 
to both parts. 3) As for fiber-shaped energy storage devices, a 
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Figure 12. Power fabrics based on LIB and SC. a) Photograph of a flat knitted SC. b) Photo-
graph of knitted SC under stretching. Reproduced with permission.[243] Copyright 2015, John 
Wiley and Sons. c) Photograph of fiber-shaped SCs being woven into a fabric. Scale bar, 1 cm. 
Reproduced with permission.[244] Copyright 2003, Nature Publishing Group. d) Photograph 
of fiber-shaped full LIBs being woven into a fabric. Reproduced with permission.[27] Copyright 
2014, American Chemical Society. e–h) Photographs of stretchable fiber-shaped LIBs being 
woven into a sweater (e and f) under folding (g) and stretching (h). Reproduced with permis-
sion.[126] Copyright 2014, Royal Society of Chemistry.
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longer device should be developed for power fabric. To date, 
most lab-made fiber-shaped devices are at centimeter-scale and 
the performance degrades sharply when the length is extended. 
The conductivity of the fiber electrode is a critical factor for 
scaling up. Hence, developing a high conductivity and electro-
chemical activity fiber electrode is a main direction for the next 
stage of research.
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