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1. Introduction

Although the energy conversion efficiency of new-generation
photovoltaic devices such as dye-sensitized and polymer solar
cells are still lower than their silicon-based counterparts, they
have attracted increasing interest as they can be fabricated
through a solution process with low cost and flexible struc-
ture.[1–5] Recently, a new advantage has been demonstrated for
both dye-sensitized and polymer solar cells, namely that they
could be further integrated with various electrochemical stor-
age devices with high performance.[6–14] As a comparison, the
produced electric energy from silicon-based solar cells is trans-
ported to storage devices through external electric wires with
low efficiencies and complex processes. These integrated devi-
ces are shown to be promising for various self-powering sys-
tems that could be useful for portable electronic equipment.
The integrated devices generally appeared in a planar format,
which may limit their practical applications as electronic devi-
ces are required to be lighter and smaller in the future. To this
end, a wire shape shows some unique and promising advan-
tages. For instance, a wire-shaped solar cell has been widely
explored for being wearable, while the textile technology rep-
resents a well-developed fabrication method in industry. An in-
tegrated wire device that simultaneously realized the conver-
sion of solar energy to electric energy and storage had been
also produced.[15, 16] In this Concept, recent progress on inte-
grated devices in both planar and wire formats is summarized
with an emphasis on wire-shaped devices.

2. Integrated Device in a Planar Format

Generally, an integrated device is composed of at least a solar
cell and an electrochemical storage cell, which includes a super-
capacitor and lithium-ion battery. In one case, they are directly
stacked into a layered structure. For instance, Srinivasan and
coworkers had developed such an all-solid-state photo-super-
capacitor by a printing process.[14] Here a polymeric solar cell
(PSC) was first fabricated with indium tin oxide as an anode,
poly(3-hexylthiophene) (P3HT)/[6,6]-phenyl-C61-butyric acid
methyl ester (PCBM) as photoactive materials, and an alumi-
num layer as the cathode. A carbon nanotube (CNT) network
was then coated onto the back of the aluminum layer, fol-
lowed by stacking of a polymer electrolyte and coating of an-
other CNT network. The two CNT network layers were used as
electrodes of the supercapacitor. The CNT network which was
attached to the aluminum also functioned as an efficient inter-
face between the PSC and supercapacitor. During the charging
process, the P3HT absorbed the sunlight to generate excitons
which were separated as electrons and holes when they were
diffused to the interface between two photoactive compo-
nents. The electrons and holes were transported to the CNT
electrode and charged the supercapacitor. Although the con-
trol experiment showed that the internal resistance was almost
43 % less than an individual PSC and supercapacitor connected
by an external wire, the entire photoelectric conversion and
storage efficiencies were relatively low. In addition, the PSC
and supercapacitor are in fact two separate devices in nature,
although they are stacked into a single device in appearance.
Therefore, it also remains challenging to significantly improve
the performance in such a simple stacked structure.

To this end, much effort has been made to integrate solar
cells and supercapacitors that share an electrode. Miyasaka
and coworkers had integrated a dye-sensitized solar cell (DSC)
and a supercapacitor with a platinum plate which was used as
both counter electrode of the DSC and one electrode of the
supercapacitor.[6] Electrons and holes were accumulated in the
activated carbon layers when they were generated by the DSC,

Other forms of energy are generally converted to electric
energy and then transported to electrochemical devices,
where the energy is stored, by external electric wires. To fur-
ther improve total energy conversion and storage efficiency, in-
terest in simultaneously realize the energy conversion and stor-
age in a single device has increased. This Concept describes
recent progress in developing such novel integrated energy

devices. Both planar and wire architectures are carefully illus-
trated with an emphasis on the “energy wire” which has been
the focus of past developments due to its unique and promis-
ing applications, such as being woven into clothes or other
complex structures by conventional textile technology. The
current challenges and future directions of the integrated devi-
ces, particularly in the wire architecture, are summarized.
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which resulted in an increase of the voltage to close to that of
the open-circuit voltage of the DSC. A discharge capacity of
48 mC had been obtained when the supercapacitor was dis-
charged to 0 V at a constant current of 47 mA cm�2. When the
indium tin oxide was coated on poly(ethylene terephthalate)
as the conductive substrate for the DSC part, flexible integrat-
ed devices were produced.[10, 11] They showed an energy con-
version efficiency of 4.7 % and a specific capacitance of
0.52 F cm�2. To further improve the performance of the inte-
grated device, we had developed an integrated device in
which the DSC and supercapacitor shared a nanostructured
electrode which was prepared from perpendicularly aligned
CNTs both as the counter electrode of the DSC and the active
electrode of the supercapacitor (Figure 1).[12] The entire energy
conversion and storage efficiency in this integrated device ach-
ieved 5.12 %.

Due to the high energy density and long cycle life, lithium-
ion batteries have also been used as the energy storage part
in integrated devices besides supercapacitors. Recently, Wang
and coworkers reported an integrated energy system from
a DSC and a battery based on double-sided titania nanotubes
grown on the same titanium substrate.[13] The double-sided ti-
tania nanotubes not only provided a large surface area for

both the DSC and battery, but enhanced the electron transport
in the DSC part and avoided an irregular expansion during the
insertion/removal process of lithium. As a result, the battery
voltage was charged to about 3 V in a short time of 8 min, and
the discharge capacity was about 38.89 mAh under a discharge
density of 100 mA. The total energy conversion and storage ef-
ficiency was 0.82 %.

3. Integrated Devices in a Wire Format

Wire-shaped integrated devices have also been realized recent-
ly.[15, 16] Similar to the planar integrated device, a wire-shaped
integrated device is also composed of at least a photovoltaic
part and an energy-storage part. However, compared with
their planar counterparts, the wire structure enables some
promising advantages, for example, being much lighter, being
woven into various electronic devices by the conventional tex-
tile technology, and being more easily used as self-powering
systems outdoors. In particular, a series of photovoltaic and
storage parts can be more conveniently connected and organ-
ized into complex structures with high efficiencies. To demon-
strate the unique advantage in integration for the wire struc-
ture, solar cells, supercapacitors, and batteries in a wire format
are first introduced, and the integrated devices are then care-
fully described.

3.1. Wire-Shaped Solar Cells

A wire-shaped solar cell can be fabricated with two main archi-
tectures, namely, a core–sheath structure based on a single
wire and twisted two fibers. In a typical fabrication for core–
sheath solar cells, the photoactive layer is coated onto a con-
ductive fiber substrate, followed by deposition of a metal layer
as an outer electrode.[17–20] For instance, a wire-shaped PSC was
fabricated by coating P3HT/PCBM on a conductive optical fiber
substrate with a layer of aluminum as the outer electrode.[17]

An efficiency of 1.1 % was obtained when the light was shining
into the device in the axial direction of the optical fiber. Plastic
fibers such as polypropylene fibers have also been used as
fiber substrates to prepare wire-shaped PSCs. Generally, low ef-
ficiencies were obtained due to the low transmittance of the
semi-transparent outer electrode.[18] Instead, a conductive CNT
film could be wrapped onto a photoactive layer-coated fiber
substrate as the outer electrode to fabricate wire-shaped DSCs,
and a maximum efficiency of 2.6 % has been achieved.[19] How-
ever, for a core–sheath structure, it is technically difficult to
coat a very thin but uniform layer of photoactive layer or elec-
trode onto a fiber substrate at nanoscale.

The wire-shaped solar cells have mostly been made by using
metal wires as two electrodes, and DSCs are typically investi-
gated due to the easy fabrication and high efficiency. For in-
stance, stainless steel coated with a layer of semiconductive ti-
tania was used as the working electrode and platinum wire
was used as the counter electrode, and the maximum efficien-
cy achieved was 7.02 %.[20] However, the relatively low flexibility
of metal wires may limit the cell stability during use. The two
metal wires could easily be separated from each other after

Figure 1. Integrated planar device based on aligned CNT films as electrodes
to simultaneously realize photoelectrical conversion and electrochemical
storage. a) Schematic illustration. b) Dynamic voltage of the device during
photocharging and galvanostatic discharging processes. Adapted with per-
mission from ref. [12] . Copyright (2013) The Royal Society of Chemistry.
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bending them a few times. Therefore, metal-free electrodes
such as CNT fibers were developed for wire-shaped
DSCs.[19, 20–23] In addition, the nanostructure surface of CNT
fibers may further improve the charge separation and trans-
port at the interface. Figures 2 a,b show a typical structure for
a wire-shaped DSC based on two CNT fibers. One CNT fiber
which was coated with a layer of porous TiO2 nanoparticles
had been used as the working electrode while the second
bare CNT fiber served as the counter electrode.[21] Due to the
high flexibility of the CNT fibers, the two electrodes
could be tightly and stably twisted (Figure 2 c). As ex-
pected, another critical advantage of the wire shape
was demonstrated, namely that the cell performance
was independent of the incident angle (Figure 2 d).
When the incident angle was varied from 0 to 1808,
the efficiencies remained almost unchanged. Recent-
ly, CNT fibers have also been twisted with a metal
wire to fabricate PSCs.[24, 25] A maximum efficiency of
2.11 % had been achieved when a layer of ZnO
served as a hole-blocking layer.

3.2. Wire-Shaped Energy-Storage Devices

Due to the possibility of being light-weight, flexible,
and weaveable, wire-shaped energy storage devices
including supercapacitors and lithium ion batteries
have begun to attract increasing attention. Wang
and coworkers reported a wire-shaped supercapaci-
tor with a twisted structure using a flexible poly-
(methyl methacrylate) wire and a Kevlar fiber as wire
substrates.[26] A specific capacitance of 2.4 mF cm�2 or
0.2 mF cm�1 was produced when a solid gel electro-
lyte of poly(vinyl alcohol)/phosphoric acid was used.

The relatively low electrochemical performance of such wire-
shaped supercapacitors may be attributed to the low electrical
conductivity of the polymer fiber substrates. As a result, the
specific capacitance was increased to 239 mF cm�1 when
highly conductive CNT/polyaniline composite fibers were used
to replace the polymer fibers (Figure 3).[27] These supercapaci-
tors also showed high stability. For example, the specific capac-
itance decreased only slightly during the first 50 cycles and
then remained almost unchanged during the following 950

Figure 2. Wire-shaped dye-sensitized solar cell fabricated from two twisted CNT fibers. a) and b) Schematic illustrations by side and top views, respectively.
c) SEM image of two twisted fibers. d) Dependence of Voc, Jsc, FF, and h of the wire cell on the incident light angle. Adapted with permission from ref. [21] .
Copyright (2012) American Chemical Society.

Figure 3. Supercacapcitor wire fabricated by twisting two aligned MWCNT/poly(aniline)
composite fibers. a) Schematic illustration and SEM image. b) Dependence of specific ca-
pacitance and Coulomb efficiency on cycle number. c) Dependence of specific capaci-
tance on bent cycle number. The poly(aniline) weight percentage is 34 %. C0 and C corre-
spond to the specific capacitance before and after bending. The inserted images showed
the unbending and bending morphologies. Adapted with permission from ref. [27].
Copyright (2013) The Royal Society of Chemistry.
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cycles, and the Coulomb efficiency was maintained at 99 % for
1000 cycles (Figure 3 c). In addition, the specific capacitance
varied by less than 3 % after bending for 50 cycles, which indi-
cates the high flexibility of the supercapacitor (Figure 3 d).

A wire-shaped lithium ion battery had been also recently re-
alized based on aligned CNT fibers.[28] The wire-shaped battery
was produced by twisting an aligned CNT fiber and a lithium
wire which functioned as positive and negative electrodes, re-
spectively (Figure 4). Both bare and composite CNT fibers

could be used in this structure. In the case of a bare CNT fiber,
the resulting battery showed a very low operating voltage
(~0.4 V) as CNTs have a low Li+ intercalation/deintercalation
potential and are generally considered as negative materials of
batteries, not positive materials. To this end, the aligned CNT/
MnO2 composite fiber was further used to replace the bare

CNT fiber for a positive electrode. The discharge platform was
enhanced to about 1.5 V, and the battery achieved a specific
capacity of 109.62 mAh cm�3 (or 218.32 mAh g�1) at a current
of 5 � 10�4 mA. However, a lithium wire was used in the bat-
tery, and it would be challenging for practical applications as it
is not stable in air. To integrate such a wire-shaped battery into
the solar cell or other devices, much effort should be made to
explore new materials to replace lithium metal.

3.3. Wire-Shaped Integrated Devices for Energy Conversion
and Storage

As fiber electrodes have been twisted to produce both wire-
shaped solar cells and supercapacitors, it is natural to incorpo-
rate them into a single device. In this case, they have to share
at least an electrode. Although a lot of efforts were made to
produce such a structure, it has only been realized in 2012.
Chen and coworkers integrated a DSC and supercapacitor
based on the use of a CNT fiber and a modified titanium wire
as two electrodes for both of them (Figure 5).[15] In more detail,
the photoelectric conversion and energy storage parts share
a titanium wire electrode which was perpendicularly grown
with aligned titania nanotubes. Two individual CNT fibers are
separately wrapped with each part. Here the aligned titania
nanotubes not only improve the charge separation and trans-
port in the photoelectric conversion part, but also increase the
specific area in the energy storage part. As expected, the high
flexibility of CNT fibers enables a good contact between the
CNT fiber and the modified titanium wire in each part. An
energy conversion efficiency of 2.2 % can be obtained from the
photoelectric conversion part, while a specific capacitance of
about 0.6 mF cm�2 is produced from the storage part. The
charging process of the integrated device is schematically
shown in Figure 5 d. The negative and positive charges are
generated from the photoelectric conversion part and then

Figure 4. Wire-shaped lithium-ion battery fabricated by twisting an aligned
MWCNT/MnO2 composite fiber and Li wire as positive and negative electro-
des, respectively. The inserted top left image shows the charge-discharge
process. Adapted with permission from ref. [28] . Copyright (2012) John
Wiley and Sons.

Figure 5. a) Photograph of a typical integrated wire-shaped device consisting of photoelectric conversion (PC) and energy storage (ES). b) SEM image of the
end PC part. c) SEM image of the end ES part. d) Charging process of the integrated wire-shaped device when it was under light illumination. e) Photocharg-
ing-discharging curve of a typical energy wire. The discharging current is 0.1 mA. Adapted with permission from ref. [15] . Copyright (2012) John Wiley and
Sons.
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transported towards and stored in the Ti wire and CNT fiber at
the energy-storage part. As shown in Figure 5 e, the storage
part can be charged rapidly to a voltage which is close to the
open-circuit voltage of the photoelectric conversion part upon
light irradiation when the two parts are connected. The calcu-
lated energy storage efficiency is about 68.4 %. The entire pho-
toelectric conversion and storage efficiency is about 1.5 %, the
number obtained by multiplying the energy conversion effi-
ciency of the photoelectric conversion part and the energy
storage efficiency of the storage part. The integrated device
also exhibits a high flexibility and stability as the efficiency re-
mains almost unchanged after bending.

Besides the twisted structure, the integrated device has also
been produced with a core–sheath structure. Wang and co-
workers made such an integrated device, which included the
functionalities of a nanogenerator, a DSC, and a supercapacitor.
The device was built on a poly(methyl methacrylate) fiber
which had been grown with ZnO nanowires.[16] The ZnO nano-
wires were used as acting units for the nanogenerator to har-
vest mechanical energy, semiconductive materials for the dye
absorption in the DSC, nanostructures for a high surface area
in the supercapacitor. Graphene was wrapped on the outer
surface as the second electrode for the nanogenerator, DSC,
and supercapacitor. A specific capacitance of 0.4 mF cm�2 was
obtained, but a low-energy conversion efficiency of 0.02 % was
produced from the photoelectric conversion part. Although
the efficiency needs to be enhanced, such an integrated struc-
ture opens a new avenue for the development of novel inte-
grated devices.

4. Conclusions and Outlook

The use of solar energy has been often limited by the time
and location. It is particularly difficult or even becomes a critical
barrier in the development of small and portable electronic de-
vices and equipment. To this end, the integration of photoelec-
tric conversion and energy storage in a single device provides
an efficient route to utilize solar energy. The photoelectric con-
version part converts solar energy to electric energy, which can
simultaneously be used during the day or stored during the
day and used at night. Although integrated planar devices had
been widely explored, the integrated wire-shaped devices
were just recently realized. From the nature of integrated devi-
ces, a wire structure shows the obvious advantages of being
lightweight and wearable, which are critically important for
next-generation portable devices when compared to the con-
ventional planar structure. The two examples available of inte-
grated wire-shaped devices are based on the DSC and a super-
capacitor with relatively low efficiencies compared to their
planar counterparts. It is highly desired to investigate the
mechanisms that are pertinent in such new devices, and much
effort should be also made to optimize the structure to im-
prove the efficiency and stability of such integrated wire-
shaped devices, which are still far away from practical applica-
tions. For instance, for the DSC as a photoelectric conversion
part, a liquid electrolyte is mainly used, which has severely lim-
ited the application of wire devices due to the easy evapora-

tion and low stability during use. In addition, it is also difficult
to seal a wire-shaped DSC like the planar format. It remains im-
possible for the wire-shaped DSC to be operated even under
ambient conditions. Therefore, more attention need to be paid
to solid-state electrolytes, and the photoelectric conversion
should be also extended to the PSC. For the wire-shaped stor-
age part, more attention should be paid to optimize the
device structure through the use of new materials and new
nanotechnologies with higher capacitances. In addition, the
storage part can be composed of lithium-ion batteries and var-
ious other storing systems to meet various application require-
ments.

Although the wire-shaped integrated device is proposed to
be woven into electronic clothes by a well-developed textile
technology, there remain some technical challenges to realize
it on a large scale. For instance, the structures become very
complex and cannot be well repeated when thousands of or
more units are interconnected by many electric wires based on
the current technology. The performance of the resulting elec-
tric cloth will be much lower than the separate wire device.
Therefore, to improve the application of such novel “energy
wires”, some modified weaving technologies should be widely
developed besides the scientific investigation on their mecha-
nisms and performance.

In summary, the integration in a wire format has just ap-
peared but clearly sheds light on the future of energy devices.
It may also represent a general and promising direction target
to the real application of the next-generation solar cell of DSCs
and PSCs.
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