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Abstract: A new and general method to produce flexible,
wearable dye-sensitized solar cell (DSC) textiles by the
stacking of two textile electrodes has been developed. A
metal–textile electrode that was made from micrometer-sized
metal wires was used as a working electrode, while the textile
counter electrode was woven from highly aligned carbon
nanotube fibers with high mechanical strengths and electrical
conductivities. The resulting DSC textile exhibited a high
energy conversion efficiency that was well maintained under
bending. Compared with the woven DSC textiles that are based
on wire-shaped devices, this stacked DSC textile unexpectedly
exhibited a unique deformation from a rectangle to a parallelo-
gram, which is highly desired in portable electronics. This
lightweight and wearable stacked DSC textile is superior to
conventional planar DSCs because the energy conversion
efficiency of the stacked DSC textile was independent of the
angle of incident light.

Lightweight, portable electronic devices represent a main-
stream direction in modern electronics.[1–5] To this end, a lot of
efforts have been directed towards the development of
suitable energy sources to power these devices.[6–10] In contrast
to the more conventional planar solar cells, wire-shaped solar
cells[11–16] could be woven into flexible clothes by the well-
developed textile technology. Both wire-shaped dye-sensi-
tized and polymer solar cells have typically been made by
twisting together two electrically conducting fibers as electro-
des with photoactive materials between them.[17,18] However,
because of the difficulties in producing long effective fiber
electrodes, the above wire-shaped cells have generally been
limited to lengths of millimeters, and the energy conversion
efficiencies largely decreased with an increase in cell length.
Furthermore, it has been difficult to connect a number of

crossed, wire-shaped solar cells that had been woven into
electronic textiles. Therefore, it remains challenging to weave
such wire-shaped solar cells into efficient electronic textiles
for practical applications.

Herein, a new and general method has been developed to
produce flexible, wearable solar-cell textiles that are based on
textile electrodes. Dye-sensitized solar cell (DSC) textiles
with high efficiencies have been studied. A metal textile
electrode that was made from micrometer-sized metal wires
was used as the working electrode, whereas the textile counter
electrode was woven from highly aligned carbon nanotube
(CNT) fibers with high mechanical strengths and electrical
conductivities. The two textile electrodes were stacked to
obtain the desired DSC textile, which could be easily
integrated into various fabrics or other flexible structures.

Modified titanium textiles were used as the working
electrodes. To obtain the desired electrode materials, titanium
wires with a diameter of 130 mm were woven into textiles.
Aligned TiO2 nanotubes were then perpendicularly grown on
the titanium wire surface by electrochemical anodizing.
Figure 1a shows a typical scanning electron microscopy
(SEM) image of an anodized Ti wire textile. Aligned TiO2

nanotubes with a diameter of 70–100 nm were produced on
the surfaces of the Ti wires in the textile (Figure 1b and c).
The lengths of the TiO2 nanotubes can be controlled by
varying the anodizing time to obtain nanotubes with lengths
of 10, 18, 30, and 37 mm after 2, 4, 6, and 8 hours, respectively.
After absorption of the dye N719, the Ti wire textile was used
as the working electrode.

To prepare the CNT fiber textile, spinnable CNT arrays
with a height of approximately 280 mm were first synthesized
by chemical vapor deposition.[19,20] The CNTs showed a multi-
walled structure with an average diameter of 10 nm (Support-
ing Information, Figure S1). Aligned CNT sheets (with
a thickness of ca. 20 nm) were continually pulled out of the
array and then stacked into layered CNT films (thickness ca.
220 nm). The layered CNT films were further twisted into
a CNT fiber with a uniform diameter of approximately 65 mm
at a rotation speed of 2000 rpm (Figure S2 and S3). Finally,
the CNT fibers were woven into textile electrodes with an
average distance of approximately 600 mm between two
neighboring parallel CNT fibers (Figure 1d and e). The
resulting CNT fiber textile was flexible and could be bent into
various shapes without breaking. A CNT fiber textile that has
been closely attached onto a glass rod is shown in Figure 1 f.
No structure damage was detected by SEM after deformation
of the CNT fiber textile.

The DSC textile was fabricated by stacking the CNT fiber
textile onto the modified Ti textile, followed by incorporation
of electrolyte (Figure 2). When a liquid electrolyte is used, the
DSC textile needs to be sealed. The generation of photo-
current is illustrated in Figure S4. After absorption of the
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incident light, the excited dye molecule injects electrons into
the conduction band of titanium dioxide. The electrons can be
rapidly transported along the titanium-wire-based textile and
reach the CNT fiber textile through the external circuit. Dye
cations are reduced to the ground state by oxidation of I� to

I3
� ions, while the I3

� ions are reduced to I� ions by accepting
electrons at the CNT fiber. The photocurrents are continu-
ously produced by regeneration of the dye molecules and
redox couples under illumination. Electrochemical impe-
dance spectroscopy was used to investigate the DSC textile
(Figure S5). The first semicircle that reflected the electro-
chemical reaction at the counter electrode in the high-
frequency region was small in size, indicating a low electrical
resistance with high catalytic activity for the CNT fiber textile
electrode.

Furthermore, a series of DSC textiles that are based on
different lengths of aligned TiO2 nanotubes were fabricated,
and their current density–voltage (J–V) curves are compared
for four representative lengths in Figure 3a. The dependence
of the photovoltaic parameters, including short-circuit current
density (JSC), open-circuit voltage (VOC), fill factor (FF), and
energy conversion efficiency (h), on the length of the TiO2

nanotube is shown in Figure 3a (see also Figures S6–S8).
Similar to the calculation for the planar device, the effective

Figure 1. a) SEM image of the Ti wire textile modified with TiO2

nanotubes. b,c) SEM images of TiO2 nanotubes at low (b) and high
magnification (c). d, e) Photograph (d) and SEM image (e) of a CNT
fiber textile. f) Photograph of a CNT fiber textile wrapped around
a glass rod.

Figure 2. Fabrication of the DSC textile.

Figure 3. a) J–V curves of the DSC textile with an increase in the length
of the TiO2 nanotubes from 10 to 37 mm. Inset: Dependence of the
energy conversion efficiency (h) on the length of the TiO2 nanotubes.
b) J–V curves of the DSC textile with a TiO2 nanotube length of 30 mm
before and after bending based on the liquid electrolyte. c) Time
dependence of the photovoltaic parameters of the DSC textile that is
based on the solid electrolyte.
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area for calculating the energy conversion efficiency was
obtained by multiplying length and width of the DSC textile
(Figure S9). Both the VOC and FF values remained almost
unchanged with an increase in the length of the TiO2

nanotubes, whereas the JSC value first increased from 5.20 to
7.28 mAcm�2 with an increase in length from 10 to 30 mm and
then decreased to 7.06 mAcm�2 when the length was further
increased to 37 mm. With increasing length of the TiO2

nanotubes, more dye molecules can absorb the incident
light, which enhances the energy conversion efficiency.
However, longer TiO2 nanotubes also induce an increase in
the electron transport pathway, which leads to more undesir-
able charge recombination reactions with lower efficien-
cies.[21, 22] As a result, the maximal energy conversion effi-
ciency of 3.10% occurred at a length of 30 mm.

For the DSC textile with a grid structure, the dye
molecules cannot only effectively absorb the incident sunlight
from the working electrode of the modified Ti textile, but also
from the counter electrode of the CNT fiber textile. Their J–V
curves for illumination from the two opposite directions are
shown in Figure S10. Both VOC and FF values were very
similar, whereas the JSC value for the illumination from the
working electrode was appropriately 10 % higher than for
illumination from the counter electrode. In contrast, for the
conventional planar DSC, the JSC value for illumination from
the counter electrode was just half of that for illumination
from the working electrode (Figure S11). Furthermore, the
conventional planar DSC showed decreasing energy conver-
sion efficiencies when it was inclined with increasing angles
from 08 to 608 for a fixed incident light beam. In contrast,
because of its grid structure, the energy conversion efficiency
of the DSC textile varied by less than 10% under the same
conditions (Figure 4).

Similar to the woven DSC textile that is derived from
wire-shaped DSCs, the stacked DSC textile was also flexible.
Figure 3b compares the J–V curves of a DSC textile before
and after bending, and these curves almost overlap. The
energy conversion efficiencies of the DSC textile were further
investigated with an increasing number of bending cycles
(Figure S12). The energy conversion efficiencies varied by
less than 10% over 100 cycles. To meet the practical require-
ments for flexible and portable electronic devices, the DSC

textile was further fabricated from the solid-state electrolyte
with a highest energy conversion efficiency of approximately
2.1%, and the energy conversion efficiencies varied by less
than 5% after 100 bending cycles (Figure S13 and S14). These
DSC textiles were also stable with time when in use. The three
photovoltaic parameters, VOC, JSC, and FF, were traced for
a period of 300 hours in air (Figure 3 c), and the energy
conversion efficiencies decreased by less than 6%.

For the previously mentioned DSC textiles that were
woven from the wire-shaped DSCs, the liquid electrolyte was
typically located at the interface between CNT and TiO2, so
that low energy conversion efficiencies were observed, for
example, 0.12 % (Figure S15). In contrast, when the electro-
des were completely immersed in liquid electrolyte, charge
transport to the entire length of the CNT fibers was improved,
which led to much higher energy conversion efficiencies.
Unlike the woven DSC textile, the stacked DSC textiles also
exhibited a unique deformation aside from the bendable
deformation that is based on flexibility. They could be
reversibly deformed in a form similar to the widely used
shutter (Figure 5). Because of a decrease in the effective

illuminating area during the deformation (Figure S16), the
energy conversion efficiencies could be further enhanced, for
example by approximately 35 % at a deformation angle of 458.
This unique deformation provides the stacked DSC textiles
with properties that render them promising candidates for
various portable electronic devices.

The energy conversion efficiency of the stacked DSC
textile can be further increased by modifications of the
structure. For instance, the incident light may penetrate the
cavities, which leads to inefficient absorption that is due to the
grid structure of the two textile electrodes. Figure 1a shows
that the empty area amounts to approximately a quarter of
the total textile area. The empty area may be filled with the
additional electrode through the formation of a sandwich
structure. To this end, a modified DSC textile with the CNT

Figure 4. Dependence of the energy conversion efficiency on the
incident light, measured by lifting one edge of a DSC textile with an
angle of q. Here, h0 and h correspond to the energy conversion
efficiencies at 08 and at an angle of q, respectively.

Figure 5. J–V curves of a stacked DSC textile (Ti wire textile:
30 meshes) during a reversible deformation. The photographs a–d
show the different shapes during one cycle of deformation.
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fiber textile sandwiched by two Ti textiles was produced.
Figure 6 shows a typical J–V curve of the modified DSC
textile with a higher JSC value of 8.69 mAcm�2 than for the
previous non-sandwiched structure under the same condi-
tions. As a result, the energy conversion efficiency increased
to 3.62%, which corresponds to an enhancement of approx-
imately 17%.

As expected, the DSC textile could be easily integrated
into various flexible structures. Figure 7a and S17 show
a DSC textile that had been woven into a fabric. Furthermore,
the DSC textiles could be interconnected in series or in
parallel to tune the output voltage or current. Figure S18
shows current–voltage (I–V) curves of two individual DSC
textiles as well as of their connections in series and in parallel.
The two DSC textiles displayed similar I–V curves. The
textiles that were connected in series and in parallel displayed
almost doubled outputs in terms of VOC and ISC, respectively.

Based on this strategy, five DSC textiles were connected in
series to efficiently power a red-light emission diode (Fig-
ure 7b and Video S1). DSCs were shown to be suitable for
photovoltaic textiles mainly because of their high energy
conversion efficiency according to previous studies on wire-
shaped photovoltaic devices; the energy conversion efficiency
was 4.6% for a wire-shaped DSC, but only 1.8% for a wire-
shaped polymer solar cell with the same electrode.[21, 23]

Furthermore, a solid-state electrolyte was used to replace
the widely explored liquid electrolyte to produce stable DSC
textiles.

In summary, we have developed a new and effective route
to fabricate novel wearable DSC textiles that are based on
textile electrodes. These DSC textiles exhibited high energy
conversion efficiencies of up to 3.67 %, which were well
maintained during bending. They could also be easily
connected to tune the output voltage. The use of these
wearable DSC textiles to drive a light-emitting diode has been
successfully demonstrated. This work also provides a general
method for the development of wearable energy devices.

Experimental Section
Fabrication of Ti wire textile electrodes: Ti wires with a diameter of
130 mm were woven into textiles (80 meshes), which were then
washed with acetone, isopropanol, and ethanol. Perpendicularly
aligned TiO2 nanotubes were grown on the Ti wires by electro-
chemical anodizing in an ethylene glycol solution that contained
NH4F (0.3 wt %) and deionized water (8 wt %) at a voltage of 60 V for
2, 4, 6, or 8 hours. The electrochemical anodizing was carried out in
a two-electrode electrochemical cell with the Ti wire textile and the
Pt sheet as anode and cathode, respectively. The modified Ti wire
textile was washed with deionized water to remove the electrolyte,
followed by annealing at 500 8C in air for 1 hour. The annealed Ti wire
textile was then immersed into an aqueous solution of TiCl4 (100 mm)
at 70 8C for 30 min, followed by annealing at 450 8C for 30 min. The
material was immersed into a solution of N719 (0.3 mm) in a solvent
mixture of tert-butanol and dry acetonitrile (1:1, v/v) for 16 hours
while the temperature was cooled to 120 8C.

Fabrication of DSC textiles: A typical DSC textile was fabricated
by stacking of the Ti wire textile with incorporated N719 as the
working electrode and the CNT fiber textile as the counter electrode,
followed by coating of the redox electrolyte. For the liquid electrolyte,
which was composed of lithium iodide (0.1m), iodine (0.05m), 1,2-
dimethyl-3-propylimidazolium iodide (0.6m), and 4-tert-butyl-pyri-
dine (0.5m) in dry acetonitrile, the textile was incorporated and sealed
between two poly(ethylene terephthalate) membranes for the
measurements. The two sealing membranes were pressed with
a Surlyn frame at 120 8C. The solid electrolyte was composed of 1-
ethyl-3-methylimidazolium iodide (4.96 g), 1-propyl-3-methylimida-
zolium iodide (1.19 g), and iodine (0.05 g).
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Figure 6. J–V curve of the DSC textile with the CNT fiber textile
sandwiched between two Ti wire textiles. Inset: Photograph of a typical
DSC textile with the sandwich structure.

Figure 7. a) Photograph of a DSC textile integrated in a fabric. b) A
red-light emission diode was lightened up by the DSC textile (five in
series; for experimental details, see Video S1).
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