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ABSTRACT: Metal wires suffer from corrosion in fiber-shaped dye-
sensitized solar cells (DSSCs). We report herein that stable,
ultrastrong, and highly flexible aligned carbon nanotube fibers can be
used not only as catalytic counter electrodes but also as conductive
materials to support dye-loaded TiO2 nanoparticles in DSSCs. The
power conversion efficiency of this fiber solar cell can achieve 2.94%.
These solar power fibers, exhibiting power conversion efficiency
independent of incident light angle and cell length, can be woven into
textiles via a convenient weaving technology.
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To explore the practical applications, carbon nanotubes
(CNTs) have been recently spun into macroscopic

fibers.1−5 With CNTs highly aligned with each other, these
fibers exhibit high surface area and excellent mechanical,
electronic, and catalytic properties, which are expected to
greatly enhance the performance of optoelectronic and
electronic devices, such as organic photovoltaics. However,
the application of aligned CNT fibers in fiber-shaped
photovoltaic devices is rare, although CNTs in format of
randomly aggregated networks have been widely incorporated
into active layers to improve charge separation and transport or
directly used as electrodes, e.g., as counter electrode in
replacement of conventional platinum in a planar dye-sensitized
solar cell (DSSC) to catalyze the reduction of triiodide.6−12 For
random CNT networks, the charges have to cross a lot of
contacting points, so the charge transport in the random CNT
networks is much slower than that in the aligned CNT fibers.
Herein, aligned CNT fibers have been first developed to

make organic photovaltaics in a flexible fiber format. One CNT
fiber incorporated with dye-loaded titanium oxide (TiO2)
nanoparticles is used as a working electrode, while another bare
CNT fiber is used as a counter electrode (Figure 1a,b). Two
fibers are twined together to produce the fiber-shaped solar cell.
The generation of photocurrent has been summarized in Figure
1c. After absorption of incident light, the excited dye molecule
injects an electron into the conduction band of titanium
dioxide. The electron can rapidly transport along the CNTs,
collected by the charge collector and flowed to the counter
electrode through the external circuit. Dye cations are reduced
to their neutral state by I− ions with production of I3

− ions,
which are reverted to I− ions after acceptance of electrons at the
counter electrode. Therefore, a circuit has been completed
without any net chemical reaction. The photocurrent may be

continuously produced by regeneration of the dye molecule
and the redox couple. Due to the combined remarkable
structure and properties of aligned CNT fiber, high efficiency
can be expected from the CNT fiber cell. Compared with metal
wire based fiber-shaped solar cells, the carbon nanotube fiber
based cell is more stable and can be easily woven into a textile
or other structures with additional promising applications, such
as portable and highly integrated equipments.13,14

Fabrication of the carbon nanotube fiber cell is schematically
shown in Figure S1, Supporting Information. Pure CNT fibers
had been first spun from a CNT array (Figure S2, Supporting
Information), which was synthesized through a chemical vapor
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Figure 1. Schematic illustration of a wire-shaped DSSC fabricated
from two CNT fibers.(a) Two CNT fibers twined into a cell. (b) Top
view of a cell. (c) Working mechanism.
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deposition (see Supporting Information). Figure 2a,c indicates
that CNTs are highly aligned in the fiber. The CNT fibers had a
tunable diameter of several to tens of micrometers and length
over hundreds of meters. Multiwalled CNTs with diameter of
∼8.5 nm had been mainly used in this work (Figure S3,
Supporting Information). The CNT fiber is flexible (Figure S4,
Supporting Information), which can maintain its structural
integrity after being bent, folded, or even tied for hundreds of
times. Scanning electron microscopy (SEM) was further used
to trace the structure change of a fiber during the deformation
process. The building CNTs retained the highly aligned
structure after a series of deformations (Figure S5, Supporting

Information), which indicates a good structure stability in the
fiber. The CNT fiber demonstrates remarkable mechanical and
electrical properties.2−5 Figure S6, Supporting Information,
shows a typical stress−strain curve of CNT fiber, and the
tensile strength can exceed 700 MPa. The electrical
conductivity of the CNT fiber was ranged from 102 to 103 S
cm−1. Figure S7, Supporting Information, shows a typical curve
for the dependence of the electrical conductivity on the
temperature, and the conductivity at room temperature is 402 S
cm−1.
A CNT/TiO2 composite fiber was then prepared by

repeatedly dipping a pure CNT fiber into a TiO2 colloid

Figure 2. SEM images of a pure CNT fiber and a CNT/TiO2 composite fiber. (a) A pure CNT fiber. (b) A CNT/TiO2 composite fiber. (c,d) High-
resolution images of a and b.

Figure 3. SEM images of a twined structure between a CNT/TiO2/N719 composite fiber and a pure CNT fiber. (a,b) Middle part of a fiber cell
under different magnifications. (c) End part of a fiber cell. (d) A fiber cell being woven with the other CNT fibers into a textile. (e) A fiber cell being
woven into a textile composed of aramid fibers. The red arrows in d and e show the fiber cell.
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solution, followed by sintering at 500 °C for 60 min. TiO2

particles were easily attached onto the outer surface of CNT
fiber due to a high-surface area. The thickness of TiO2 layer
ranged from 4 to 30 μm, depending on the dip-coating times
(Figures 2b and S8, Supporting Information). Figure 2d further
shows that the TiO2 layer was composed of nanoparticles with
diameters of ∼25 nm. Such nanoparticles were filled into a
porous structure, which favors the dye chemisorption onto the
nanoparticle. The X-ray diffraction pattern shows a strong and
sharp (101) peak corresponding to an anatase phase (Figure
S9, Supporting Information), which indicates a highly
crystalline structure for the TiO2 nanoparticle.

15 A dye called
cis-diisothiocyanato-bis (2,2′-bipyridyl-4,4′-dicarboxylato)
ruthenium(II) bis (tetrabutylammonium) (also called N719,
and the chemical structure has been shown in Figure S10,
Supporting Information) has been used in this work. The
incorporation of N719 molecules into the porous CNT/TiO2

composite fiber by a dip-coating process was confirmed by
Raman spectroscopy (Figure S11, Supporting Information).
As the working electrode, the N719-adsorbed CNT/TiO2

composite fiber was then twined with a bare CNT fiber which
functions as the counter electrode. Figure 3a,b shows the
middle part of a twined structure with the thread pitch of about
0.7 mm. The above thread pitch may be easily controlled from
hundreds of micrometers to several millimeters by varying the

twining parameter. Figure 3c shows the two fibers at the end,
and they are connected to the external circuit in a fiber cell.
Note that the twining structure is critical to the success of a cell
because two fiber electrodes can easily cause a short-circuit if
they are twined too tightly, while the efficiency was severely
reduced if two fiber electrodes were wrapped too loosely. The
resulting fiber solar cell maintained high strength, and a piece of
glass slide can be easily lifted up by the twined fiber (Figure
S12, Supporting Information). Particularly, the flexible fiber
solar cell can be integrated into a textile (Figure 3d,e) by a
conventional weaving technology, which enables a wide variety
of applications in various portable devices, e.g., power
regeneration for space aircraft and clothing integrated photo-
voltaics.
In a typical fiber-shaped DSSC, the metal wire in the working

electrode suffers from corrosion by the I−/I3
− couple. For the

platinum counter electrode, there is a limited supply on the
earth, a vacuum process is generally required in the preparation,
and it is not stable enough in electrolyte.16−18 CNT fibers show
many advantages, such as low cost and high stability. Therefore,
they may substitute for the conductive metal wire and the
expensive platinum in a fiber-shaped DSSC. As a fiber-shaped
DSSC is mainly investigated in this work, here we first focus on
the catalytic activity of the CNT fiber as counter electrode by
comparing it with a platinum wire under the same condition in

Figure 4. (a) Cyclic voltammograms of a CNT fiber (red line) and a platinum wire (blue line) in I−/I3
− electrolyte at a scan rate of 50 mV s−1. (b)

Cyclic voltammograms of a CNT fiber at different scan rates (inset, peak current versus square root of the scan rate. (c) J−V curves of a 1.1 cm cell
by using the CNT fiber as counter electrode without and with the use of a mirror. (d) Dependence of Voc, Jsc, FF, and η on the length of a fiber solar
cell. (e) Dependence of Voc, Jsc, FF, and η of the fiber cell on the incident light angle.
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a three-electrode system in I−/I3
− electrolyte by cyclic

voltammetry.
Figure 4a shows typical cyclic voltammogram curves for the

CNT fiber and platinum wire with similar diameter under the
same condition, and two pairs of redox peaks are observed for
both of them. The left pair redox peaks correspond to eq 1,
while the right pair peaks correspond to eq 2.

↔ +− −3I I 2e3 (1)

↔ +−2I 3I 2e3 2 (2)

It can be seen from Figure 4a that the peak current of the
CNT fiber electrode is about two times that of the platinum
wire electrode, which suggests that the CNT fiber exhibits a
higher catalytic activity than the platinum wire for the I−/I3

−

redox couple. This is mainly attributed to the higher surface
area for the CNT fiber than that for the smooth platinum wire.
Figure 4b further shows the cyclic voltammogram of a CNT
fiber under different scan rates. Dependence of peak current on
scan rate has been summarized in the inserted graph. The linear
relationship indicates that the redox reaction of the I−/I3

− redox
couples on the CNT fiber electrode is controlled by an ionic
diffusion.19

Figure 4c shows a typical current density−voltage (J−V)
curve of fiber solar cells by using the CNT fiber (diameter of
∼20 μm) as a counter electrode under AM1.5 simulated
sunlight (100 mW cm−2). The open-circuit voltage (Voc), short-
circuit current density (Jsc), and fill factor (FF) are 0.64 V, 9.03
mA cm−2, and 0.45, respectively, corresponding to a power
conversion efficiency (η) of 2.60%. For a fiber-shaped solar cell,
some part of the surface could not be illuminated with the light.
To further improve the cell efficiency, a mirror was placed
under the cell. Although Voc and FF remained almost
unchanged, Jsc was increased to 10.06 mA cm−2. As a result,
η was enhanced to 2.94%, compared with 3.3% for a platinum
wire-based solar cell14 and 2.6% for a silver wire-based solar
cell.16

In a control experiment, the DSSC using the conventional
platinum wire under the same condition shows Voc, Jsc, and FF
of 0.64 V, 1.20 mA cm−2, and 0.21, respectively (Figure S13,
Supporting Information). The power conversion efficiency is
calculated to be 0.16%. The values of Voc are the same, but both
Jsc and FF of the CNT fiber based cell are several times higher
than that of the platinum wire. Therefore, the power conversion
efficiency of the CNT fiber based cell may be higher than 16
times that of the platinum, which can be attributed to a larger
contacting area between the working and the counter
electrodes in the case of CNT fibers with better flexibility.20

Some gaps were observed between the working electrode and
the platinum wire counter electrode due to the relatively lower
flexibility of platinum wire (Figure S14, Supporting Informa-
tion). In addition, the CNT fiber with an elegant nanostructure
has a much larger specific surface area than the smooth
platinum wire, so it can catalyze the redox reaction of I−/I3

−

more efficiently, which has been confirmed by the cyclic
voltammograms in Figure 4a.
For the CNT fiber solar cell, it was further found that the

thickness of TiO2 layer played a critical role on the photovoltaic
performance. The resulting CNT fiber remained flexible after
being coated with a layer of TiO2 nanoparticles with the
thickness of less than 15 μm. In the resulting fiber solar cells,
the TiO2 nanoparticle-coated CNT fiber can be well contacted
with the bare CNT fiber counter electrode (Figure S15a,b,

Supporting Information), which enabled good and stable
photovoltaic performances. Mainly, FF was increased from
0.30, 0.35, to 0.46 with the increasing thickness of TiO2 layers
from 5, 8, to 15 μm, respectively. Accordingly, η was increased
from 1.62, 2.01, to 2.57% (Figure S16, Supporting
Information). However, the TiO2 nanoparticle-coated CNT
fiber became less flexible with the further increase of the TiO2
layer (thicker than 15 μm), and the TiO2 nanoparticle layer
broke under bending (Figure S15c, Supporting Information).
As a result, the photovoltaic performance of the resulting fiber
solar cell decreased. For instance, Jsc and η were sharply
decreased to 4 mA cm−2 and 1.12% when the thickness of TiO2
layer was 36 μm, respectively. The optimal thickness of TiO2
layer is around 15 μm. The twist pitch distance also plays a
critical role on the photovoltaic performance of the fiber-
shaped solar cell. The solar cell with a twist pitch distance of 1.2
mm showed the highest power conversion efficiency (Figure
S17a, Supporting Information). Under the extreme condition,
the fiber solar cell in which the two CNT fiber electrodes were
parallel with each other exhibited a much lower power
conversion efficiency of 0.17 to 0.32% (Figure S17b,
Supporting Information).
The dependence of the photovoltaic parameters on the cell

length had been also carefully investigated. Voc, Jsc, and FF are
well maintained in the investigated length range of 0.4−1.2 cm,
and the values of η are then calculated to be almost the same
for the different lengths (Figure 4d). In addition, the
dependence of photovoltaic parameters on the incident light
angle had been studied. Representative data are shown in
Figure 4e. Similar to the incident light angle, η remains almost
unchanged with the increasing incident light angle from 0 to
180°. Therefore, the performance of this CNT fiber based solar
cell appears independent of both the cell length and incident
light, which is critically important for the practical application of
fiber-shaped cells.
The CNT fiber cell was flexible and stable. The J−V curves

are almost the same when the fiber cell was bent from left to
right (Figure S18, Supporting Information). The fiber cell can
be further woven into a textile structure through a series or
parallel connection or both. The open-circuit voltage or/and
short-circuit current may be conveniently and accurately tuned
according to the application requirement. For instance, when
two fiber cells are connected in series, the resulting open-circuit
voltage is about the sum of individual voltages, and when the
two cell are connected in parallel, the resulting short-circuit
current is about the sum of individual currents (Figure S19,
Supporting Information).
In conclusion, a fiber-shaped DSSC with high-power

conversion efficiency up to 2.94% has been developed by
using flexible, ultralight, and ultrastrong CNT fibers as both
working and counter electrodes. This fiber solar cell may be
easily scaled up for a practical application, as the power
conversion efficiency is independent of both the cell length and
the incident light. In addition, the flexible CNT fiber solar cell
can act as woven fabrics to make textiles by a conventional
weaving technology, which enables a wide variety of
applications in portable devices, e.g., power regeneration for
space aircraft and clothing integrated photovoltaics. This
discovery also provides a paradigm to develop new materials
for high-performance solar cells.

Experimental Section. Preparation of the pure CNT fiber
is described in the Supporting Information. Fabrication of a
fiber-shaped DSSC has been schematically shown in Figure S1,
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Supporting Information and is summarized: (1) A layer of TiO2
nanoparticle film was coated onto the CNT fiber with lengths
from 1 to 4 cm by immersing them into the TiO2 colloid
(TPP3, purchased from Dalian Heptachroma Solartech Co.,
Ltd.). The TiO2 nanoparticle-coated CNT fibers were heated
to 100 °C for 5 min to remove the solvent. The thickness of
TiO2 layer was about 5 μm after one cycle, and the above
process was repeated to produce the desired thickness. (2) The
resulting TiO2 nanoparticle-coated CNT fiber was sintered at
500 °C for 60 min in air. (3) The sintered fiber was immersed
into the N719 dye solution in acetonitrile and tert-butanol
(volume ratio of 1/1) with a concentration of 0.3 mM after
being cooled to 120 °C. (4) The CNT/TiO2/N719 composite
fiber was twined with another bare CNT fiber which functioned
as counter electrode, and the two electrodes were then fixed on
glass using indium by an ultrasonic soldering mate (USM-V,
Kuroda Techno Co., Ltd.). (5) The redox electrolyte
containing 0.1 M LiI, 0.05 M I2, 0.6 M dimethyl-3-n-propyl-
imidazolium iodide, and 0.5 M 4-tert-butyl-pyridine in
dehydrated acetonitrile was dropped onto the assembled fiber
solar cell prior to the characterization. Due to the porous
structure of TiO2 nanoparticles and CNT fiber, the electrolyte
solution was easily filled into CNTs by capillary force. The
CNT fiber solar cell could be stable for several hundred hours
even without any package. In order to further stabilize the fiber
solar cell, two pieces of poly (ethylene terephthalate) can be
used to clamp it, followed by injection of the redox electrolyte.
The fiber-shaped solar cell was measured by recording J−V
curves with a Keithley 2400 source meter under illumination
(100 mW cm−2) of simulated AM1.5G solar light coming from
a solar simulator (Oriel-91193 equipped with a 1000 W Xe
lamp and an AM1.5 filter). The light intensity was calibrated
using a reference Si solar cell (Oriel-91150).
CNTs were characterized by SEM (Hitachi FE-SEM S-4800

operated at 1 kV) and TEM (JEOL JEM-2100F operated at
200 kV). Stress−strain curves were obtained from a Shimadzu
Table-Top Universal testing instrument. A CNT fiber was
mounted on a paper tab with gauge length of 5 mm, and the
fiber diameter was measured by SEM. The electrical
conductivity of CNT fiber was measured by a four-probe
method. Raman measurements were performed on Renishaw
inVia Reflex with excitation wavelength of 514.5 nm and laser
power of 20 mW at room temperature. Cyclic voltammograms
were obtained from a CHI 660d electrochemical workstation at
room temperature, and the experiments were performed
through a three-electrode setup. An acetonitrile solution
containing 0.1 M LiClO4, 5 mM LiI, and 0.5 mM I2 was
used as the electrolyte and Ag/AgCl as the reference electrode.
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