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Introduction

Dye-sensitized solar cells (DSCs) have attracted increasing
attention in recent years due to many promising advantages.'*®
For instance, the capability of being flexible enables applica-
tions that are impossible to achieve for conventional silicon-
based technologies, such as various portable electronic devices,
and well meet the mainstream development in modern elec-
tronics. Flexible DSCs are mostly explored due to the advantages
of low cost and facile fabrication.”** However, liquid electro-
lytes are generally used to fabricate flexible DSCs which need to
be sealed with complex processes. In addition, liquid electrolyte
may leak under bending, which severely limits the stability and
lifetime of flexible DSCs.**** Furthermore, the operation
temperature often exceeds 70 °C in daily applications, or even
100 °C in some fields such as use in spacecrafts, while most
liquid electrolytes evaporate and cannot survive during use.
On the other hand, flexible DSCs typically appear in a planar
format that cannot satisfy many integrated and portable devices
and facilities that also require a small size and light weight.'®
Some attempts have been recently made to fabricate flexible
DSCs by twisting two fiber electrodes into a wire format.'”*®
However, compared with the planar structure, the use of liquid
electrolytes proves to be much more difficult for the sealing of
long and flexible wire-shaped DSCs. Two twisted fiber elec-
trodes have also been found to be disassembled from each other
under bending or other deformations, so the twisted DSCs show
a limited stability as flexible devices. Recently, some attempts
have been made to fabricate coaxial photovoltaic fibers to
improve the mechanical stability. Weintraub and co-workers
developed a coaxial DSC fiber with a maximal efficiency of
0.44% by using a ZnO nanowire array, Pt film, and liquid
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coaxial structure enable effective contacts between the two electrodes and active layer with a good
performance, including high thermal stability and flexibility.

electrolyte as the working electrode, counter electrode, and
electrolyte, respectively.” Bae and co-workers further modified
the above fiber DSC by replacing the conventional Pt with gra-
phene, although the energy conversion efficiency was relatively
lower (0.02%).”® To further increase the energy conversion effi-
ciency, Zhang and co-workers introduced a randomly dispersed
carbon nanotube membrane as the counter electrode, and a
maximal efficiency of 1.6% was achieved.”® It has been well
recognized that the randomly dispersed carbon nanotubes
produce network structures, so the charges had to transport
among a lot of boundaries with low efficiencies.”* In addition,
the use of liquid electrolytes has proved to be difficult to seal the
resulting fiber DSCs, and they also showed a relatively low
thermal stability.

Here we have developed a quasi-solid-state, coaxial, fiber-
shaped DSC which has simultaneously overcome the above
challenges (Fig. 1). A modified Ti wire serves as a working
electrode that is coated with photoactive components and a
quasi-solid-state electrolyte, and a transparent and conducting
multi-walled carbon nanotube (MWCNT) sheet is then
uniformly wound on the outer surface as the counter electrode.
This coaxial structure enables an effective contact area for a low
electrical resistance and a high stability. The winding of an
aligned MWCNT sheet that is mechanically and thermally
stable further greatly improves the cell stability.

Experimental section

The synthesis details of the spinnable MWCNT arrays and
eutectic melts are described in the ESL{ An electrochemical
anodization was used to grow aligned titania nanotubes on a Ti
wire with a diameter of 127 pm.>* The growth occurred with a
0.3 wt% NH,F/8 wt% H,O/ethylene glycol solution as the elec-
trolyte and voltage of 60 V in a two-electrode electrochemical
cell with a Ti wire and Pt sheet as the anode and cathode,
respectively. The lengths of titania nanotubes were controlled
by varying the oxidation time, i.e., 2 h for 10 pm, 4 h for 22 um,
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Fig. 1 Schematic illustration of the quasi-solid-state, coaxial, fiber-shaped DSC. (a) Side view. (b) Cross-sectional view.

6 h for 32 um, and 8 h for 40 pm. The resulting wires were
immersed in deionized water to remove the residual electrolyte,
followed by heating at 500 °C for 1 h and annealed in air.

To fabricate the quasi-solid-state, coaxial photovoltaic fiber,
the titania nanotube-modified Ti wire was immersed in a
40 mM TiCl, aqueous solution. After the treatment at 70 °C for
30 min, the resulting wire was rinsed with deionized water,
followed by annealing at 450 °C for 30 min in air. When the
temperature was cooled to 120 °C, it was immersed in 0.3 mM
N719 solution (a solvent mixture of dehydrated acetonitrile and
tert-butanol with a volume ratio of 1/1) for 16 h, when a high
absorption of the N719 dye onto TiO, nanotubes was achieved.
The MWCNT sheet was pulled out of a spinnable CNT array with
a razor blade and then carefully wrapped onto the modified Ti
wire. Photovoltaic fibers with different thicknesses of MWCNT
sheets were realized by repeating the wrapping process above. A
TiO, shell (~1 nm) was deposited on the TiO, nanotube array
after the TiCl, treatment, which lowered the acceptor levels in
TiO, in energy with improved injection efficiency, increased the
roughness to absorb more dye molecules, and enhanced the
electron lifetime with increased electron diffusion length. For
convenience in the operation, the coaxial photovoltaic fibers
could be transferred to a transparent flexible fluorinated
ethylene propylene tube (diameter of 500 nm, Shanghai Yi
Chuan Shui Plastic Products Co.), followed by a rapid injection
of the melted electrolyte under heating at ~120 °C and sealing
at both ends of the tube. During the measurement, the incident
light was irradiated on the fiber-shaped DSC from the top in a
direction perpendicular to the substrate.

Results and discussion

In this work, eutectic melts of 1-ethyl-3-methylimidazolium
iodide (EMII), ionic liquid of 1-propyl-3-methylimidazolium
iodide (PMII), and iodine was mixed and used as the quasi-
solid-state electrolyte (Fig. S1t).”> Imidazole-like cation is
chemisorbed on the surface of working electrode to form a
stable Helmholtz-like layer, which prevents the contact of I;~
ions with the working electrode and inhibits the recombination
of I;~ ions and electrons in the titania conducting band. As a
result, the fill factor and energy conversion efficiency can be
increased in the DSC.”® PMII was chosen as a component to
improve the ion conductivity and offer I ions. As designed, the
resulting electrolyte remains solid under 50 °C (Fig. S2 and S37).
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Perpendicularly aligned titania nanotubes were grown on a
Ti wire by the electrochemical anodization.”* Fig. 2a and b
compare a Ti wire before and after the growth of the titania
nanotubes, and it is uniform in diameter for both cases. Fig. 2d
further shows a high magnification scanning electron micros-
copy image of titania nanotubes from a side view, and they are
highly aligned and perpendicular to the Ti surface. Therefore,
these titania nanotubes share the same length that is important
for a uniform structure in the photovoltaic fiber. The diameter
of the resulting core-sheath wire was increased to 155 um from
127 um of the original bare Ti wire. As the core Ti part shows a
diameter of 91 um, the length of the titania nanotubes can be
calculated as 32 pm. Fig. 2d also shows that the titania nano-
tubes are uniform in diameter, with an inner diameter of
~80 nm and wall thickness of ~20 nm. The dye of N719 and
electrolyte can then be coated onto the titania nanotubes. The
MWCNT sheet with a thickness of ~20 nm is typically dry-drawn
from the MWCNT arrays synthesized by chemical vapor depo-
sition (Fig. S4a and Video S11). The MWCNT sheet could be
transparent with a transmittance over 88% (Fig. S4bt). The
MWCNTs are highly aligned along the drawing direction to
exhibit a high mechanical strength at the level of 10> to 10°> MPa
and electrical conductivities on the order of 10> to 10° S em ™"
(Fig. S5T).>* The combined remarkable properties provide them

Fig.2 Scanning electron microscopy (SEM) images of the coaxial DSC
fiber. (a) A bare Ti wire. (b) Vertically aligned titania nanotubes grown
on the Ti wire. (c) A single layer of highly aligned MWCNT sheet
wrapped on (b). (d) Higher magnification of (b). (e) Higher magnifica-
tion of (c).
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Fig. 3 J-V curves of the quasi-solid-state, coaxial DSC fiber. (a) Titania nanotubes with different lengths. (b) MWCNT sheets with different
thicknesses. (c) Dependence of the photovoltaic parameters on the incident angle. (d) Changes of photovoltaic parameters during a period of

300 hours.

with promising applications as electrode materials in photo-
voltaic devices. Here the MWCNT sheet is stably wrapped on the
titania nanotube-modified Ti wire as the counter electrode
(Fig. 2c). The highly aligned structure of the MWCNTSs in the
sheet has been well maintained in the fiber-shaped device
(Fig. 2e and S67).

To optimize the coaxial photovoltaic fiber, titania nanotubes
with different lengths and MWCNT sheets with different
thicknesses have been used for a series of coaxial photovoltaic
fibers. The lengths of titania nanotubes are controlled by
varying the time of electrochemical anodization, and four
increasing lengths of 10, 22, 32, 40 um have been mainly
studied. As generally accepted, the effective area of a fiber-
shaped DSC was calculated by multiplying the length and
diameter of the working electrode.*>****® Fig. 3a compares the
J-V curves of the resulting photovoltaic fibers under the same
conditions. With the increasing length of titania nanotubes
from 10 to 40 pm, the open circuit voltage (V,.) and fill factor
(FF) are maintained to be appropriately 0.61 V and 0.59,
respectively. However, the short circuit current density (Js) is
largely enhanced from 4.54 to 7.29 mA cm ™ > with an increasing
length from 10 to 32 um and then decreased to 6.49 mA cm™>
with the further increase to 40 um. The highest energy conver-
sion efficiency of 2.6% appears at the length of ~32 um. The
increased Js. may be explained by the fact that longer titania
nanotubes absorb more dye, so more photoelectrons are excited
under the same illumination. With the further increase of the
length to exceed the penetration length of photons and diffu-
sion length of electrons (i.e., 32 um in this work), the charge
recombination becomes dominating to reduce the collecting
efficiency of electrons.”

Photovoltaic fibers using the same length of TiO, nanotube
arrays (32 um) but different thicknesses of MWCNT sheets, i.e.,

This journal is © The Royal Society of Chemistry 2014

20, 40, 60 and 80 nm have been compared. Fig. 3b shows
representative /-V curves. With the increasing thickness from 20
to 80 nm, the V,. remains almost unchanged at ~0.61, while
both Ji. and FF are monotonically decreased. The decreased J.
is explained by the fact that the incident light first penetrates
the outer MWCNT sheet to reach the dye, although the pene-
trated light decreases with the increasing thickness of the
MWCNT sheets. Accordingly, the generated photoelectrons are
reduced to decrease the Ji. value. The transmittance is largely
decreased with the increasing thickness of the MWCNT sheets.
The decreased FF is mainly caused by the increased resistance
of thicker MWCNT sheets. The resistances of alighed MWCNT
sheets are dominated by the contact resistances among the
MWCNTs as the resistances of individual MWCNTs are much
lower, and thicker MWCNT sheets with the same number
density have more boundaries with higher contact resistances.

4
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Fig. 4 (a and b) Photographs of a quasi-solid-state coaxial DSC fiber
before and after bending. The two arrows show the DSC fiber. (c) The
dependence of the energy conversion efficiency on the bent cycle
number. The black and blue dots correspond to the quasi-solid-state
coaxial DSC fiber and liquid-state twisted DSC wire, respectively. The
liquid-state twisted DSC used the same amount of CNT as the quasi-
solid-state coaxial DSC.
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Fig. 5 Thermal stability of the quasi-solid-state coaxial DSC fiber and liquid-state twisted DSC wire. (a and b) Dependence of the energy
conversion efficiency on the temperature for the quasi-solid-state coaxial DSC fiber and liquid-state twisted DSC wire, respectively. (c and d)
Dependence of the efficiency on the cycle number for the quasi-solid-state coaxial DSC fiber and liquid-state twisted DSC wire, respectively. The
DSCs were repeatedly heated to 70 °C and then cooled down to 20 °C. (e) Efficiency changes of a quasi-solid-state coaxial DSC fiber after heating
from 20 to 120 °C and then cooling down to 20 °C. (f) Dependence of the efficiency on the cycle number for a typical quasi-solid-state coaxial
DSC fiber that was heated to 120 °C and cooled down to 20 °C for 50 cycles.

For the coaxial photovoltaic fiber, the photovoltaic parame-
ters of Vee, Jse, FF also remain almost unchanged under the
different incident angles (Fig. 3c). Therefore, the energy
conversion efficiencies are independent of the incident angle.
These photovoltaic fibers can be stably and efficiently per-
formed due to the use of the quasi-solid-state electrolyte. Fig. 3d
has traced the changes of photovoltaic parameters of V,, Jsc, FF
and 7 at a period of 300 hours in mimicking the typical use in
air. All parameters remained unchanged in the measured
time scale, and the energy conversion efficiencies varied by less
than 5%.

These quasi-solid-state coaxial fiber-shaped DSCs exhibit a
high flexibility. As shown in Fig. 4a and b, a photovoltaic fiber
with a length of 2 cm can be bent to ~60° without breaking. No
structural damage has been monitored by scanning electron
microscopy either. The flexible property of the photovoltaic
fiber has been further quantitatively studied by tracing the
change of the energy conversion efficiency (Fig. 4c and S8%). The
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energy conversion efficiencies slightly decreased by less than
2% after bending for 20 cycles and less than 5% after 100 cycles
as the coaxial structure is well maintained during bending. In
contrast, for the conventional twisted DSC wire, the energy
conversion efficiencies are decreased by higher than 25% and
30% after bending for 20 and 100 cycles, respectively (Fig. 4c).
The reduced efficiencies in the twisted DSC wire result from the
decreasing Js.. The two fiber electrodes are peeled away from
each other after bending for only 10 cycles (Fig. S91), so the
diffusion length for I" ions is increased to slow the dye regen-
eration. Therefore, the photoelectrons may have more chances
to recombine with I;” ions in the electrolyte, which reduces J,..*

The quasi-solid-state coaxial DSC also shows a high thermal
stability. The energy conversion efficiency was traced in a
heating and cooling cycle between 20 and 70 °C (Fig. 5a). The
efficiencies are slightly increased with the increasing tempera-
ture below 40 °C and then slightly decreased with the further
increase to 70 °C. The efficiencies varied by less than 10%

This journal is © The Royal Society of Chemistry 2014
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during the heating process. In addition, the efficiencies are well
reverted upon cooling down to 20 °C, and they are varied by less
than 6%. In contrast, the efficiency of the liquid-state twisted
DSC drops by ~55% when the temperature is increased to above
70 °C and cannot be recovered after being cooled to 20 °C under
the same conditions (Fig. 5b). To further investigate the long-
term thermal stability, the quasi-solid-state coaxial DSC was
repeatedly heated and cooled for 50 cycles (Fig. 5¢), and the
efficiency can be well maintained by ~93%. As a strong
comparison, the efficiency of the liquid-state twisted DSC wire is
maintained at ~46% after the first cycle and ~43% after the 50™
cycle (Fig. 5d). The quasi-solid-state coaxial DSC fiber exhibited
a stable performance at a temperature as high as 120 °C
(Fig. 5e). Fig. 5f further showed the efficiency change of an
quasi-solid-state coaxial DSC fiber after heating and cooling for
a series of cycles, and the efficiency was maintained at ~91%
after 50 cycles.

In summary, a quasi-solid-state, coaxial DSC fiber, was
firstly, to our best knowledge, developed with a high perfor-
mance including a high thermal stability and flexibility that
offer particularly promising applications for flexible devices at
high temperatures. The novel photovoltaic fiber has also
established some foundations for future photovoltaics and
electronics with an ongoing push towards smaller and faster
devices that are still confined to the planar silicon wafer.
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