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  Due to the unique advantages of being lightweight and weave-
able, photovoltaic devices in a fl exible wire format have attracted 
increasing attentions in recent years. [ 1–3 ]  Currently, these wire-
shaped devices are mainly made by dye-sensitized solar cells. 
Liquid electrolytes were typically used similar to their conven-
tional planar counterparts. [ 4–7 ]  However, it is much more dif-
fi cult to seal a long and fl exible wire-shaped device, and the 
wire-shaped dye-sensitized solar cell is also not stable during 
the operation process. Recently, some attempts were made to 
explore wire-shaped polymer solar cells (PSCs) without liquid 
components. [ 8–10 ]  The wire-shaped PSCs do not require sealing 
and can be directly used at a large scale. 

 The wire-shaped PSC had been generally made by twisting 
two fi ber electrodes, and the interface between the fi ber elec-
trode and photoactive layer played a critical role on the photo-
electric performance. [ 2 ]  For instance, a low energy conversion 
effi ciency of 0.15% was produced on the basis of perpendicu-
larly aligned titania nanotube-modifi ed Ti wire as a working 
electrode due to its less effi cient contact with photoactive 
materials. [ 11 ]  It is also critically important to develop high per-
formance fi ber electrodes as the conventional metal wires are 
sensitive to chemicals. [ 1 ]  In addition, they are relatively rigid 
from a viewpoint of microdevices during the operation process. 
Therefore, although they were proposed to be organized into 
various electronic textiles by the well-developed weaving tech-
nology, to the best of our knowledge, it remains unavailable to 
realize them. 

 Here, a novel effi cient wire-shaped PSC had been developed 
by incorporating a thin layer of titania nanoparticles between 
the photoactive material and electrode and introducing a fl ex-
ible, strong, and conductive aligned carbon nanotube fi ber 
electrode. The titania nanoparticle was found to enhance the 
adsorption of photoactive materials and charge transport, 

which had increased the energy conversion effi ciency by 
36% compared with the wire-shaped PSC without the titania 
nanoparticle under the same condition. The aligned carbon 
nanotube fi ber enabled a high fl exibility and stability for the 
resulting PSC. These miniature PSC wires had been further 
woven into fl exible textiles that also exhibited high perfor-
mances. For instance, as the resulting PSC textiles were light-
weight and deformable, they were demonstrated to power port-
able electronic devices, a mainstream direction in the modern 
electronics. 

  Figure    1   schematically shows the structure of the wire-
shaped PSC with a Ti wire and an aligned multiwalled carbon 
nanotube (MWCNT) fi ber as cathode and anode, respectively. 
In a typical fabrication, a Ti wire was modifi ed by growing 
aligned titania nanotubes on the surface by electrochemical 
anodization, followed by coating of a layer of titania nano-
particles. Two polymer layers of poly(3-hexylthiophene):phenyl-
C 61 -butyric acid methyl ester (P3HT:PCBM) and poly(3,4-ethyl- 
enedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) were 
then dip-coated onto the modifi ed Ti wire. The resulting Ti wire 
was fi nally wound with an aligned MWCNT fi ber to produce 
the wire-shaped PSC.  

 The lengths of titania nanotubes on the Ti wire were con-
trolled by varying the growth time during the electrochemical 
anodization, e.g., 650 nm, 1.8 µm and 2.2 µm at 1, 10 and 15 min, 
respectively. The length of ≈1.8 µm that was shown to 
produce the highest energy conversion effi ciency had been 
mainly studied in this work (Figure S1, Supporting Informa-
tion).  Figure    2  a,b show top and side views of the aligned titania 
nanotubes with inner and outer diameters of 100 and 150 nm, 
respectively. Aligned titania nanotubes increased the charge 
separation and transport in the wire-shaped PSC. The resulting 
Ti wire was then treated with a TiCl 4  solution to produce 

   Figure 1.    Schematic illustration to the wire-shaped PSC. 
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titania nanoparticles on top surfaces of aligned titania nano-
tubes (Figure  2 c). The use of titania nanoparticle increased the 
adsorption of photoactive materials and improved the charge 
transport. [ 12 ]  The thicknesses of titania nanoparticles were 
easily controlled by varying the treatment time.  Figure    3   fur-
ther shows typical scanning electron microscopy (SEM) images 
before and after treatments with the increasing time. The 
titania nanoparticles were fi rstly formed at the solid part and 
then also covered the hollow part of the titania nanotube array 
with the increasing time to 60 min. The sizes of nanoparti-
cles were maintained to be almost the same of ≈20 nm until 
30 min, and they agglomerated into larger aggregates (≈60 nm) 
with the further increase to 60 min.   

 The fabrication and structure characterization of the wire-
shaped PSC had been made according to previous work. [ 13 ]  
A thin and continuous P3HT:PCBM layer was formed at the 
outer surface of the wire by dip coating (Figure  2 d). Simi-
larly, a thin and continuous PEDOT:PSS layer was also coated 
(Figure  2 e) and used to improve the hole transport. The two 

polymer layers were further verifi ed to be uniform in thick-
ness by a side view under SEM (Figure  2 f). The thicknesses of 
the P3HT:PCBM and PEDOT:PSS layers were calculated to be 
appropriately 60 nm and 80 nm, respectively. Figure  2 g,h show 
a typical MWCNT fi ber with a diameter of ≈30 µm at low and 
high magnifi cations, respectively. The MWCNTs were highly 
aligned to enable both high mechanical strengths of ≈10 3  MPa 
and electrical conductivities of ≈10 3  S cm –1 . [ 14 ]  The remarkable 
mechanical and electronic properties were important for the 
fabrication of wire-shaped PSCs. 

  Figure    4  a–c show SEM images of a typical wire-shaped PSC 
at low and high magnifi cations. Although the wire-shaped 
PSC was fl exible which will be discussed later, the Ti elec-
trode seemed relatively rigid at local areas, so a highly fl exible 
MWCNT fi ber had been used as another electrode that can be 
tightly and closely twisted with the Ti wire. The pitch distance 
could be varied from hundreds of micrometers to millimeters 
that produced stable wire-shaped PSCs. Here the pitch distance 
of 750 µm was found to offer the highest effi ciency and had 
been mainly investigated in this work. A lower pitch distance 
increased the covered MWCNT fi ber electrode that shaded 
more incident lights with lower energy conversion effi ciencies. 
In addition, the wire-shaped cell was less stable as the over-
twisted two electrodes were separated from each other during 
use. A higher pitch distance decreased the contact area between 
two electrodes also with lower energy conversion effi ciencies. 
In addition, the wire-shaped PSC became less stable as the two 
electrodes could not be tightly twisted.  

 The mechanism of the wire-shaped PSC is schematically 
shown in  Figure    5  a. [ 15 ]  Upon the absorption of sunlight, the 
heterojunction layer generates excitons that are separated into 
electrons and holes. The holes are collected by the PEDOT:PSS 
layer and then transport to the aligned CNT fi ber. The elec-
trons are transported to the Ti wire through the titania layer. 
The layer of titania nanoparticles was critically important to 
produce effi cient wire-shaped PSCs. Figure  5 b shows current–
voltage ( J – V ) curves of PSCs before and after being treated by 

   Figure 2.    SEM images of two fi ber electrodes. a,b) Aligned titania nano-
tubes by top and side views, respectively. c) Titania nanoparticle layer. 
d) P3HT:PCBM layer. e) PEDOT:PSS layer. f) P3HT:PCBM and PEDOT:PSS 
layers by a side view. g,h) MWCNT fi ber at low and high magnifi cations, 
respectively. 

   Figure 3.    SEM images of titania nanotubes without and with TiCl 4  treat-
ments under the increasing time. a) Without treatment. b) Treated by 
15 min. c) Treated by 30 min. d) Treated by 60 min. 
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eration of titania nanoparticles into irregular and larger aggre-
gates. Figure  5 c shows incident photon-to-current effi ciency 
(IPCE) curves of PSCs with and without treatments by TiCl 4 . 
Obviously, the IPCE was increased with the increasing treated 
time to 30 min and then decreased with the further increase in 
the time, which agrees with the evolution of the energy conver-
sion effi ciency (Figure  5 b).  

 The diameters of MWCNT fi bers were also found to largely 
affect the wire-shaped PSCs (Figure  5 d). The energy conver-
sion effi ciencies were increased from 0.72% to 1.78% with the 
increasing diameters from 18 to 32 µm and then decreased 
with the further increasing diameters (e.g., 1.47% and 1.18% 
at 60 and 74 µm, respectively). The maximal effi ciency occurred 
at approximately 32 µm. A smaller fi ber produced a higher 
electric resistance with a lower current density, while a bigger 
fi ber shaded the incident sunlight also to decrease the current 
density. 

 The wire-shaped PSCs were fl exible and could be easily 
deformed into various structures ( Figure    6  a). No obvious dam-
ages were found by SEM, and the energy conversion effi cien-
cies had been maintained by ≈85% after bending for 1000 
cycles (Figure  6 b). These wire-shaped PSCs were also highly 
stable compared with the wire-shaped dye-sensitized solar 
cells. For instance, the energy conversion effi ciencies had been 
maintained by over 70% without sealing in air after 16 days 
(Figure  6 c).  

 A wide variety of microsized metal wires had been also 
studied to replace the MWCNT fi ber but with much lower 
energy conversion effi ciencies. For instance, Figure S2 (Sup-
porting Information) shows a typical  J – V  curve from a wire-
shaped PSC with an energy conversion effi ciency of 0.48% 
based on a silver wire as the counter electrode to replace the 
MWCNT fi ber. This difference can be explained by two facts. 
On the one hand, the MWCNT fi ber with the working function 
of (4.8–5.1) eV is effective for the hole collection. In contrast, 
the metal wire such as silver with the work function of 4.3 eV is 
much less effective for the hole collection. On the other hand, 
the metal wires were not fl exible enough for the wire-shaped 
PSCs with high effi ciencies. For the silver wire, obvious 
gapes appeared between the modifi ed Ti wire and silver wire 
(Figure S3a,b, Supporting Information). It became even worse 
under bending (Figure S3c,d, Supporting Information). As 
a result, in the case of the silver wire, the energy conversion 
effi ciency was further severely decreased from 0.48% to 0.14% 
after bending by 50 cycles (Figure S4, Supporting Information). 

 The nanocrystalline semiconductor oxide layer played a 
crucial role in providing pathways for charge transport. For 
the nanoparticles that typically formed a network structure, 
the charges were easily trapped with long diffusion lengths 
and recombined at boundaries among particles with low effi -
ciencies. In contrast, the charges have a far more direct route 
to the titanium electrode in aligned nanotubes compared to 
nanoparticle layers. [ 16–18 ]  However, these aligned titania nano-
tubes showed much lower effi ciencies than expected. The 
phenomenon may be explained by the following fact. The 
original Ti wire was smooth on the surface; after the growth 
of perpendicularly aligned nanotubes, the resulting outer sur-
face became rugged. Therefore, it was diffi cult to produce thin 

a TiCl 4  solution. The energy conversion effi ciency ( η ) was cal-
culated by the equation of  η  = FF V  oc  J  sc / P  in , where FF,  V  oc ,  J  sc  
and  P  in  represent fi ll factor, open-circuit voltage, short-circuit 
current density and incident light power density, respectively. 
The effective area was obtained by multiplying the length and 
diameter of the photoactive wire. The energy conversion effi -
ciencies were lower than 1.31% without the treatment with 
an open-circuit voltage ( V  oc ) of 0.50 V, a short-circuit current 
density ( J  sc ) of 6.48 mA cm –2 , and a fi ll factor (FF) of 41%. 
The effi ciencies were increased to 1.60% ( V  oc  of 0.53 V,  J  sc  of 
7.38 mA cm −2 , and FF of 41%) and 1.78% ( V  oc  of 0.52 V,  J  sc  
of 9.06 mA cm −2 , and FF of 38%) after treatments for 15 and 
30 min, respectively. With the further increase in the treat-
ment, the effi ciency was decreased, e.g., 1.38% at 60 min ( V  oc  of 
0.49 V,  J  sc  of 7.12 mA cm −2 , and FF of 40%) due to the agglom-

   Figure 4.    A wire-shaped PSC with increasing magnifi cations. 
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and uniform P3HT:PCBM and PEDOT:PSS layers at the sur-
face of the working electrode. Here the incorporation of semi-
conducting nanoparticles at the tips of aligned TiO 2  nanotubes 
after TiCl 4  treatment helped to make the outer surface uniform. 
In addition, the nanoparticle layer had effectively increased 
the polymer load, decreased the electrical resistance for charge 
transport and enhanced the light scattering. [ 17 ]  Note that the 
outer polymer layer may slightly decrease the light access to 
the nanoparticle layer. Here this effect was not obvious as the 
ultra-thin polymer layers were transparent with high optical 
transmittances. [ 19 ]  

 The as-prepared wire-shaped PSC could be easily woven into 
various fl exible structures such as textiles without the necessity 
for sealing that had been required by the widely studied wire-
shaped dye-sensitized solar cells (Figure S5, Supporting Infor-
mation, and Figure   7  a,b).  Figure    7  c further shows the depend-
ence of voltage on the number of wire-shaped PSCs that were 
woven and connected in series in the PSC textile. Obviously, 
the voltages are linearly increased with the increasing number 
of wire-shaped PSCs. Therefore, it is effective to scale up their 
applications by the well-developed weaving technology, e.g., 
various wearable electronic products. As expected, these PSC 
textiles were also highly fl exible, and the energy conversion effi -
ciencies had been maintained by ≈80% after bending for 1000 
cycles ( Figure    8  a). Interestingly, these powering textiles could 
effi ciently work independent on the incident angle, e.g., the 
energy conversion effi ciencies were varied in less than 20% in 
the different angles (Figure  8 b).   

 In conclusion, we have developed a family of novel wire-
shaped PSCs with high performances by introducing a thin 

layer of titania nanoparticles that increased the charge separa-
tion and transport and an aligned MWCNT fi ber anode that 
increased their stability. These miniature PSC wires could be 
directly used without sealing and easily scaled up by the well-
developed textile technology. [ 20 ]  The resulting fl exible PSC 
clothes are described as lightweight and deformable power 
sources for portable electronic devices.   

 Experimental Section 
 The preparation of the electrode materials and fabrication of the wire-
shaped PSCs were made according to the previous report. [ 13 ]  MWCNT 
fi bers were prepared by twisting aligned MWCNT sheets that had been 
drawn from a spinnable array with thickness of 220 µm. The spinnable 
array was synthesized by chemical vapor deposition. [ 21–23 ]  Aligned titania 
nanotubes were grown on the Ti wire by electrochemical anodization. [ 24 ]  
The Ti wire (diameter of 127 µm) was fi rstly washed by acetone, 
isopropanol, and deionized water, respectively. Ethylene glycol solution 
in a solvent mixture of NH 4 F (0.3%) and H 2 O (8%) was used as the 
electrolyte. The growth was made by a two-electrode system with Ti 
wire and Pt plate as anode and cathode at 60 V for 10 min, respectively. 
The modifi ed Ti wire was rinsed with deionized water and annealed at 
500 °C for 1 h in air. The resulting Ti wire was immersed in 100 mM TiCl 4  
solution at 70 °C for 30 min, washed by deionized water, and annealed 
at 450 °C for 30 min. The two polymer layers were dip-coated onto the 
modifi ed Ti wire. The treated Ti wire was dipped into a chlorobenzene 
solution of P3HT (30 mg mL –1 ) and PCBM (24 mg mL –1 ) and then 
annealed at 150 °C for 10 min in a glovebox. [ 9 ]  A mixture of PEDOT:PSS 
aqueous solution (PH1000) and 2-propanol (volume ratio of 4/1) was 
coated at the top of the P3HT/PCBM layer, followed by annealing at 
150 °C for 10 min. A MWCNT fi ber was twisted onto the polymer-coated 
Ti wire to produce the wire-shaped PSC with lengths of from millimeters 

   Figure 5.    a) Schematic illustration of the mechanism. b)  J – V  curves without and with TiCl 4  treatments under the increasing growth time. c) IPCE curves 
without and with TiCl 4  treatments with increasing growth times. d)  J – V  curves for MWCNT fi bers with increasing diameters. 
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to centimeters. For the characterization convenience, the ends of two 
electrodes were connected to indium by an ultrasonic soldering mate 
(USM-V, Kuroda Techno). The wire-shaped PSCs could be interlaced 
and woven into fl exible textiles similar to the well-developed textile 
technology. A Ti wire electrode of a wire-shaped PSC was connected to 
an MWCNT fi ber of a neighboring wire-shaped PSC. In other words, the 

   Figure 8.    a) Dependence of energy conversion effi ciency and voltage on 
bent cycle number in a solar cell textile.  η  0  and  η  correspond to the effi -
ciencies before and after bending, respectively. b) Dependence of energy 
conversion effi ciency and voltage on the angle between the solar cell tex-
tile and substrate with the light source at the top.  η  0  and  η  correspond to 
the 0 and the other angle, respectively. 

   Figure 6.    a) Photograph of a knotted wire-shaped PSC. b) Dependence 
of energy conversion effi ciency and voltage on bent cycle number.  η  0  and 
 η  correspond to the effi ciency before and after bending, respectively. 
c) Dependence of energy conversion effi ciency on time for the PSC wire in 
air.  η  0  and  η  correspond to the as-fabricated device and the one with the 
time, respectively. The solar cell textile was composed of eight PSC wires. 

   Figure 7.    a,b) PSC textile being bent into different structures. c) Depend-
ence of voltage on the number of wire-shaped PSCs that appeared in 
series in a PSC textile. 
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