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Abstract: An all-solid-state, lightweight, flexible, and wearable
polymer solar cell (PSC) textile with reasonable photovoltaic
performance has been developed. A metal textile electrode
made from micrometer-sized metal wires is used as the
cathode, and the surfaces of the metal wires are dip-coated
with the photoactive layers. Two ultrathin, transparent, and
aligned carbon nanotube sheets that exhibit remarkable
electronic and mechanical properties were coated onto the
modified metal textile at both sides as the anode to produce the
desired PSC textile. Because of the designed sandwich
structure, the PSC textile displays the same energy conversion
efficiencies regardless of which side it is irradiated from. As
expected, the PSC textiles are highly flexible, and their energy
conversion efficiencies varied by less than 3 % after bending
for more than 200 cycles. The PSC textile shows an areal
density (5.9 mgcm™) that is lower than that of flexible film-
based PSCs (31.3 mgcm™).

F lexible electronic textiles have been widely recognized as
a promising direction in the advancement of the next-
generation electronics.”® To this end, a lot of efforts have
been made to develop fiber-shaped devices, such as solar cells,
inspired by the advancement of the textile industry.’'*! Dye-
sensitized solar cells (DSCs) have been investigated partic-
ularly thoroughly because of an easy fabrication process and
high energy conversion efficiencies. Unfortunately, fiber-
shaped DSCs need to be sealed because of the use of liquid
electrolytes, which is unfavorable as they thus lose their
advantages in terms of being thin, lightweight, and wear-
able.>1®l Gel electrolytes have been suggested to replace
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their liquid counterparts. However, the resulting fiber-shaped
DSCs showed much lower energy conversion efficiencies.
Furthermore, the energy conversion efficiencies substantially
decreased with time. For both liquid and gel electrolytes, the
fiber-shaped DSCs easily failed to work even after bending
for only a few cycles owing to the low stability of the
electrolyte. Alternately, fiber-shaped polymer solar cells
(PSCs) were found to display higher stabilities than fiber-
shaped DSCs because of their all-solid-state structure and
have attracted increasing attention.’2!

Both fiber-shaped DSCs and PSCs have been widely
proposed to be woven into powering textiles based on
conventional weaving technology.>' Although several
attempts have been made to weave fiber-shaped solar cells
into textiles, efficient solar cell textiles have not be realized
thus far, mainly owing to damaging of the surface during the
weaving process, short circuits during use, and very low
energy conversion efficiencies. Furthermore, it has remained
difficult to realize photovoltaic textiles with useful sizes by
weaving of fiber-shaped solar cells.

Herein, an all-solid-state, lightweight, flexible, and wear-
able PSC textile with reasonable photovoltaic performance is
developed. A metal textile electrode that was made from
micrometer-sized metal wires is used as the cathode, and the
surfaces of the metal wires were dip-coated with the photo-
active layers. Two ultrathin, transparent, and aligned carbon
nanotube (CNT) sheets that exhibit remarkable electronic
and mechanical properties are coated onto the modifed metal
textile at both sides as the anode to produce the desired PSC
textile. Because of the designed sandwich structure, the PSC
textiles displays almost the same energy conversion efficien-
cies regardless of which side it is irradiated from. As expected,
the PSC textiles are highly flexible, and their energy
conversion efficiencies varied by less than 3% after bending
for more than 200 cycles. The PSC textile shows a low areal
density of 5.9 mgem 2, compared to those of flexible film-
based PSCs (31.3 mgem ), DSC textiles (173 mgem2) [
and PET/ITO-based solar cells (20 mgem2).[

In a typical fabrication process (Figure 1), a titanium
textile that had been woven from Tiwires and further
modified with perpendicularly aligned TiO, nanotubes
grown on their surfaces by electrochemical anodization was
deposited with a layer of TiO, nanoparticles.”” Two active
layers of poly(3-hexylthiophene):phenyl-C,;-butyric  acid
methyl ester (P3HT:PCBM) and poly(3,4-ethyl-enedioxythio-
phene):poly(styrene sulfonate) (PEDOT:PSS) were sequen-
tially dip-coated onto the modified Tiwires. Two flexible
aligned CNT sheets were finally coated onto and adhered to
both sides of the Ti textile to produce the PSC textile.
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Figure 1. Fabrication of the PSC textile.

Importantly, the Ti textile was highly flexible, and a Ti
textile with an area of 6.5 x 3.5 cm® could be closely wrapped
around a glass rod with a diameter of 3 mm without any
damage (Figure 2a, left). The Ti textile showed an average
thickness of appropriately 100 um and was macroscopically
transparent (Figure 2a, right) because of the uniform grid
structure (Figure 2b; see also the Supporting Information,
Figure S1). The diameters of the Ti wires were centered at
50 um, and the average distance between two neighboring
parallel Ti wires was 200 um. Figure 2c shows a top view of
the perpendicularly grown TiO, nanotubes with inner and
outer diameters of 100 and 150 nm, respectively. The lengths
of the TiO, nanotubes could be accurately controlled by
varying the growth time during the electrochemical anodiza-
tion. Aligned TiO, nanotubes were used to increase charge
separation and transport in the PSC. A length of approx-
imately 1.8 um was found to produce the highest energy
conversion efficiency and thus used in the following study
(Figure S2). Shorter TiO, nanotubes could not be uniformly
coated with the photoactive layers, whereas longer TiO,
nanotubes led to increased diffusion pathways with lower
energy conversion efficiencies.

Perpendicularly aligned TiO, nanotubes could serve as
a more effective electron transfer layer than the nanoparti-
cles. However, the aligned TiO, nanotubes featured a rugged
surface, so it remained difficult to form thin, uniform photo-
active polymer layers. To this end, a layer of semiconducting
TiO, nanoparticles was introduced on the surface of the
aligned TiO, nanotubes to make the outer surface more
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Figure 2. a) Photograph of a Ti textile with one part wrapped around
a glass rod and the other part on a labelled paper. b) SEM image of
the Ti textile. ¢) SEM image of aligned TiO, nanotubes. d) Layers that
were coated with P3HT:PCBM and PEDOT:PSS. e) Aligned CNT sheet.
f) Aligned CNT sheet closely attached to the surface of the Ti textile.
The white arrows indicate two crossed Ti wires while the black arrow
indicates an aligned CNT sheet.

uniform, to increase the polymer load, and to decrease the
electrical resistance for more efficient charge transport.
Figure S3 shows a typical SEM image of TiO, nanoparticles
on the surface of aligned TiO, nanotubes. The thickness of the
TiO, nanoparticles was also critical to the photovoltaic
performance and could be controlled by varying the treat-
ment time. The optimized treatment time was found to be
30 minutes (Figure S4). A thinner TiO, nanoparticle layer was
not effective at forming uniform surfaces and producing high
polymer loads, whereas a thicker TiO, nanoparticle layer
decreased the charge transport efficiency.

Thin and continuous P3HT:PCBM and PEDOT:PSS
layers were sequentially formed on the outer surface of the
modified Ti wire by dip coating (Figure 2d). The thicknesses
of the P3BHT:PCBM and PEDOT:PSS layers were calculated
to be approximately 80 and 100 nm, respectively. The thick-
ness of the polymer layer could be controlled by varying the
concentration of the polymer solution and the coating times.
Here, the PEDOT:PSS layer was used to improve hole
transport, and it was transparent with a high optical trans-
mittance so as not to prevent light from reaching the TiO,
nanoparticle layer.

Figure 2e and f show SEM images of a typical aligned
CNT sheet with a thickness of 18 nm. The aligned CNT sheet
was dry-drawn from spinnable multi-walled CNT arrays that
were synthesized by chemical vapor deposition (for details,
see the Supporting Information and Figure S5).22! The
aligned CNT sheet was optically transparent with high
transmittances over 80 % and above 90 % at wavelengths of
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>500 nm; the CNTs were also highly aligned to provide
sheets with high electrical conductivities on the order of 10° to
10° Secm ™ 50 that the aligned CNT sheet can effectively
collect holes from the PEDOT:PSS layer. A key reason for
using aligned CNT sheets as electrodes is the fact that they are
highly flexible and could be stably and closely attached to the
surface of the modified Ti textile electrode (Figures S6 and S7
and Figure 2 f). SEM studies also confirmed that they would
not peel off from the Ti substrate after bending for more than
200 cycles. The high transmittance and electrical conductivity
render the aligned CNT sheet an effective electrode for the
PSC textile.

The working mechanism of the PSC textile is summarized
below.?®% Upon sunlight absorption, the heterojunction
layer generates excitons, which are separated into holes and
electrons. The holes are collected by the aligned CNT sheet
anode from the PEDOT:PSS layer, while the electrons are
transported to the Ti textile cathode through the TiO, layer.
Based on the working mechanism, a systematic study on the
dependence of the photovoltaic performance on the thickness
of the aligned CNT sheet was carefully conducted to further
optimize the PSC textile.

Figure S8 shows the optical transmittance spectra of
aligned CNT sheets with increasing thicknesses from 18 to
36 to 54 nm, and their transmittances accordingly decreased
from over 91 % to 83 % and 77 % at a wavelength of 550 nm.
As a result, the open-circuit voltages remained almost
unchanged while the short-circuit current densities decreased
from 5.2 to 3.9 and 1.9 mA cm 2 with the increasing thickness
of the aligned CNT sheet (Figure 3a). Although the resistan-
ces of the aligned CNT sheet (3 mm in width) decreased from
3.0 to 1.6 and 0.9kQcm™' with the increase in thickness
(Figures S9 and S10), for the thicker aligned CNT sheet, the
transmission decreased with lower incident intensities for
lower short-circuit current densities. The transmission domi-
nated the PSC textile, so that the maximum energy conversion
efficiency of 1.08% occurred at 18 nm. Here, the effective
irradiated area of the Ti textile was used to calculate the
energy conversion efficiency of the PSC textile.

Both sides of the modified Ti textile had been coated with
photoactive polymer layers and covered with the aligned
CNT sheets, so that the energy conversion efficiencies of the
unique PSC textile were almost the same (Figure 3b). Fig-
ure 4a and b show photographs of a PSC textile before and
after bending. As expected, the PSC textile was flexible, and
the energy conversion efficiencies varied by less than 3%
during 200 bending cycles (Figure 4c). In Figure 4d, J-V
curves of a PSC textile before and after bending for 200 cycles
are compared, and they almost overlap, which further
demonstrates the high flexibility and stability. In addition,
the aligned CNT sheet features excellent thermal and
mechanical properties, so that a CNT coating on the outer
surface provides the resulting PSC textile with a high stability
during use. The high stability of the PSC textile was also
confirmed by studying the energy conversion efficiencies with
time. Over 92 % and 75 % of the energy conversion efficiency
had been maintained after a period of ten days in argon and
air, respectively (Figure S11 and S12).
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Figure 3. a) J-V curves of the PSC textiles with an increase in the
thickness of the aligned CNT sheets from 18 to 36 to 54 nm. b) J-V
curves of a PSC textile with an aligned CNT sheet with a thickness of
18 nm.

In summary, a general and effective route for fabricating
novel PSC textiles has been developed by sandwiching
a metal textile electrode with two ultrathin, transparent, and
conducting CNT sheets. The resulting PSC textile shows the
same energy conversion efficiencies regardless of which side it
is irradiated from because of its unique sandwich structure.
The PSC textile is also highly flexible and stable, and the
energy conversion efficiencies were well maintained after
bending for 200 cycles. Furthermore, the PSC textile is
lightweight and wearable, and can be integrated to power
various portable electronic devices. More efforts are required
to further enhance the energy conversion efficiency of the
PSC textile by optimizing the structure, for example by
increasing the contact area between the two electrodes.

Experimental Section

Titanium wires with diameters of 50 um were woven into textiles
(100 mesh). The washing and preparation processes for the resulting
Ti textile are described in the Supporting Information. Perpendicu-
larly aligned TiO, nanotubes were then grown on the surface of the Ti
textile electrode, followed by sequential deposition of the photoactive
P3HT:PCBM and PEDOT:PSS layers. The aligned CNT sheet that
served as the anode was finally coated onto the modified Ti textile
electrode to produce the desired PSC textile. The aligned CNT sheet
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Figure 4. a,b) and b) Photographs of the PSC textile before (a) and
after (b) bending. c) Dependence of the energy conversion efficiency of
the PSC textile on the bending cycle. 7, and 7 correspond to the
energy conversion efficiencies before and after bending, respectively.

d) J-V curves of the PSC textile before and after bending for 200 cycles.

had been dry-drawn from spinnable CNT arrays; this process is
thoroughly discussed in the Supporting Information.
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