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Perovskite solar cells have attracted increasing attention due to the possibility of flexible devices compared

with silicon-based photovoltaic cells and high energy conversion efficiencies compared with organic

photovoltaic cells. Although they have been widely explored in recent years, elastic perovskite solar cells,

for the first time, have been realized here by designing a stretchable nanostructured fiber and spring-like

modified Ti wire as two electrodes with perovskite materials coated on the modified Ti wire based on a

solution process. The elastic perovskite solar cell appears in a fiber format and maintains stable energy

conversion efficiencies under stretching.
Introduction

Silicon-based solar cells have long been recognized for their high
energy conversion efficiencies such as 20.4% for multicrystalline
silicon but with a rigid structure and high cost, which have
limited their large-scale applications.1,2 In contrast, polymer
solar cells are widely studied for their exible structure and low
cost but with low energy conversion efficiencies.3,4 Recently, a
new family of promising photovoltaic devices, i.e., perovskite
solar cells (PSCs), have been extensively investigated for their
high energy conversion efficiencies that are comparable with
those of their silicon-based counterparts and possibility for a
exible structure and low cost similar to polymer solar cells.5–8

PSCs have thus boosted the application of solar cells in a wide
variety of elds and may particularly open an avenue to many
new applications such as microelectronic devices. During the
past years, a lot of attention has been paid to enhance the energy
conversion efficiency by incorporating new materials and
designing novel structures.9–12 Recently, increasing efforts have
been made to fabricate exible devices to more effectively utilize
the above advantages for the fabrication of portable and wear-
able electronic devices.13,14 To this end, PSCs should be more
elastic to withstand the stress produced during stretching and
bending. Otherwise, they will break and fail to work in a short
period of operation. Although elastic PSCs are highly desired for
practical applications, they have not been realized yet.

On the other hand, it is also necessary while remaining
challenging to make PSCs lightweight and wearable in modern
electronics.15–17 For instance, electronic textiles are proposed to
be critically important in some emerging technologies
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including sensing electronic skins and wearable microelec-
tronic products. However, because metallic lms and perovskite
layers on the elastic substrate are easily fractured or buckled
during stretching, the planar structure of available PSCs cannot
satisfy the above application.14,18,19

Herein, an elastic PSC ber is developed by using a stretch-
able aligned carbon nanotube (CNT) based conducting ber
and a spring-like modied Ti wire as two electrodes with
perovskite materials deposited on the modied Ti wire through
an easy solution process. This novel ber-shaped PSC exhibits a
stable photovoltaic performance under both stretching and
bending. In addition, the all-solid-state structure enables it to
be woven into various electronic textiles.
Experimental section
Preparation of working electrodes based on aligned TiO2

nanotubes

A rigid steel wire with a diameter of 1.8 mm was xed on two
synchronous motors. A washed Ti wire (diameter of 250 mm and
purity of 99.7%) was uniformly wrapped on and then removed
from the steel wire to form a spring-like shape. An electro-
chemical anodisation method was applied to grow TiO2 nano-
tubes on the surface of Ti wire at a voltage of 20 V (the voltage
was increased to 20 V at a sweeping rate of 250 mV s�1).20,21 The
electrolyte was composed of water and glycerol (v/v, 1/1) and
0.27 MNH4F. The spring-like Ti wire and a Pt sheet were used as
the anode and cathode, respectively. The resulting wires were
washed with deionized water to remove the electrolyte, followed
by heating to 500 �C in 30 min and kept in air for 1 h.
Preparation of working electrodes based on aligned TiO2

nanoparticles

A spring-like Ti wire was immersed in a diluted titanium dii-
sopropoxide bis(acetylacetonate) solution and then dried at
This journal is © The Royal Society of Chemistry 2015
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125 �C. The thickness was tunable by repeating the dip-coating
process. The modied Ti wire was annealed at 500 �C for 15 min
in air, followed by treating with a TiCl4 aqueous solution
(40 mM) at 70 �C for 30 min. The washed wires were annealed at
500 �C for 30 min to form an n-type compact TiO2 layer. A
commercial TiO2 nanoparticle (diameter of 20 nm) paste (DHS-
TPP3, Heptachroma) was diluted in ethanol (w/w, 1/3) and then
dip-coated on the compact TiO2 layer. The resulting wires were
gradually heated to 500 �C and annealed for 30 min at the same
temperature.

Fabrication of elastic PSCs

The fabrication of the elastic PSC ber is schematically shown
in Fig. 1a. The synthesis of perovskite materials is described in
the ESI.† The modied spring-like Ti wire was dipped into the
perovskite precursor solution for 30 s, lied up at a speed of
�1 mm s�1 and then annealed for 5 min, followed by cooling
down to room temperature. The above process was repeated
twice and nally annealed at 100 �C for 2 h. The hole transport
material solution containing 0.170 M 2,20,7,70-tetrakis(N,N-di-
p-methoxyphenylamine)-9,90-spirobiuorene (spiro-MeOTAD,
Chemsky International Co., Ltd), 0.064 M bis(triuoro-
methane) sulfonamide lithium salt (LiTFSI, 99.95%, Aladdin)
and 0.198 M 4-tertbutylpyridine (TBP, 96%, Aladdin) in a
solvent mixture of chlorobenzene (99.8%, Aldrich) and
acetonitrile (99.8%, Aldrich) (v/v, 10/1) was dip-coated onto
the perovskite layer for 30 s in air. An elastic ber was fabri-
cated by injecting a liquid silicone rubber precursor into a
tube with an inner diameter of 1.8 mm and then heated at
80 �C for 1 h for curing. The elastic ber was extracted from
the tube and wrapped with an aligned CNT sheet to form an
elastic conductive ber. The elastic conductive ber was
Fig. 1 Schematic illustration to the elastic PSC fiber. (a) Fabrication proc

This journal is © The Royal Society of Chemistry 2015
inserted into the spring-like modied Ti wire in a stretched
state, and then released to a natural state favouring a close
contact with the modied Ti wire. Another aligned CNT sheet
was wrapped on the outer surface to produce the elastic PSC
ber.
Calculation of the energy conversion efficiency

A PSC ber was illuminated from the top during the measure-
ment. The effective area of the working electrode was calculated
as the projected area that has been generally used and recog-
nized for a one-dimensional solar cell.19 Fig. S1† schematically
illustrates the calculation process, and the blue section of the
working electrode was calculated as the effective area. The
working electrode exhibits a three-dimensional helical structure

and can be mathematically expressed as X ¼ A cos
2pY
T

and

Z ¼ A sin
2pY
T

. Here the amplitude A can be calculated to be

1.09 mm and T represents the pitch distance that is a constant
of 1.25 mm. The projection area of the working electrode in the

Y–Z plane is expressed as Z ¼ 1:09 sin
pY
0:625

. For the working

electrode, the length of the three-dimensional spiral can be

calculated by the equation L ¼
ð  ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ
�
dZ
dY

�2
s

dY , so

L ¼
ð  ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ
�
1:09p
0:625

�2

cos2
�

pY
0:625

�s
dY . A cycle of the projection

area includes the shaded part L1 ¼ð1:25
0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 29:99 cos2ð5:03YÞ

p
dY ¼ 4:619 mm. For the shaded

part, Y is calculated to be 0.209 mm at Z of 0.91 mm according
ess. (b) Energy level diagram. (c) Structure.
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to Z ¼ 1:09 sin
pY
0:625

. Therefore, the arc length is obtained by

L2¼
ð0:209
�0:209

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 29:99 cos2ð5:03YÞ

p
dY ¼ 1:938mm. Finally, the

effective area (S) of the working electrode is evaluated by the
equation S ¼ n � D � (L1 – L2) ¼ n � 0.263 � 2.681 ¼ 7.05 �
10�3 � n cm2.
Results and discussion

The working mechanism of the elastic PSC ber is shown in
Fig. 1b.6,22 When CH3NH3PbI3�xClx absorbs light, free carriers
are created from incident photons, and electrons and holes are
separated owing to the built-in electric eld. Electrons and
holes are transferred to the TiO2 and the spiro-MeOTAD, and
then collected by using a conductive Ti wire23 and CNTs,
respectively (Fig. 1c). Here Ti wire was used for the convenience
to compare with the other ber-shaped solar cells that used Ti
wire electrodes. Due to over one-micrometer electron–hole
diffusion lengths that are longer than the layer thickness, the
charge collection is highly efficient offering a remarkable
photovoltaic performance.5,24,25

The compositions and crystal lattice parameters of CH3-
NH3PbI3�xClx are veried by X-ray diffraction (Fig. 2a). The
formation of a uniform, continuous lm on a curved surface is
critical to the performance of the PSC ber. Recently, some
studies focused on controlling the preparation of uniform
perovskite materials to avoid large crystal formation and low
surface coverage.26,27 Here, an additive, 1,8-diiodooctane (DIO),
was introduced to enhance the crystallization of CH3NH3-
PbI3�xClx, which was veried by the increased peak intensity
compared with the pristine perovskite material. In contrast,
without the assistance of DIO, the crystallization process was
Fig. 2 (a) X-ray diffraction patterns of the CH3NH3PbI3�xClx layer during
material via the transient chelation of Pb2+ with DIO. The octahedral m
annealing process, the DIO molecules are gradually evaporated, resulting
vis absorption spectra of DIO, CH3NH3PbI3�xClx precursor solutions and

21072 | J. Mater. Chem. A, 2015, 3, 21070–21076
fast and tended to produce large crystals, leading to a low
surface coverage and high possibility for short-circuit in the
device (Fig. S2, S3 and S4†). The enhancement from DIO was
probably attributed to the chelation between Pb2+ and DIO
(Fig. 2b). DIO occupied two corners of the octahedron, pre-
venting too rapid crystallization and production of large crystals
by sharing the corner I� ion with the evaporation during
annealing. The chelation mechanism was also veried by UV-vis
spectra (Fig. 2c). The dilute precursor solution with introduc-
tion of low amounts of DIO resulted in a slight red shi
compared with the dilute pristine precursor solution. In addi-
tion, the absorption peak was shied from 264 to 269 nm
(Fig. S5†), which agreed with the chelation between Pb2+ and
DIO.28

The highly aligned CNT sheet was dry-spun from a spinnable
CNT array that was synthesized by chemical vapor deposition
(Fig. S6†).13,14,19,29,30 The high-resolution transmission electron
microscopy image of CNTs (Fig. S7†) exhibited a multi-walled
structure with an average diameter of �10 nm. The thickness
for a single layer of CNT sheet was typically �20 nm, and many
CNT sheets could be further stacked into thicker lms along the
CNT-aligned direction. The aligned CNT sheet may be stably
attached on the surface of various substrates including the
rubber ber by the van der Waals force due to a high surface
area.

Various TiO2 nanomaterials have been widely studied for
planar PSCs, and TiO2 nanotubes and nanoparticles are here
compared for the ber-shaped PSC.7,31–33 The TiO2 nanotube
array and nanoparticle layer were synthesized by electro-
chemical anodisation and dip-coating processes, respectively.
The resulting TiO2 demonstrated an anatase crystal structure
aer calcination at 500 �C (Fig. S8†). Fig. 3a and b show the
comparison of their morphologies from a top view under a
evolution. (b) Schematic illustration to the formation of the perovskite
olecule is composed of Pb2+ transient chelated with DIO. During the
in a uniform perovskite phase with corner-sharing octahedra. (c) UV-
a mixture of them.

This journal is © The Royal Society of Chemistry 2015
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Fig. 3 SEM images of elastic PSC fibers. (a–c) Top view of aligned TiO2 nanotubes, mesoporous TiO2 nanoparticles and CH3NH3PbI3�xClx,
respectively. (d) Cross-sectional image of the TiO2 nanotube array coated with CH3NH3PbI3�xClx and a hole transport layer. (e) Top view of the
hole transport layer. (f and g) CNT sheet wrapped on the elastic fiber and modified Ti wire, respectively. (h) An elastic PSC fiber with a pitch
distance of 1.25 mm. (i) High magnification of (h).
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scanning electron microscope (SEM). Dense TiO2 nanotubes
were highly aligned and perpendicular to the outer surface of
the Ti wire (Fig. S9†). Their diameters were centered at �100
nm, and their lengths may be tuned by varying the growth time
during electrochemical anodisation, e.g., 0.4, 0.8, 1.3 and
Fig. 4 J–V curves of elastic PSC fibers by varying the thickness of TiO2 n
conversion efficiency on the bent cycle number (c) and stretching strai
before and after bending or stretching, respectively.

This journal is © The Royal Society of Chemistry 2015
1.7 mm at 10, 20, 30 and 40 min, respectively (Fig. S10†). TiO2

nanoparticle layers with increasing thicknesses were produced
by repeating the dip-coating process, e.g., 0.9, 2.2, 3.6 and 5.8
mm for 5, 10, 15 and 20 times, respectively (Fig. S11 and S12†).
Both TiO2 nanotubes and nanoparticles offered high specic
anotubes (a) and mesoporous TiO2 crystals (b). Dependence of energy
n (d). Here h0 and h correspond to the energy conversion efficiencies

J. Mater. Chem. A, 2015, 3, 21070–21076 | 21073
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Fig. 5 (a) Dependence of energy conversion efficiency on the
stretched cycle number. (Inset, photographs of an elastic PSC fiber
before and after stretching, respectively). (b) Dependence of power
conversion efficiency on time. (c) Dependence of energy conversion
efficiency on the angle of incident light. Here h0 and h correspond to
the energy conversion efficiencies at 0 and other angles, respectively.
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surface areas for absorbing photoactive materials, and CH3-
NH3PbI3�xClx can be further inltrated into the bottom of TiO2

materials, which was veried by SEM (Fig. 3c and d and S13†).
Perovskite materials were well coated onto and had fully
covered the spring-shaped electrode possibly because the
aligned TiO2 nanotubes were uniformly grown in both size and
density (Fig. S14†), which was key to a high photovoltaic
performance. Compared with a planar surface, it is generally
much more difficult to produce continuous and uniform lms
on curved surfaces. Here the high coverage of the perovskite
material on the ber-shaped surface was attributed to the
presence of 1,8-diiodooctane that chelated with Pb2+ ions
during the crystal growth, favoring the formation of high-
quality thin perovskite lms.12,34 Similarly, a uniform hole
transport layer had also been achieved on the perovskite lm
(Fig. 3d and e). The CNTs remained highly aligned aer the CNT
sheet was wrapped on the elastic rubber ber (Fig. 3f). A single
CNT sheet that was covered on the twisted modied Ti wire and
elastic conductive ber maintained the continuous structure
and stably bundled the two ber electrodes together (Fig. 3g–i).
A CNT sheet was transparent with an optical transmittance of
�90% to ensure a high light absorption of photoactive mate-
rials (Fig. S6b and S15†).

Fig. 4a shows J–V curves of elastic PSC bers with different
lengths of TiO2 nanotubes under the same conditions. The
effective area was calculated according to Fig. S1† and is
described in the Experimental section. The open-circuit volt-
ages and short-circuit current densities were increased when
the TiO2 nanotubes were lengthened from 0.4 to 1.3 mm. As a
result, the energy conversion efficiencies were enhanced from
0.16 to 1.01% (Fig. S16 and Table S1†). However, with the
further increase in the length of TiO2 nanotubes, the energy
conversion efficiency was reduced to 0.78% and 0.56%. This
phenomenon may be explained by the fact that too long TiO2

nanotubes were relatively poorly inltrated by perovskite
precursors. The inadequate inltration decreased the separa-
tion and collection efficiency of electrons and holes, resulting in
low energy conversion efficiencies. Here an optimized length of
1.3 mm was mainly investigated below. Although the optimized
thickness could be different for the different morphologies of
nanoparticles and nanotubes, the tendency was the same. For
the TiO2 nanoparticles (Fig. 4b and S17†), the optimized
thickness was obtained at 2.2 mm with the energy conversion
efficiency of 0.31%. Generally, the PSC bers derived from the
aligned TiO2 nanotubes exhibited higher energy conversion
efficiencies than those based on TiO2 nanoparticles as the TiO2

nanoparticles could not be uniformly deposited on the surface
of the spiral ber. In addition, the structure of perpendicular
nanotubes offered shorter pathways for charges to transport
with higher speeds. The outermost CNT sheet was closely
attached to the conductive elastic ber to increase the hole
collection. Without this CNT sheet, the energy conversion effi-
ciency was decreased to 0.6% (Fig. S18†). Admittedly, the energy
conversion efficiency of the ber-shaped PSC was relatively low
compared with their planar counterparts, which was owing to
the difficulty in fabricating high-quality perovskite layers
through dip-coating processes. To increase the energy
21074 | J. Mater. Chem. A, 2015, 3, 21070–21076
conversion efficiencies, perovskite layers had also been fabri-
cated by electrodeposition processes, and they could be
enhanced to 5.01% aer optimization (Fig. S19†). Generally, the
energy conversion efficiencies ranged from 4.81% to 5.22%.

Fig. 4c and d further compare the dependence of energy
conversion efficiency on the bent cycle number and strain in the
elastic PSC ber based on TiO2 nanotubes and nanoparticles.
The energy conversion efficiencies were maintained above 80%
and 25% for TiO2 nanotubes and nanoparticles under bending
for 300 cycles, respectively; the energy conversion efficiencies
were maintained above 90% and 50% for TiO2 nanotubes and
nanoparticles at a strain of 30%, respectively. Obviously, the use
of perpendicularly grown TiO2 nanotubes is more favorable for
the development of exible and elastic wearable devices. The
elasticity was further investigated by stretching the PSC ber at
a strain of 30% for 250 cycles, and the energy conversion effi-
ciency was maintained by 90% (Fig. 5a). These TiO2 nanotubes
could be more stably attached on the Ti wire for better bending
and stretching performances. In addition, the spring-shaped
electrode lessened the stress during stretching and bending, so
the perovskite layer stayed unbroken (Fig. S20†).
This journal is © The Royal Society of Chemistry 2015
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Fig. 6 (a) J–V curves of the resulting powering textile where three PSC fibers were connected in series or parallel before and after stretching. (b)
Photograph of an elastic powering PSC textile.
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The elastic PSC ber was further studied for its stability by
tracing the energy conversion efficiency during its use, and it
retained �80% aer 168 h even without sealing (Fig. 5b). As
expected, the energy conversion efficiencies remained almost
unchanged when the PSC was irradiated in the angle range from
0 to 180� due to the unique one-dimensional shape (Fig. 5c).
These elastic PSC bers can be easily woven into textiles, and
the PSC bers can be connected in series or parallel to tune the
output voltage or current, respectively. For instance, the output
voltages were increased from 0.63 to 1.88 V when three PSC
bers were organized in series, while the output currents could
be enhanced from 156 to 412 mA when they were connected in
parallel (Fig. 6a). As expected, as individual PSC bers were
exible and elastic, the resulting PSC textile was also exible
and elastic (Fig. 6b), which favored its application in exible
electronic devices.
Conclusion

In summary, a new family of elastic perovskite solar cells has
been developed with high photovoltaic performances by
designing a spring-like Ti wire and CNT-based rubber ber as
two electrodes. The energy conversion efficiencies remained at
90% aer stretching 250 times at a strain of 30%. Due to an all-
solid-state structure and ber shape, these PSC bers can be
further woven into electronic textiles for a large-scale applica-
tion by the well-developed textile technology. This work also
provides a general and effective strategy for the advancement of
next-generation photovoltaic and other electronic devices.
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