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Environmental adaptability is an important factor in the practical
application of flexible solar cells. This is particularly important in fiber-
based solar cell textiles that are recently attracting increasing interest
to solve application problems in a variety of emerging important fields
such as in wearable and portable electronics. However, the difficult
preparation of a compact active thin layer on a curved fiber surface
and the interface instability under varying temperatures have largely
limited the development of solar cell textiles. Here, we have made
novel perovskite solar cell textiles by depositing a thin and continuous
perovskite layer on aligned titanium dioxide nanotubes of fiber elec-
trodes, and the aligned titanium dioxide nanotubes also functioned as
an effective stress buffer layer for high interface stability. The power
conversion efficiencies remained unchanged during storing at —20 or
100 °C for 240 h, and they could also be well maintained by 90% at
a working temperature range of —40 to 160 °C.

Wearable and portable electronics that assist humankind in
efficiently performing tasks are promising for various emerging
important fields including wild expedition, polar research and
space exploration. To this end, corresponding power supply
systems are also highly required that have advantages of being
lightweight and having flexibility, in order to satisfy the above
applications. Fiber-based solar cell textiles have been thus
explored to provide a general and effective solution as they are
lightweight, flexible and breathable."® It was found that the
solar cell textiles should be able to survive at a broad and fluc-
tuating temperature range from seasonal variations to extreme
temperature conditions, i.e. the average temperature of the
South Pole is about —40 °C during the polar day and the highest
temperature can be up to 127 °C on the moon in the daytime.
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However, the solar cell textiles that are currently available may
work typically at room temperature, but they fail at relatively
lower or higher temperatures. Dye-sensitized solar cell textiles
suffer from electrolyte evaporation,”™ while polymer** and
hybrid perovskite solar cell**¢ textiles deteriorate at high
temperatures.

Inorganic perovskite materials, such as CsPbBr;, represent
a promising light harvester material due to their high carrier
mobility and long-term stability under cooling and heating."”>*
However, it is not possible to deposit the CsPbBr; material to
form a uniform layer on the curved surface of a fiber substrate.*
It is even more difficult to maintain a stable CsPbBr; layer at
varying temperatures. The thermal expansion coefficient of
CsPbBr; (1.2 x 10°* K™') is two orders of magnitude higher
than those of the commonly used substrates such as fluorine-
doped tin oxide (3.5 x 107® K™ ") and titanium (Ti) (8.5 x 10 °
K~ ").242324 The mismatch of the thermal expansion coefficient
between the perovskite layer and the substrate leads to struc-
tural instability of the solar cell textile or even accelerates the
degradation of the perovskite layer under stress at varying
temperatures,®*° resulting in degraded performance or even
failure of the device against temperature variation.

Herein, we have developed a new family of fiber-based
perovskite solar cell textiles with a continuous and stable
perovskite layer around the fiber electrodes at varying working
temperatures. Aligned TiO, nanotubes on the fiber substrate
were first synthesized on the surface of a Ti wire, and were
found to effectively function as both a thermal stress buffer
layer and as an electron transport layer. A continuous and
robust CsPbBr; layer with grain sizes of ~400 nm was achieved
on the curved surface of the fiber substrate by a multiple-
sintering method assisted by gap-filling of the CsPbBr;
quantum dots (QDs). The solar cell textile effectively worked in
the temperature range of —40 to 160 °C.

Perovskite materials could be easily coated onto film elec-
trodes to form continuous active layers, to make planar perov-
skite solar cells through a typical two-step sequential deposition
technique using spin coating.””-** However, it was difficult to
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replicate the above fabrication process for fiber-shaped or
textile-like solar cells due to the curved surface of the fiber
substrate. Dip coating was thus adapted for the fiber electrodes.
When this well-established sequential deposition® process with
dip coating was used to prepare the fiber-shaped devices, the
resulting CsPbBr; perovskite layer showed poor coverage with
a lot of pinholes (Fig. S1a and bt). Repeating the deposition
process led to obvious aggregations of CsPbBr; particles,
without the formation of the expected uniform and continuous
layer (Fig. Sict). No fiber-shaped solar cell that worked effec-
tively could be fabricated through this method, and the PCE of
the obtained device was only 0.0005% (Fig. S27).

Therefore, a multiple sintering method was discovered to
gain full-coverage and obtain a uniform perovskite layer with
large sized crystals on the curved surface of the fiber substrate.
The specific fabrication process is schematically shown in
Fig. 1a. Briefly, CsPbBr; QDs were first synthesized by a room-
temperature triple-ligands method (Fig. S3 and S47).** Aligned
TiO, nanotubes were grown on the surface of a Ti wire through
an anodization process. The modified Ti wire was dipped into
the CsPbBr; QDs solution to form a thin layer on the curved
surface (Fig. 1b). Then, a sintering procedure was performed to
avoid the re-soluble problem of QDs in the repeated dip-coating

Step 2.

Step 1.
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process. Note that sintering also resulted in the transformation
of the CsPbBr; QDs into bulk CsPbBr; (Fig. 1c). The CsPbBr;
film annealed at both 250 °C and 300 °C, and exhibited an
absorption peak at 515 nm, while CsPbBr; NCs showed an
absorption peak at 505 nm (Fig. S5t). This shift in absorption is
consistent with the formation of bulk CsPbBr;.** However,
didodecyldimethylammonium bromide (DDAB), the organic
ligand that was used in this process, still existed when anneal-
ing occurred at 250 °C but was almost entirely removed at
300 °C (Fig. S61). Thus, the annealing temperature of 300 °C was
used here to eliminate the unstable organic component. Then,
the modified Ti wire was dipped again into the CsPbBr; QDs
solution to fill the gaps among the CsPbBr; crystals with
CsPbBr; QDs (Fig. 1d), which benefited from the small sizes of
the CsPbBr; QDs (Fig. S7t). Sintering treatment was applied
afterwards to transform the newly added QDs into large crystals.
This process was repeated for several cycles until a compact and
uniform photoactive layer (Fig. 1e) with grain sizes of ~400 nm
(Fig. S81) was obtained. Finally, the whole TiO, modified Ti wire
was evenly covered with CsPbBr; crystals (Fig. 1f-h).
Fiber-shaped CsPbBr; perovskite solar cells were fabricated
with a coaxial architecture (Fig. 2a), consisting of a TiO, nano-
tube modified Ti wire serving as a working electrode (Fig. S9a

Step 4.

Step 3.

Fig.1 A compact CsPbBrs film formed on the curved fiber substrate. (a) Schematic illustration of the fabrication process of the compact CsPbBrs
layer. (b—e) SEM images of the TiO, nanotube-modified Ti wire coated with quantum dots (b), after annealing (c), after quantum dots filling up the
gaps between large-grain CsPbBrs (d), and of the compact CsPbBrs layer (e). Scale bar is at 400 nm. (f—h) SEM images of the Ti wire coated with
a CsPDbBrs layer (f), the cross section of the modified Ti wire (g), and of the interface between the CsPbBrs layer and the TiO, nanotubes (h). Scale

bars are at 100 um in (f), 50 um in (g) and 200 nm in (h).

This journal is © The Royal Society of Chemistry 2020
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Fig.2 CsPDbBrsz perovskite solar cell textiles working at room, low and high temperatures. (a) Schematic illustration of the fiber-shaped solar cell.
(b) Typical J-V curves of the fiber-shaped solar cell with a power conversion efficiency of 5.37%. The inserted table shows the corresponding
photovoltaic parameters. (c) Normalized PCE values as a function of the working temperature. (d and e) Normalized PCE as a function of the
storing time at —20 °C and at 100 °C, respectively, without encapsulation.

and bf), a CsPbBr; perovskite layer, and an aligned carbon
nanotube (CNT) sheet working as another electrode (Fig. S9ct).
Here, the aligned TiO, nanotubes were grown in the radial
direction of the Ti wire through electrochemical anodic oxida-
tion. The in situ growth guaranteed the integration of Ti and
TiO,, which benefited the flexibility and mechanical stability of
the resulting device. The porous structure of the TiO, nanotube
acted as a stress buffer layer, and the aligned structure of the
TiO, nanotube ensured the direct transport of electrons. It is
worth noting that the outermost layer of the CNT sheet served as
a bifunctional layer for hole extraction and collection. In addi-
tion, the CNT sheet had an appropriate work function (—4.8 eV),
high transparency and high thermal stability. The rational
design for the above combined properties was critical for the
high thermal stability of the assembled device.

The photovoltaic performances depended on the film
thickness of the CsPbBr; layer, and this could be controlled by
varying the dip-coating cycle number (Table S1, Fig. S10t). The
PCE increased when the dip-coating cycle number increased
from 60 to 120, due to the improved coverage and film thickness

5478 | J Mater. Chem. A, 2020, 8, 5476-5483

of the photoactive CsPbBr; layer (Fig. S11t). However, the
thicker film became unfavorable for carrier separation at a dip-
coating cycle number of 150, and exhibited a clear decrease of
PCE. The maximal PCE reached 5.37% (Fig. 2b). Moreover, the
device exhibited a minor hysteresis between the forward and
reverse scanning modes (Fig. S12t). Note that all fabrication
processes were performed in an ambient environment without
deliberate control over the environmental humidity and
temperature.

In order to demonstrate the stability against the varying
temperatures, the photovoltaic devices without encapsulation
were stored at different temperatures for 15 min before testing.
At a wide temperature range from —40 to 160 °C, the PCEs were
well maintained by 90% (Fig. 2c), indicating that the fiber
shaped CsPbBr; perovskite solar cells operated stably within
this temperature range. Meanwhile, the long-term stability at
low or high temperatures was another important factor in
assessing its practicability. Here, they were stored at —20 °C and
100 °C in order to investigate the long-term stability in harsh
temperature conditions. The PCEs were also maintained by over

This journal is © The Royal Society of Chemistry 2020
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90% for 240 h in both conditions (Fig. 2d and e). In addition,
the photocurrent density and PCE as a function of time were
measured at MPP with devices placed at —20 and 100 °C, and
these remained stable for a 100 s scan (Fig. S13 and S147%).
For applications with varying temperatures, the structural
instability mainly accounts for the failure of the device, which
originates from the mismatch of the thermal expansion coeffi-
cients between the perovskite layer and the substrate. More
specifically, the thermal expansion coefficient of CsPbBr; (1.2 X
10~* K') is two orders of magnitude higher than that of the
TiO, (8.2 x 107 ® K ") or Ti (8.5 x 10 ® K ") substrate. This
mismatch will cause a thermal stress on the near-interface
regions at varying temperatures. Finite element analysis rela-
tive to the decreasing temperature was conducted to visualize
this process. As is schematically shown in Fig. 3a, for a photo-
voltaic device with a dense TiO, layer as the electron transport

a High temperature

CsPbBr3

Dense TiO,
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layer, thermal stress was concentrated around the interface
between the perovskite layer and the dense TiO, layer. Here,
aligned and porous TiO, nanotubes have been designed to
relieve the mismatch of the thermal stress. A porous structure
poses less restriction to the deformation of CsPbBr; during
temperature variation, and thus can effectively relieve the
residual interfacial thermal stress in the CsPbBr; layer. As ex-
pected, the result of the simulation showed that there was less
concentration of thermally induced stress mismatch at the
interface of CsPbBr; and the porous TiO, nanotube layer than
between CsPbBr; and the dense TiO, layer (right panels of
Fig. 3a).

To further confirm the positive effect of TiO, nanotubes on
the structural stability of the device, out-of-plane X-ray diffrac-
tion (XRD) was conducted to assess the stress of CsPbBr; on
different structures of TiO,. The compression stress in the
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Fig. 3 Mechanism of the compact CsPbBrs3 film stabilized on the curved fiber substrate under varying temperatures. (a) Schematic illustration of
the thermal stress release by the aligned TiO, nanotubes with finite element simulation of the CsPbBr layer. (b) Schematic diagram of the strain
formation process. The annealed perovskite film contracts perpendicularly with the substrate adhesion. (c) XRD patterns of the CsPbBrs powder
(black line), the annealed CsPbBrs layer on the compact TiO, substrate (blue line) and of the annealed CsPbBrs layer on the aligned TiO,
nanotube substrate (yellow line). (d) SEM image of the compact TiO, layer. Scale bar is at 300 nm. (f) SEM image of the aligned TiO, nanotube
layer. Scale bar is at 300 nm. (e and g) Interface between the CsPbBr3 layer and the compact TiO, substrate, and between the CsPbBr3 layer and
the TiO, nanotube substrate after cooling from 300 to 20 °C, respectively. Scale bar is at 300 nm.
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CsPbBr; film in the vertical direction leads to smaller plane
spacing (Fig. 3b), and this corresponds to a shift in the
diffraction peaks to higher diffraction angles in the out-of-plane
XRD patterns.* The tested samples were all annealed at 300 °C
and were cooled to room temperature before the tests. In
addition, CsPbBr; powder was used as a stress-free sample. As
illustrated in Fig. 3c, both CsPbBr; films with TiO, nanotubes
and a compact TiO, layer displayed higher peak shifts relative to
the CsPbBr; powder. However, the former showed a much
smaller shift to high diffraction angles by 0.08°, while the shift
was 0.18° for the compact TiO, layer, and this smaller shift of
the CsPbBr; film on the TiO, nanotubes implies less compres-
sion stress.

Furthermore, the samples with the TiO, layer partially
covered by CsPbBr; were specially prepared for better observa-
tion of the interface relative to thermal expansion mismatch.
The defects induced by residual thermal stress can be directly
observed on the interface between the CsPbBr; layer and the
compact TiO, layer, where gaps with sizes of ~10 nm emerged
(Fig. 3d and e). On the contrary, the CsPbBr; layer was bonded
closely with the top of the TiO, nanotubes (Fig. 3f and g). Hence,
fiber-shaped solar cells based on a TiO, nanotube layer showed
significantly enhanced stability (Fig. 2c), while their counter-
parts with only a compact TiO, layer showed a retention of 58%
of their original value when the temperature increased from 20
to 160 °C (Fig. S157).

These robust fiber-shaped solar cells were further woven into
textiles for wearable applications, especially under extreme
environments (Fig. 4a). The solar cell textile showed high flex-
ibility following the deformation process. After bending at 45°
for 5000 cycles, the solar cell textile maintained over 90% of its
original PCE (Fig. 4b). The output voltage and current of the
textile could also be designed to satisfy different applications.
The short-circuit current () of the textile with fiber-shaped
devices connected in parallel increased linearly with the
device number while the open-circuit voltage (V,.) remained
almost unchanged (Fig. 4c). For instance, a solar cell textile with
an I, value of 0.45 mA and a V, value of 1.22 V was obtained by
integrating five devices with lengths of ~2.5 cm in parallel. For
the five devices connected in series, an I value of 0.09 mA and
a V,. value of 6.22 V could be achieved (Fig. 4d). The resulting
solar cell textile was easily adapted to human skin to power an
electronic watch in an ambient environment under solar irra-
diation (Fig. 4e). More importantly, it could also successfully
work under extreme conditions. For instance, it could even work
whilst being frozen in ice with a waterproof layer as encapsu-
lation, and the solar cell textile worked without disturbance
(Fig. 4f). In an extremely hot environment, the solar cell textile
still effectively powered an electronic clock when it was placed
on glowing charcoal (Fig. 4g).

In conclusion, a new family of inorganic perovskite solar cell
fibers and textiles has been fabricated via a multiple-sintering
method. The compact CsPbBr; perovskite layer supported by
aligned TiO, nanotubes that functioned as a stress buffer and as
an electron transport layer on the curved surface of the fiber
substrate meant that the solar cells were able to work at —40 to
160 °C with both high long-term stability and a high PCE. This

5480 | J Mater. Chem. A, 2020, 8, 5476-5483
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work opens up a new avenue towards the design of temperature-
resistant wearable solar cells, especially in applications at
extreme temperatures.

Experimental section
Materials

All purchased materials were used as received without further
purification unless mentioned. Ti wires (diameter of 250 pm,
99.9%) were obtained from Alfa Aesar. Cesium carbonate
(Cs,CO;3), lead bromide (PbBr,), ammonium fluoride (NH,F),
tetraoctylammonium bromide (TOAB), octanoic acid (OTAc),
titanium diisopropoxide bis(acetylacetonate) solution and
didodecyldimethylammonium bromide (DDAB) were ordered
from Sigma-Aldrich. Perchloric acid (HClO,), ethylene glycol
monobutylether, methanol, toluene and hexane were
purchased from Sinopharm Chemical Reagent Co., Ltd.

Preparation of the compact TiO, layer and the aligned TiO,
nanotube layer

A Ti wire was polished via an electrolytic polishing method at
avoltage of 35V for 15 s followed by polishing at 20 V for 20 s, to
yield a clear and smooth surface. The polishing electrolyte
contained 5 wt% HCIO4, 53 wt% ethylene glycol mono-
butylether and 42 wt% methanol. Afterwards, the Ti wire was
washed with deionized water under sonication for 20 min and
then dried at 80 °C in an oven. For preparation of the compact
TiO, layer, a polished Ti wire was dip-coated in a 75 wt% tita-
nium diisopropoxide bis(acetylacetonate) solution and dried at
125 °C. The coated Ti wire was further annealed at 400 °C for
30 min in air. For the aligned TiO, nanotube layer, the polished
Ti wire was anodized at 20 V for 7 min in an electrolyte con-
taining 0.27 M NH,F in a solvent mixture of water and glycerol
(volume ratio, 1/1). After anodizing and washing with deionized
water, the resulting Ti wire was annealed at 500 °C for 60 min.

Synthesis of CsPbBr; quantum dots

CsPbBr; quantum dots were synthesized by a room-temperature
triple-ligand method. First, the cesium precursor was prepared
by dissolving 0.0543 g of Cs,CO; into 10 mL of OTAc. The PbBr,
precursor was prepared by mixing 0.0367 g of PbBr, and
0.1092 g of TOAB in 6 mL of toluene. Subsequently, 0.67 mL of
the cesium precursor solution was added to the PbBr, precursor
solution under magnetic stirring in the open air. After reacting
for 5 min, 2 mL of DDAB (10 mg mL " in toluene) was added to
the mixture. The mixture was further stirred for 2 min before
being washed by 20 mL ethyl acetate. Then the precipitate was
collected after centrifugation (10 000 rpm, 5 min) and dissolved
in 10 mL of toluene. 20 mL ethyl acetate was added again to
resuspend the QDs. The final precipitate was re-dispersed in
5 mL of hexane for further use.

Fabrication of the fiber-shaped perovskite solar cell

For the multiple-sintering method, the TiO, modified Ti wire was
dipped into the CsPbBr; quantum dot solution and annealed at
300 °C to remove the organic ligands of the quantum dots. The

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Application demonstration of the solar cell textiles in harsh conditions. (a) Photograph of a perovskite solar cell textile. Scale barisat 1 cm.
(b) Dependence of PCE on bending cycle with a bending angle of 45°. (c and d) /-V curves of the textiles with fiber-shaped perovskite solar cells
connected in parallel and in series, respectively. (e) A solar cell textile at room temperature powering an electronic watch under solar irradiation.
Scale bar is at 2 cm. (f) Demonstration of the solar cell textile frozen in ice powering the electronic clock under solar irradiation. Scale bar is at 2
cm. (g) Demonstration of the solar cell textile placed on glowing charcoal powering the electronic clock under outdoor sunlight. Scale bar is at

4.cm.

thickness of the CsPbBr; perovskite layer could be controlled by
repeating this coating process. After this, an aligned CNT sheet
was further wrapped around the Ti/TiO,/CsPbBr; wire. Then
a droplet of hexane was finally dropped onto the CNT sheet, and
the device was annealed at 80 °C to enhance the contact between
the CNT sheet and the CsPbBr; crystal. For the two-step
sequential deposition technique,”® 1 M of PbBr, in DMF was

This journal is © The Royal Society of Chemistry 2020

stirred at 70 °C for 20 min and filtered using a 0.2 pm pore size
PTFE filter. The preheated (70 °C) TiO, modified Ti wire was then
dipped into this solution and dried on a hot plate at 75 °C for
20 min. After drying, the TiO, modified Ti wire was dipped in
a heated (50 °C) solution of 15 mg mL™* CsBr in methanol for
10 min and annealed for 10 min at 250 °C. This process was
repeated to increase the film thickness of CsPbBr;.

J. Mater. Chem. A, 2020, 8, 5476-5483 | 5481
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Finite element analysis

A finite element method was used to simulate the thermally
induced stress field in CsPbBr; and in the dense TiO, layer/
porous TiO, nanotube layers, using the commercial software
Abaqus. Considering the negligible deformation of the Ti wire
with a radius of 100 pm during temperature variation, we only
modeled CsPbBr; and TiO, layers under the plane strain
condition, and the interface between the TiO, layer and the Ti
wire can be viewed as a fixed boundary condition. The thickness
of the CsPbBr; and TiO, layers were 300 nm and 600 nm,
respectively. In the simulations, the elastic modulus values of
the CsPbBr;, dense TiO, and porous TiO, nanotube layers were
16, 230 and 20 GPa, and the Poisson's ratios of these materials
were set to 0.28. The expansion coefficients were 1.2 x 10 * K"
for CsPbBr; and 8.2 x 10~° K" for dense/aligned TiO,. When
the temperature was dropped from 300 °C to 25 °C, the heat
transfer problem was linear because the properties of the
material are independent of temperature. Then, the simula-
tions were performed using steady-state analysis to acquire
a thermally induced stress field. Convergent solutions were
obtained using 133974 CPE4 elements (4-node bilinear plane
strain quadrilateral). The expansion coefficients of the dense
TiO, and porous TiO, nanotube layers are identical, which
results in the same thermal mismatch strains at the same
temperature variation. Therefore, compared with the dense
TiO, layer, the porous TiO, nanotube layer with a smaller elastic
modulus leads to a smaller mismatch in thermal stress at the
interface.

Characterization

J-V curves of the photovoltaic textiles were recorded using
a Keithley 2400 Source Meter under illumination (100 mW
cm %) of a simulated AM1.5 solar light from a solar simulator
(Oriel-Sol3A 94023A equipped with a 450 W Xe lamp and an
AM1.5 filter). The morphology and structure were characterized
by field-emission SEM (Ultra 55, Zeiss). The XRD experiments
were performed with a Bruker D8 Advance diffractometer. The
morphology of the CsPbBr; QDs was characterized by trans-
mission electron microscopy (JEM-1400plus). The morphology
of CsPbBr; on the modified-Ti wire using the two-step solution
seven times was obtained by light microscopy (OLYMPUS
BX51).
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