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ABSTRACT: In dye-sensitized solar cells, one-dimensional (1D)  Ti wire + 2.5 mol/L NaOH
Titanium dioxide (TiO,) nanostructures like nanotubes, nanorods, eaction for 12 hours
and nanowires (NWs) are very commonly used as photoanode =L o
materials for dye molecule absorption due to their unique
properties to enhance the cell performance. However, 1D TiO,
nanostructures have relatively low surface areas because of the free ; o

space between them. Herein, this paper reports an alkali Tiwire+2.5mol/L NaOH .
hydrothermal method to prepare different TiO, structures on Ti Hydrothermal feBCHon for 24 hours
wire without using any surfactants. The morphology of the samples SR '
has been studied with the reaction time and analyzed by scanning
electron microscopy. The study reveals that this common strategy —%&&§ . ) REEG | = o
could form not only 1D NWs but also different types of flowerlike T ., E— otoge, v

TiO, hierarchical structures. Different structures could be achieved

by carefully adjusting the reaction parameters of the hydrothermal reaction. These structures were used as photoanodes to assemble
fiber-shaped dye-sensitized solar cells, and the photoinduced photocurrent density—voltage curves were measured for these devices.
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H INTRODUCTION such as nanowires (NWs) and nanotubes (NTs), in photo-
anodes because these structures can provide direct conducting
: 2227
pathways and reduce charge-carrier recombination.
Therefore, it is crucial to control the nanostructures of TiO,
to achieve the appropriate size, morphology, crystalline phases,
and specific surface area for diverse applications because these

TiO, with extremely promising potential in photovoltaic Elasrirzr;gtzegrs determine the properties of TiO, nanomateri-

S 7—12 .
applications. Compared to other metal oxides, solar cells ) )
based on TiO, electrodes show the highest stability in Among all of the TiO, nanomaterials, 1D nanostructures

. . ,13-16 have unique properties, for example, confined electron/photon
performance and largest energy conversion efficiency.”"” que prop ’ P&, /p

However, TiO, possesses two large disadvantages for
applications in solar energy conversion: relatively poor
charge-transport property and wide band gap. In fact, these
two limitations can be overcome via engineering materials to
form nanostructures. It is well-known that quantum confine-
ment effects in nanomaterials can alter the transport behaviors
of charge carriers and shift the electronic band structure.'” For
example, in dye-sensitized solar cells (DSSCs), the key

Titanium dioxide (TiO,) is a widely used material in many
different commercial areas such as paints, toothpaste,
sunscreens, etc,'”® because it is stable, biologically and
environmentally benign, inexpensive, and abundant in nature.
Moreover, excellent optical and electrical properties endowed

transport and good mechanical properties, and hence are
widely used not only in solar cells but also in other applications
such as batteries and photoelectrochemical cells for effective
charge separation and collection.'”***" Despite these advan-
tages, 1D TiO, nanomaterials have relatively low surface areas
because of the free space between the individual nanostruc-
tures. Thus, researchers have worked to develop hierarchical
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component is a photoanode typically consisting of mesoporous Received: December 11, 2023
TiO, with dye molecules adsorbed on it. It is believed that Revised:  February 23, 2024 D L
percolation in the TiO, nanoparticle network in traditional Accepted: February 26, 2024 i
photoanodes causes a loss of electrons, thus limiting the device Published: March 6, 2024 Ml‘\\‘.@
performance.'®”*' This major drawback can be solved by using e

highly ordered one-dimensional (1D) TiO, nanostructures,
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TiO, nanostructures to solve this issue, such as flowerlike TiO,
structures. The microflower morphology provides multiple
advantages of light scattering, increased dye loading, and a
direct transport pathway. For example, Wang et al. reported
the synthesis of TiO, flowerlike nanostructures by a Ti—H,0,
oxidation—hydrothermal method.”> Hyam et al. fabricated
rutile TiO, nanoneedle flowers through electrochemical
anodization in a perchloric acid solution under room
temperature.” In Xiang et al.’s work, hierarchically flowerlike
TiO, superstructures with exposed {001} facets were obtained
through a solvothermal strategy using titanate NTs as
precursors.”* Shao et al. adopted a hydrothermal method to
treat a Ti plate with a sodium hydroxide (NaOH) solution and
obtained TiO, microflowers formed by TiO, nanobelts.”> Xu
et al. showed the preparation of flowerlike TiO, particles using
a template-free solvothermal approach by using tetrabutyl
tinanate (TBT).*® Zhao et al. obtained 3D flowerlike TiO,
hierarchical microstructures by a hydrothermal method using
TBT and poly(ethylenepyrrole) in an acetic acid solution.”” Li
et al. also reported flowerlike TiO, nanostructures dominant
with {001} facets that were similar to those in Xiang et al’s
work,”* while they adopted a one-pot, template-free
solvothermal method using TBT as the Ti source without
any precursors.”” In Que et al.’s paper, flowerlike structures
with highly crystallized anatase TiO, nanosheets were
synthesized through a one-pot hydrothermal process, using
poly(vinylpyrrolidone), titanium isopropoxide (TTIP), and
hydrogen fluoride.”” Zong et al. reported 3D flowerlike
morphology of TiO, obtained by a hydrothermal method
with TTIP and acetic acid.*” Liu et al. demonstrated a direct
synthesis of flowerlike TiO, crystals using TBT and ethylene
glycol.*!

In the above-described studies, some mainly focus on the
photocatalytic properties of these unique hierarchical struc-
tures.””*****" In some works,>>*>?”*? the photovoltaic
properties of TiO, flowerlike structures were investigated,
while all of them utilized a sandwich-shaped flat cell design
with conductive glasses. The rigidity of the devices forbids any
application where flexibility is required. Besides, TiO,
hierarchical flowerlike structures obtained in these works
were either precipitated out in the reaction solution®****~*!
or directly grown on substrates,” no matter whether metallic
Ti*** or Ti-containing compounds®***™*' were used as Ti
source. If photovoltaic properties of these structures need to be
investigated, extra steps are required for sample separation and
purification, as well as deposition and stabilization of these
materials on conductive substrates. These two problems can be
easily solved by adopting the design of fiber-shaped dye-
sensitized solar cells (FDSSCs) based on TiO, nanostructures
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directly grown on Ti wires. The surface of the Ti wire could be
treated to obtain the desired TiO, nanostructure, while the
inner intact metal could behave as the conductive base for the
photoanode. For example, Zhang et al. used an anodization
method to obtain Ti NT arrays on Ti wires for FDSSCs;** Liu
et al. synthesized TiO, NW arrays on Ti wires via a NaOH
solution hydrothermal reaction;” Chu et al. reported seeded
growth of treelike TiO, nanoarrays on Ti and other metal
wires for FDSSCs.** However, to our best knowledge, there is
no report about the direct fabrication of flowerlike TiO,
structures on Ti wires as the photoanode material for FDSSCs.
In this paper, we report the fabrication of novel TiO, flowerlike
hierarchical structures on top of Ti wires via a hydrothermal
method in a NaOH solution. In the scanning electron
microscopy (SEM images, different types of flowerlike
structures are well observed. Photovoltaic properties are also
reported for DSSCs fabricated with flowerlike TiO, structures
on 1D TiO, NW arrays.

B EXPERIMENTS

Fabrication of TiO, Nanostructures. Eight Ti wires (¢ = 250
pum and length 4—5 cm) were subsequently cleaned ultrasonically in
ethanol and acetone for 15 min to remove any impurities. The treated
wires were then put in 20—30 mL of a 2.5 M NaOH aqueous solution
in 50 mL Teflon-lined stainless-steel autoclaves. The sealed autoclaves
were put in an electric furnace at 220 °C for various times (4, 8, 12,
16, 20, and 24 h) followed by natural cooling to room temperature.
Then these Ti wires were washed repeatedly with Milli-Q water
several times to remove excess NaOH solution. After that, samples
were immersed in a 1 M HCl solution for 1 h to replace Na* with H".
Finally, the as-prepared samples were calcined at 550 °C for 30 min.

Fabrication of FDSSCs. The as-prepared photoanodes were
immersed in a 0.5 mM N719 dye solution (a solvent mixture of
acetonitrile and fert-butyl alcohol in a volume ratio of 1:1) for 72 h.
After that, the photoanodes were washed repeatedly with acetonitrile
to remove excess dye solution. A Pt wire (¢ = 125 ym) was aligned
parallel to the photoanode in a transparent capillary tube. The
electrolyte was injected into this capillary using a pipet. The
electrolyte was prepared by dissolving 0.5 M lithium iodide, 0.05 M
iodine, and 0.5 M tert-butylpyridine and brought up to 10 mL volume
in 3-methoxypropionitrile. Poly(vinylidene fluoride-co-hexafluoropro-
pylene) (5 wt %) was added to this solution and dissolved overnight
with mild heating to make a homogeneous solution.

Morphological and Photovoltaic Characterizations. The
morphological characterization was done using SEM (EVO LS10
STEM). The photocurrent—voltage measurements were carried out
using a VersaSTAT3 potentiostat (Princeton Applied Research)
running cyclic voltammetry with a scan rate of 50 mV/s. A Honle
Solar Simulator 400 with an AM 1.5G spectrum (100 mW/cm?) was
used to simulate sunlight for irradiating the cells. Electrochemical
impedance spectroscopy (EIS) spectra were collected in the
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Figure 2. SEM images for Ti wires treated with NaOH for 4 h (a—c), 12 h (d—i), and 24 h (j—o) with different magnifications.

frequency range between 0.1 and 100 Hz, with the applied bias
voltage the same as the open-circuit voltage of the cells.

B RESULTS AND DISCUSSION

Device Structure. During cell fabrication, a Pt-wire
counter electrode (CE) is aligned parallel to the working
electrode (WE) instead of wrapping around it (Figure 1). This
device geometry is adopted to minimize the contact between
the WE and Pt CE to avoid short circuiting due to direct
contact between Ti metal underneath the TiO, layer and Pt
metal in the CE. In addition, this cell design uses less Pt wire,
which could lower the expense in cell fabrication. Note that Pt-
coated carbon nanotube yarns are not chosen for this study
because this type of CE needs additional preparation steps, and
its wire-to-wire and batch-to-batch differences forbid it to serve
as a good standard to compare the WE prepared under
different conditions. Finally, Pt wires can facilitate ease of good
connection and photovoltaic measurement.

Morphology Characterization. Figure 2 shows that Ti
wires reacted with a 2.5 M NaOH solution in an autoclave at
220 °C for three different time lengths: 4, 12, and 24 h. Figure
2a is the overview for a large area for the treated Ti wire. After
reacting with a NaOH solution for 4 h, the surface of the wire
becomes uneven. Higher magnification images of this sample
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are shown in Figure 2b,c. Figure 2b indicates that even with
this short period of reaction time, TiO, NWs began to form on
the surface of the Ti wire, which are the light-colored network.
However, there is still a large portion of bare Ti metal. Figure
2¢ reveals two flowerlike hierarchical TiO, structures: one is
budlike, with flat semioval-shaped platelets vertically circling
the axis of the bud; the other is similar to a bloomed flower,
where pedals are twisted platelets. At this stage of the reaction,
both structures are not yet well developed.

Figure 2d is the overview for a large area for the Ti wire with
NaOH treatment for 12 h. The surface is now rough and
covered with a network, showing growth of the TiO, NW layer
on top of Ti. This can be proven in Figure 2e,f, which clearly
shows the formed TiO, NWs. Besides, both parts e and f of
Figure 2 show budlike and bloomed-flowerlike hierarchical
structures. Compared to those shown in Figure 2c, after 12 h
of reaction, both structures are better defined and have finer
details, i.e., thinner platelets/pedals in a larger number. Details
of these two hierarchical structures from the 12 h sample are
shown with high magnification in Figure 2g—i. Interestingly,
wires can be observed on the tips of these platelets/pedals in
both structures, especially the budlike ones (Figure 2gi).

Parts j—o of Figure 2 are images of Ti wires treated with a
NaOH solution for 24 h. In Figure 2j, large TiO, microflowers

https://doi.org/10.1021/acsaem.3c03091
ACS Appl. Energy Mater. 2024, 7, 2329-2337


https://pubs.acs.org/doi/10.1021/acsaem.3c03091?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.3c03091?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.3c03091?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.3c03091?fig=fig2&ref=pdf
www.acsaem.org?ref=pdf
https://doi.org/10.1021/acsaem.3c03091?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Energy Materials

www.acsaem.org

(diameter ~20 ym) can be directly observed on the surface of
Ti wires, even with the lowest magnification. Compared to the
microflowers shown in Shao et al’s work,®> more different
types of hierarchical structures are obtained. The large
microflower shown in Figure 2n resembles those in Shao et
al’s work,™ while another kind (Figure 2k—m,0) has a
different arrangement of nanobelts. On top of these micro-
flowers, smaller hierarchical structures can also be seen (Figure
2m—o): budlike and bloomed-flowerlike hierarchical structures
and another type with an appearance similar to that of a golden
torch cactus.

SEM images of Ti wires with hydrothermal treatment for 8,
16, and 20 h are shown in Figure SI. Although budlike and
bloomed-flowerlike hierarchical structures are shown in 4-h
treatment samples, 8-h images are predominantly NW arrays.
This can be explained by the fact that, in the early stage of
hydrothermal reaction, NW growth is the major procedure;
meanwhile, there may be a batch-to-batch difference. Never-
theless, the general trend is that, with longer treatment time,
there are more hierarchical structures on top of NW arrays.

Note that large microflower structures only appear with the
longest treatment time (24 h) in this work, while those small
hierarchical structures can be observed on wires with almost all
different treatment times. In addition, these structures are
always at the most outside layer of the wire. Furthermore, the
SEM images reflect the connection between these hierarchical
structures and NWs. In Figure 2g,i, wires can be seen on top of
the platelets/pedals in these structures; wire/needlelike
structures are also observed at the edges of nanobelts, which
form the large microflowers (Figure 20).

On the basis of the above experimental results and Shao et
al’s work,™ we propose the following explanation for the
formation of these different kinds of TiO, hierarchical
structures. Na,Ti,O5-H,0 formed during a NaOH hydro-
thermal reaction on a Ti wire dissolves in the solution and
recrystallizes, which acts as the nuclei for NW/nanobelt growth
in all directions. These nanostructures then arrange in different
patterns to form different hierarchical structures.

Note that, although this work shares some similarities with
the study done by Shao et al.*® (reacting Ti metal with a
NaOH solution), there are still differences: Ti wires are used in
our experiment instead of Ti foil, which may lead to different
masses of Ti used; the concentration of NaOH is lower in this
work, so the ratio of Ti metal/NaOH differs. This eventually
resulted in very different morphologies after hydrothermal
treatment: Shao et al.** reported a complete layer of TiO,
microflowers with uniform structure on top of TiO, NW
arrays, while in this work, we obtained various different
hierarchical structures.

Figures 2 and S1 were all taken after calcination at 550 °C.
SEM images of Ti wires undergoing a 12-h hydrothermal
reaction before and after HCI treatment without calcination at
550 °C are shown in Figure S2. Compared to Figure 2d—f, it is
clear that the NWs and budlike and bloomed-flowerlike
hierarchical structures are formed in the hydrothermal
reaction. The following treatments do not change the
morphology of the TiO, structures on top of the Ti wire.

Crystal Structure. Figure 3 shows the X-ray diffraction
(XRD) patterns of Ti wires reacted with 2.5 M NaOH for
different time periods. The sample with a 4-h reaction time
shows patterns that can be attributed to @-Ti (ICDD PDF 00-
001-1198). The peaks that appear at 20 = 35.3°, 38.4°, 40.4°,
53.2°, 63.2°,70.8°, 74.0°, and 76.1° correspond to a-Ti (100),
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Figure 3. XRD patterns of Ti wires treated with NaOH with different
time lengths (4, 8, 12, 16, 20, and 24 h). XRD peak positions for
anatase and a-Ti are also present forcomparison. All spectra are
normalized with respect to the most intense peak.

(002), (101), (102), (110), (103), (200), and (112) crystal
planes, respectively. This is also in accordance with SEM
images (Figure 2a—c). Although TiO, NWs and hierarchical
structures begin to grow on the surface of the Ti wire, they do
not occupy all of the surface area, and the thickness of this
incomplete TiO, NW/hierarchical structure layer is very small
due to the short treatment time. Therefore, the dominant XRD
signal is from Ti metal.

Starting from the 8-h treatment time, the peak at 20 =~ 48.4°,
which corresponds to the crystal plane of anatase TiO, (200),
begins to appear. In addition, the peak at 26 = 25.3° increases
in relative intensity, which is the XRD signal from the anatase
TiO, (100) crystal plane. At the same time, XRD signals due
to Ti metal at 20 = 38.4° and 40.4° have decreasing relative
intensity. It can be understood that, with increasing reaction
time, a TiO, layer covers the whole surface of the Ti wire
(Figure 2d). In addition, a longer reaction time results in a
thicker TiO, layer. Therefore, the XRD signal changes from
bare Ti to anatase TiO,, which agrees with the work done by
Shao et al.>® The XRD data also indicate that, although the
morphologies of these different types of flowerlike hierarchical
structures look very different from those of TiO, NWs, they
still have the same crystal structure.

Photovoltaic Characterizations. A photovoltaic perform-
ance study for different cell lengths with photoanodes treated
with NaOH for different time periods is summarized in Figure
4. A length-dependent study for 12-h and 24-h hydrothermal
reaction time (Figure 4a,b) shows that the short-circuit current
(Jsc) fluctuates with different cell lengths and the open-circuit
voltage (V) decreases with shorter cell length. The general
trend for Vo change is also observed in other samples (Figure
4d). However, Js: dependence on the length for other samples
differs from the trend observed in the 12-h and 24-h samples
(Figure 4c). For example, the 4-h sample (Figure 4c, black
line) has Jg slight increasing with longer cell lengths, while the
16-h and 20-h samples show a general increasing trend of Jgc
with decreasing cell length. The filling factor (FF) of most cells
ranges from 0.632 to 0.70S and shows no dependence on the
cell length, except for the 4-h sample 1.0, 1.5, and 2.0 cm cell
lengths. The incomplete TiO, layer on the Ti wire for the 4-h
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Figure 4. Length-dependent study for cells with photoanodes treated with NaOH for different time periods: (a and b) J—V curves for the 12-h and
24-h samples at different lengths (3.0, 2.5, 2.0, 1.5, and 1.0 cm), respectively; (c—f) length dependence of Jsc, Voc, FF, and PCE, respectively,
obtained for photoanodes treated with NaOH for different time periods. The actual values of PCE shown in part f are listed in Table S4.

sample shown in SEM images could explain the poor
photovoltaic performance of this sample.

From the comparison in Figure 4c—f, although V¢ shows a
general increasing trend with longer cell length for all samples,
the trend in the power conversion efficiency (PCE) mostly
resembles the trend in Jgc, which means Jgc plays the dominant
role in determining the PCE of these cells. The best cell
performance observed in this study is the 1 cm cell length with
NaOH treatment for 20 h. Among all samples, this cell has the
highest Jsc (7.25 mA/cm*) and PCE (3.00%). In the length-
dependent study, the 12-h, 16-h, and 24-h samples show
similar cell performance parameters, which shows that an
incomplete layer of microflowers is not suflicient to enhance
light absorption;” therefore, the 24-h sample does not show
an increase in the cell performance compared to the 20-h
sample, which does not have microflowers.

The change of Jsc at various conditions can be attributed to
two reasons: the dye loading amount and the electron diffusion
length. The first factor, the dye loading amount, is dependent
on the structure and thickness of the TiO, layer. In different
works,*>*>*® this value is usually reported in the range
between 107 and 1077 umol/cm?. In the work done by Shao
et al,”” the Brunauer—Emmett—Teller surface area of TiO,
was measured to be about 37 m*/g, and the pores’ volume was
estimated to be 0.34 cm?/ g. Therefore, increasing the TiO,
thickness causes an increase in the adsorption sites of the dye
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molecule. In our experiment, based on the SEM images, a
longer NaOH treatment time resulted in thicker TiO, layers,
which caused a higher loading amount of N719 dye, and
eventually led to an increase in Jsc in cells that reacted with
NaOH for a longer time. The other factor that can explain the
trend in Jsc of cells with longer NaOH treatment time is the
electron diffusion length. Zhu et al.”’ showed that, in TiO,
nanorods, the average distance for an injected electron to travel
was about 11.4 ym before recombination. If the TiO, layer on
the photoanode is thicker than this length, the injected
electron will be lost due to charge recombination.”® Therefore,
it is reasonable to assume that when the NaOH reaction time
is too long, the resulting TiO, layer is too thick for electron
diffusion, and the increase in the dye adsorption amount
cannot compensate for it, so Jsc and PCE for the cells are no
longer monotonic functions of the NaOH treatment time if the
hydrothermal process is too long.

The incident photon-to-current efficiency (IPCE) results of
a TiO, + N719 dye combination are well studied, for example,
the work done by Shao et al.”> and An et al.*” Usually, the plot
has a very broad peak, which starts from the 300—400 nm
region and tails to wavelengths higher than 700 nm. At the
peak of the spectrum, the IPCE % can range from 20% to over
90%, depending on the TiO, structure and surface treatment
method.”*” Because Jsc of a device can be obtained via
integration of the IPCE curve,*® the factors that affect Jsc will
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Figure S. Bending times study for cells with photoanodes treated with NaOH for different time periods: (a and b) J—V curves for the 12-h and 24-h
samples at different bending times (0, 20, 40, 60, 80, and 100), respectively; (c—f) bending-time dependence of Jc, Vo, FF, and PCE, respectively,
obtained for photoanodes treated with NaOH for different time periods. The cells are all bent with R ~ 0.5 cm. The actual values of the PCE

shown in part f are listed in Table S4.

have a similar effect on the IPCE, especially the dye adsorption
amount and charge collection efficiency.*®

One interesting thing is that Vi is generally increasing
slightly with longer cell lengths. Generally, higher V5 can be
attributed to lower electron recombination.*” It is possible that
when the cell is shorter, injected charges have more limited
space to move; thus, the recombination increases, leading to
lower Vi values.

The cell properties with different bending times of cells with
varying NaOH treatment times are shown in Figure S. In the
bending study, only one bending degree is chosen, which
corresponds to a bending radius (R) of ~0.5 cm. There are two
reasons to choose this bending degree: first, cells fabricated in
this study are relatively short (3.0 cm), and considering the
certain rigidity of the Ti wire base, this bending degree could
ensure that the bending evenly distributed over the whole cell;
second, although most studies focus on the bending extent to
which cells could maintain their performance, we want to
investigate the situation when cells are under extreme bending
condition; i.e., the cells are bent many times with extremely
small bending radius, and the cell experiences a significant
performance decrease. The cells used for the bending times
study are different from those of the length-dependent study
(the photoanodes are from the same batch); therefore, some
fluctuations in the cell performance are expected.
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Figure 5 reveals that, during the first 20 bending times, most
cells experience a dramatic drop in Jgc and PCE. For example,
the 12-h sample (Figure Sa) has a decrease in Jgc from 4.14 to
2.23 mA/cm?” and in PCE from 1.95% to 1.04% (both decrease
by ~46%); the 24-h sample (Figure Sb) has a 44% decrease in
Jsc and a 52% decrease PCE; the largest decrease appears in
the 20-h sample, and the corresponding decrease percentage is
~67%. This could be understood that, for the first 20 times of
extreme bending, TiO,-nanostructured layers (NWs +
hierarchical structures) on top of Ti wires are damaged to a
large extent, causing a dramatic decrease in the cell
performance. However, additional bending times do not
decrease the cell performance as large as the first 20 times,
and some samples have fluctuation in their cell parameters,
such as the 20-h and 24-h samples: both Jsc and PCE increase
after 40 bending times compared to the data after 20 bending
times.

EIS was adopted to investigate the reason for the decreasing
cell performance. The Nyquist plots for cells treated with
NaOH for 24 h were collected after three different bendin
times, as shown in Figure 6. According to the literature,”* >
the offset between the plot and the vertical axis, the smaller
semicircle at high frequencies, and the larger semicircle at low
frequencies can provide information about the internal
resistance (R;), CE/electrolyte interface charge-transfer
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Figure 6. EIS spectra for DSSCs with 24-h NaOH treatment at
various bending times. The inserted image is the equivalent circuit
used for fitting.

resistance (R,), and a combination of TiO,/N719/electrolyte
interface charge-transfer resistances (R;), respectively. In
Figure 6, the most abrupt change happens on the semicircle
at low frequency, which dramatically increases with increasing
bending times. Spectra fitting yields R; value increases at
different bending times: 178 Q without bending, 495 € after
bending 20 times, and 673 Q after bending 100 times. This
demonstrates that the bending largely damaged the interface of
the TiO,/N719/electrolyte, which blocks charge transfer, and
resulted in an increase of the R; value as well as a decrease of
Jsc:

The bending times study also shows that V¢ and FF are
relatively independent from the bending times. Theoretically,
Voc of a DSSC is defined as the difference in potential
between the electrolyte redox level and the quasi-Fermi energy
level of TiO, under illumination.”” Although the EIS data show
that bending largely affects the charge-transfer resistance at the
interface of the TiO,/dye/electrolyte, the electrolyte redox
potential and the quasi-Fermi energy level of TiO, under
illumination are unaffected, resulting in a stable V¢ value after
various bending times. From Figure 5d, the 24-h sample has on
average the largest Vioc of all samples after different bending
times, while the 12-h sample holds a V¢ variation range
similar to that of the 20-h sample and higher than those of the
4-h, 8-h, and 16-h sample. In addition, the 12-h sample for the
bending study shows a small change in FF and has on average
larger values at different bending conditions than other
samples. Because the 12-h sample has better Vi, and FF,
although its Jsc is similar to that of the 16-h sample during the
bending study, its PCE has a larger value. Note that the cell
performances of the 12-h, 16-h, 20-h, and 24-h samples after
100 bending times are still better than those for the 4-h sample
without any bending. Thus, the cells with photoanodes treated
with NaOH for 12 h or longer time will experience a larger
performance drop in the beginning of extreme bending
conditions, while they can still maintain a certain level of
performance toward long run. Also, a better cell performance
could be possibly achieved with increasing bending radius (less
extreme bending conditions), which could make the devices
suitable for various different applications where flexibility is
required.
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B CONCLUSION

In summary, the fabrication of a photoanode with TiO,
hierarchical structure on top of TiO, NWs for FDSSCs has
been reported. A hydrothermal reaction with NaOH followed
by a HCI treatment and annealing method has been used to
obtain the desired TiO, morphology. A relative comparison of
the performance obtained from devices based on photoanodes
reacted with NaOH with different time lengths has been
performed via length-dependent and extreme bending tests.
We conclude that these different hierarchical TiO, structures
are formed due to different arrangements of nanostructures
grown on dissolved and recrystallized Na,Ti,O5-H,0. In
photovoltaic studies, these hierarchical structures could help to
maintain the cell performance by maintaining relatively high
and stable V¢ and FF.
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