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ABSTRACT: Flexible dye-sensitized solar cells (DSSCs) often face the dilemma of the
high temperature sintering of TiO, photoanode to achieve superior performance and low
thermal durability of the flexible substrate. Herein, we report a photoanode that combines
the flexibility and high-temperature durability, which circumvents the long-standing
challenge in flexible photoanode of DSSC. A hybrid mat consisting of anatase-phased TiO,
nanofibers and structurally amorphous SiO, nanofibers is first prepared via the method of
dual-spinneret electrospinning followed by pyrolysis. The hybrid fibrous mat is then
impregnated with binder-free TiO, nanoparticles and sintered at 480 °C to form a flexible
composite photoanode for DSSC. The DSSC based on this composite photoanode
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achieves a power conversion efficiency of 6.74 + 0.33% on FTO/glass substrate. Device
characterization and phototransient measurement, dye-loading experiment, and structural characterization indicate that, in the
composite photoanode, the TiO, nanoparticles enhance the dye loading, the TiO, nanofibers improve the electron transport, and
the SiO, nanofibers provide the mechanical strength/flexibility. The freestanding composite mat of TiO, nanoparticles and
electrospun TiO,/SiO, nanofibers, as well as the preparation methods reported herein, not only is ideal for flexible DSSCs, but
also can be applied for a broad range of flexible and low-cost energy conversion devices.
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1. INTRODUCTION

Dye-sensitized solar cell (DSSC) is a promising low-cost
alternative to conventional silicon solar cell owing to its high
efficiency and potential low fabrication cost."™ In a typical
DSSC, the photoanode of mesoporous TiO, film is prepared
on fluorine-doped tin oxide (FTO)/glass substrate by screen
printing or doctor blading of a paste containing TiO,
nanoparticles and organic binders, followed by sintering at
~500 °C in air.* The photoanode is then sensitized with a
monolayer of dye molecules in dark. Upon light illumination,
the electrons from the photoexcited dye molecules are injected
and then transport through the mesoporous TiO, film to the
anode electrode. These electrons are collected at the platinum-
coated counter electrode through an external load, and shuttled
back to the oxidized dye molecules via redox reactions of I"/I;~
redox couple in the electrolyte.

In the past decade, flexible DSSC on plastic substrate has
gained great attention due to its light weight and potential low
manufacturing cost via roll-to-roll (R2R) process.s_7 The
biggest challenge of flexible DSSC comes from developing
photoanode suitable for plastic substrate, since sintering of
TiO, mesoporous film at high temperature (~ 500 °C) is
typically required to form effective interparticle connections
and to remove the organic additives in the TiO, paste. The
plastic substrates cannot survive the high-temperature sintering
of TiO, film, but simply lowering the sintering temperature
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leads to inferior electrical properties of TiO, film.” The
methods to solve this key issue can be broadly categorized into
two approaches. In the first approach, the mesoporous TiO,
film is prepared using TiO, colloid or sol—gel on flexible
substrate at relatively low temperature (e.g,, 150 °C).° In this
case, the weak interparticle connection may lead to poor
electron transport. Various techniques, such as mechanical
compression,® ' hydrothermal synthesis,""
ing,'"* and UV irradiation,"* have been investigated to improve
the interparticle connectivity. However, photoanode sintered at
low temperature still bears large inherent resistance and short
electron lifetime and needs further investigation in order to
improve the electron transport and the efficiency of the flexible
DSSC. Additionally, photoanode sintered at low temperature
typically requires paste of TiO, nanoparticles without organic
binder, and the formation of cracks in the photoanode film
during the solvent evaporation is often a serious issue. The
other approach to flexible photoanode is to prepare
mesoporous TiO, film at high temperature (e.g, 500 °C)
directly on flexible metal foil substrate or to develop a process
to transfer the TiO, film sintered at high temperature to plastic
substrate."*~*° Photoanode of mesoporous TiO, film prepared

chemical sinter-
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by this approach may achieve superior DSSC performance
similar to that of the photoanode in conventional DSSC on
FTO/glass substrate. However, flexible DSSC using metal foil
as substrate requires illumination from the counter electrode
side, which may lead to significant photon loss due to the
absorption of electrolyte and catalyst on the counter
electrode.'*71¢ Additionally, the high cost and corrosion-related
issues of metal substrate may limit its application in flexible
DSSC.® Transfer of the TiO, film sintered at high temperature
to plastic substrate has the advantages of high temperature
sintering and front-side (i.e, photoanode side) illumination
through the flexible substrate.'”"**® The major drawback of the
transfer approach is that the mesoporous film of TiO,
nanoparticles becomes very fragile after sintering, which
makes it nearly impossible to prepare large-area photoanode
on flexible substrate. Therefore, a flexible, scalable, low-cost,
and thermal-durable photoanode material is in demand for
fabricating flexible DSSC with high efliciency.

Electrospinning is a facile, low-cost, and scalable technique
for preparing one-dimensional (1-D) nanomaterials including
polymer, ceramic, and carbon/graphite fibers with diameters
typically ranging from tens to hundreds of nanometers.”!
Electrospun TiO, nanostructures have been investigated as
photoanode materials in DSSC.**">* Previous studies have
demonstrated that incorporation of 1-D TiO, nanostructures
into DSSC photoanode can improve the overall device
efficiency through increasing the electron lifetime.””™>' The
typical TiO, nanofibers prepared by electrospinning are
polycrystalline and mechanically fragile. Such electrospun
TiO, nanostructures are not suitable for flexible DSSCs.
Electrospun polymer nanofibers have been studied as scaffold
for incorporating binder-free TiO, nanoparticles as a flexible
photoanode on plastic substrate.>> The polymer nanofibrous
mat/film greatly improves the bendability of TiO, photoanode
by relieving the external stress and preventing crack generation
and propagation in the film. The trade-off is the efficiency of
DSSC cell due to the increased cell impedance upon
incorporation of polymer nanofibers in the photoanode.

In this paper, we report a transferable, thermal-durable, and
freestanding DSSC photoanode mat of metal oxides prepared
by electrospinning. By incorporating ~25 wt % amorphous
SiO, nanofibers within the TiO, nanofibrous mat via a dual-
spinneret electrospinning method followed by pyrolysis at high
temperature, we have successfully prepared a hybrid mat of
TiO,/SiO, nanofibers (denoted as TS-Mat) with superior
mechanical strength and flexibility. Binder-free TiO, nano-
particles have subsequently been impregnated into the hybrid
mat followed by sintering at 480 °C to form the resulting DSSC
photoanode consisting of TiO, nanoparticles and the hybrid
mat (denoted as TS-Mat-NP). DSSCs containing the photo-
anodes of the composite mat TS-Mat-NP on both FTO/glass
and indium tin oxide (ITO)/polyethylene terephthalate (PET)
substrates have been fabricated and characterized. It is
envisioned that the freestanding and high-temperature-durable
composite mat of TS-Mat-NP prepared by scalable electro-
spinning technique has the potential for future large-area, low-
cost, and flexible photovoltaic and other energy conversion
applications.

2. EXPERIMENTAL SECTION

2.1. Materials. Titanium(IV) butoxide (TNBT), titanium(IV)
isopropoxide (TTIP), tetraethyl orthosilicate (TEOS), polyvinylpyr-
rolidone (PVP, Mw = 1300 000), indium tin oxide coated PET film

(ITO/PET, 60 Q/sq), and all solvents were purchased from Sigma-
Aldrich Chemical Co. The F-doped SnO, glass (FTO/glass, 8 Q/sq)
was provided by Hartford Glass Co. The dye cis-diisothiocyanato-
bis(2,2'-bipyridyl-4,4'-dicarboxylato) ruthenium(II) bis-
(tetrabutylammonium) (N719), the platinum precursor (Platisol T),
and the electrolyte (Iodolyte AN-50) were acquired from Solaronix
(Switzerland). All chemicals were used as received without further
purification.

2.2. Preparation and Characterization of Hybrid Mat
Consisting of Ti0,/SiO, and TiO, Nanoparticles. The hybrid
nanofibrous mat of TiO,/SiO, was prepared using the dual-spinneret
electrospinning technique, as reported in our previous publication.*®
In brief, the TNBT spin dope was prepared by mixing a solution of 3 g
of TNBT in 1.5 g of HAc/H,O with another solution of 1.1 g of PVP
in 4.9 g of IPA and 8.2 g of DMF. The TEOS spin dope was prepared
by mixing a solution of 1.5 g of TEOS in 0.6 g of HCI aqueous
solution and 0.4 g of ethanol with another solution of 1.1 g of PVP in
4.9 g of IPA and 8.2 g of DMF. The two syringes containing TNBT or
TEOS spin dope were placed horizontally at the opposite sides of a
grounded rotating roller collector. The flow rates for the TNBT and
TEOS spin dopes were set at 1.84 and 0.60 mL/h, respectively. During
the electrospinning process, a DC voltage of 15 kV was applied to the
metallic needles of both spinnerets, and the nanofibers were collected
on an aluminum foil covering the roller collector. The as-spun
nanofibrous mat on the aluminum foil was kept in air for 48 h to allow
for complete hydrolysis of TNBT and TEOS precursors; thereafter,
the mat was sintered at 500 °C for 10 h at the ramping rate of 1 °C/
min in a tube furnace with constant air flow. When the TNBT
spinneret was removed from the system and other parameters were
maintained, the neat SiO, nanofibrous mat was readily prepared.

The synthesis of TiO, nanoparticles followed a modified procedure
reported elsewhere.** In brief, 1.25 g of TTIP was first diluted with
1.25 g of IPA. The solution was then added dropwise to a 20-mL vial
containing 2 mL of acetic acid (99%, 17.4 M) and 8 mL of deionized
water with vigorous stirring. The vial was then transferred to a 90 °C
water bath with continuous stirring. The solvent was slowly evaporated
during the reaction, and the heat was removed until a TiO,
concentration of 14 wt % was reached. The product was a translucent
gel, and was ready to use as binder-free paste of TiO, nanoparticles for
doctor blading.

The morphologies of the hybrid mats and the TiO, nanoparticles
paste were characterized by a Zeiss Supra 40VP field-emission
scanning electron microscope (SEM) equipped with an Oxford
AZtecEnergy advanced system for energy-dispersive X-ray micro-
analysis (EDS or EDX), and a JEOL JEM-2100 high-resolution
transmission electron microscope (HRTEM). The BET surface area
was determined by a Micromeritics Chmisorb 2720 Pulse Chem-
isorption System.

2.3. DSSC Fabrication. ITO/PET and FTO/glass substrates were
cleaned in a sequence of detergent solution, deionized water, acetone,
and isopropanol for 15 min each under sonication. To prepare the
photoanode, the binder-free paste of TiO, nanoparticles was applied
onto the surface of the ITO/PET or FTO/glass by doctor blading,
followed by placing a piece of hybrid mat on the TiO, nanoparticles
layer. Then, a moderate pressure of ~0.3 MPa was used to squeeze the
TiO, paste into the hybrid mat. Finally, the photoanode on ITO/PET
was obtained after the sample was heated at 150 °C for 2 h; the
photoanode on FTO/glass was obtained after the sample was sintered
at 480 °C for 1 h. The photoanode was sensitized by immersing it in a
0.3 mM N719 dye in ethanol solution for 18 h at room temperature.
The counter electrode was prepared by annealing platinum precursor
Platisol T on a FTO/glass substrate with two drilled holes at 385 °C
for 15 min. The photoanode and the counter electrode were sealed
together using parafilm at 100 °C, followed by injection of the Iodolyte
AN-50 electrolyte through the drilled holes on the counter electrode
glass. Finally, the drilled holes were sealed using parafilm. Three
identical cells were fabricated for each type of DSSC device.

2.4. Photovoltaic Characterization and Transient Photo-
voltage Measurement. The solar cell performance was charac-
terized using a Keithley 2400 sourcemeter. A 150-W Solar Simulator

dx.doi.org/10.1021/am503542g | ACS Appl. Mater. Interfaces 2014, 6, 15925—15932



ACS Applied Materials & Interfaces

Research Article

(Newport Co.) was used to simulate 100 mW cm ™2 sunlight. The light
intensity was adjusted using a Hamamatsu S1133 reference cell
calibrated by the National Renewable Energy Laboratory.

The electron recombination lifetime (z,) was measured using a
transient photovoltage setup as reported previously.”® In brief, under
open-circuit condition, a white-light-emitting diode (LED) array was
used to establish a bias open-circuit photovoltage of the device. A red
LED pulse with 200-us pulse width was shined on the cell to give a
small rise of the photovoltage. The decay of such photovoltage
perturbation was recorded via an oscilloscope. The recombination
lifetime of electron under specified bias light intensity was obtained by
fitting the decay curve with single exponential decay function.

3. RESULTS AND DISCUSSION

3.1. Preparation of TS-Mat-NP and Assembly of DSSC
Photoanode. We recently developed a facile electrospinning
approach to prepare hybrid mats containing two or more types
of nanofibers.>® Figure la shows the scheme of preparing a

Sintering
at 500 °C

Figure 1. (a) Schematic showing the preparation of hybrid mat of
TiO,/SiO, nanofibers (TS-Mat) via dual-spinneret electrospinning
technique, (b) and (c) optical images of TS-Mat, (d) SEM image of
TS-Mat, (e) TEM image of TiO, nanofiber and SiO, nanofiber in TS-
Mat. The insets: SAED patterns showing anatase structure of TiO,
(left) and amorphous structure of SiO, (right).

hybrid mat of TiO,/SiO, nanofibers via the dual-spinneret
electrospinning approach. The TiO, precursor (TNBT)
nanofibers and the SiO, precursor (TEOS) nanofibers with
desired ratio were electrospun simultaneously by controlling
compositions and flow rates of spin dopes. After post-
electrospinning hydrolysis and sintering, the freestanding and
mechanically flexible hybrid mat of TiO,/SiO, (TS-Mat in
Figure 1a) was formed. On the basis of the flow rates and the
contents of the spin dopes, we estimated that the hybrid
nanofibrous mat of TiO,/SiO, consisted of ~75 wt % TiO,
nanofibers and ~25 wt % SiO, nanofibers. The EDS results
(Figure S1 and Table S1 in Supporting Information (SI))
further confirmed the composition of hybrid nanofibrous mat

of Ti0,/Si0,. Using the setup, a large-area hybrid mat of
Ti0,/Si0, nanofibers was readily made, as shown in Figure 1b
for a 3 cm X 2 cm hybrid mat. The typical thickness of the TS-
Mat is ~30 ym. Figure lc shows that the freestanding TiO,/
SiO, mat was wrapped into cylindrical form, demonstrating the
excellent bendability and flexibility of the material. More images
of the hybrid mat under bending condition are shown in Figure
S2 (SI). The SEM image in Figure 1d depicts that the hybrid
mat contained the intertwined TiO, nanofibers and SiO,
nanofibers with diameters from 200 to 600 nm. All nanofibers
in the mat had smooth surface, and the TiO, nanofibers and
SiO, nanofibers were not distinguishable in the SEM image.
The structure and morphology of the hybrid mat was further
examined with TEM. As shown in Figure le, the TiO,
nanofiber was composed of well-connected polycrystalline
crystallites/grains with sizes of ~10—20 nm, while the SiO,
nanofibers contained no gains or lattice fringes. The selected-
area electron diffraction (SAED) patterns (insets of Figure le)
confirmed that the TiO, nanofibers had anatase crystalline
structure and the SiO, nanofibers were structurally amorphous.
We believe that the amorphous SiO, nanofibers are essential for
the flexibility of hybrid mat of TiO, and SiO,. It is known that
the polycrystalline TiO, nanofibrous mat (or film) is
mechanically fragile, and only the mat with relatively small
size could be obtained.> Figure S3 (SI) shows the comparison
between the neat TiO, nanofibrous mat and the TiO,/SiO,
hybrid nanofibrous mat under bending. Clearly, the neat TiO,
nanofibrous mat was broken after bending, whereas the hybrid
mat of TiO,/SiO, nanofibers was still intact. The inclusion of
structurally amorphous SiO, nanofibers not only facilitates the
stress release during bending,*>* but also serves as spacers to
reduce the conglutination points between fragile TiO,
nanofibers.>

The relatively open nanofibrous network as shown in Figure
1d may be ideal for releasing the stress during bending and as a
template for incorporation of other functional materials. Figure
2 shows the impregnation of binder-free TiO, nanoparticles in
hybrid mat of TiO,/SiO, nanofibers to form a composite mat
consisting of TiO,/SiO, nanofibers and TiO, nanoparticles
(denoted as TS-Mat-NP) for photoanode in DSSC. The TEM
images of the TiO, nanoparticles and the composite mat are
shown in Figure S4 (SI). The freestanding hybrid mat of TiO,/
SiO, nanofibers was pressed on the TiO, nanoparticle layer
right after the layer was prepared by doctor-blading of binder-
free TiO, nanoparticles paste. During the process, the TiO,
nanoparticles were squeezed into the hybrid nanofibrous mat of
TiO,/Si0,. After sintering at 150 °C, a flexible and bendable
photoanode on the ITO/PET film (denoted as TS-Mat-NP/
ITO) was prepared. The photoanode of the composite mat on
the FTO/glass substrate (denoted as TS-Mat-NP/FTO) was
made by sintering at 480 °C for 1 h. It is noteworthy that the
binder-free paste of TiO, nanoparticles alone formed cracks
and flaked off from the substrate after doctor blading and
solvent evaporation, and was not possible to be used as
photoanode film (Figure SSa—c, SI). On the other hand, as
shown in Figure S5 d—f, the photoanode composed of TiO,/
SiO, nanofibers and TiO, nanoparticles (i.e., TS-Mat-NP) was
still crack-free and mechanically intact even after 300 bending
cycles. The network of TiO, and SiO, nanofibers helped relieve
the surface tension during solvent evaporation, and led to
crack-free and mechanically robust/flexible photoanode.**

The superior mechanical strength and flexibility of the hybrid
nanofibrous mat of TiO,/SiO, enabled us to process the
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Figure 2. Schematic showing fabrication of freestanding composite
mat (TS-Mat-NP) containing hybrid nanofibrous TiO,/SiO, mat (TS-
Mat) and bind-free TiO, nanoparticles (NPs) (top), photoanode of
TS-Mat-NP sintered at 150 °C on ITO/PET substrate (denoted as
TS-Mat-NP/ITO) (middle), and freestanding TS-Mat-NP sintered at
480 °C followed by sensitization of N719 dye (bottom).

freestanding hybrid mat without the support of a substrate. For
example, a freestanding composite mat containing TiO,/SiO,
nanofibers and TiO, nanoparticles was readily prepared by
doctor-blading the paste of TiO, nanoparticles on the hybrid
nanofibrous mat directly. In this work, a lift-up method was
used to detach the composite mat from ITO/PET substrate
(Figure 2)."” The composite mat after lift-up was sintered at
480 °C, and then sensitized with N719 dye. The freestanding
photoanode of TS-Mat-NP (as shown in Figure 2) after
sintering at 480 °C and sensitization in N719 solution retained
its superior flexibility and bendability. The SEM images of the
TS-Mat-NP photoanode on FTO/glass substrate (TS-Mat-NP/
FTO) are shown in Figure S$6 (SI). In TS-Mat-NP/FTO, TiO,
nanoparticles clusters were attached on TiO,/SiO, nanofibers,
and dispersed evenly throughout the TS-Mat-NP photoanode.
The nanoparticles and nanofibers are bonded together after
sintering to form a thermal-durable and stable composite mat.
It is likely that Ti—O—Ti or Ti—O-Si bonds are formed
between nanoparticles and nanofibers due to the condensation
of —OH groups on the surface of nanoparticles and nanofibers
during the sintering process.** The thickness of the TS-Mat-NP
photoanode was ~23 pm, less than the thickness of the TS-Mat
due to the applied pressure during impregnation of TiO,
nanoparticles.

It is known that electrospun TiO, nanofibers have relatively
low specific surface area, which limits their application in
DSSC.*' The dye desorption experiment (see experimental
details in SI) indicated that the dye loading of the hybrid mat of
TiO,/SiO, (TS-Mat), the composite mat on ITO/PET (TS-
Mat-NP/ITO), and the composite mat on FTO/glass (TS-
Mat-NP/FTO) were 9.90 X 107, 1.32 X 1077, and 1.36 X 107’
mol cm ™, respectively. The dye loading after impregnation of
TiO, nanoparticles was similar to that of photoanode based on
P25 TiO, nanoparticles,”* which was more than 1 order of

magnitude higher than the dye loading of hybrid nanofibrous
mat of TiO,/SiO,. The BET surface area of TS-Mat-NP was
measured to be 166 m? g_l, which was much higher than that of
the TS-Mat (typically in the range from ~10 to 25 m* g™').*!
Clearly, the binder-free TiO, nanoparticles in the composite
mat TS-Mat-NP increased the surface area of the hybrid
nanofibrous mat of TiO,/SiO,, and subsequently improved the
dye adsorption.

3.2. Photovoltaic Performance. We have evaluated the
performance of the DSSCs based on the photoanode consisting
of electrospun TiO,/SiO, nanofibers and TiO, nanoparticles.
The device based on the composite mat of neat SiO,
nanofibers/TiO, nanoparticles was used as comparison. The
composite mats of SiO, nanofibers/TiO, nanoparticles
(denoted as S-Mat-NP) were prepared following the same
procedure outlined in Figure 2. Four types of photoanodes
were used in DSSC devices: composite mats of TiO,/SiO,
nanofibers and TiO, nanoparticles sintered at 150 °C for 2 h on
ITO/PET film (TS-Mat-NP/ITO) or sintered at 480 °C for 1
h on FTO/glass (TS-Mat-NP/FTO), composite mats of neat
SiO, nanofibers/TiO, nanoparticles sintered at 150 °C for 2 h
on ITO/PET (S-Mat-NP/ITO) or sintered at 480 °C for 1 h
on FTO/glass (S-Mat-NP/FTO). The optical images of the
devices are shown in Figure S7 (SI). All devices were assembled
in one batch, and three identical cells were fabricated for each
type of device. The average of the solar cell parameters of the
three identical cells and the standard deviation were calculated
and are summarized in Table 1. The J—V curves of the DSSCs
are shown in Figure 3.

Table 1. Photovoltaic Parameters of the DSSCs Based on
Different Photoanodes

sample” n (%) jie (ma em™) V. (mV) FF (%)
TS-Mat-NP/ 6.74 + 0.33 13.2 £ 0.70 740 + 0 69.4 + 0.3
FTO
S-Mat-NP/FTO 3.98 + 0.56 745 £ 1.02 748 + 3 715 £ 0.8
TS-Mat-NP/ 1.06 + 0.06 2.72 + 0.11 637 + 6 61.3 + 0.5
ITO
S-Mat-NP/ITO 0.40 + 0.03 1.09 + 0.08 590 + 4 62.1 + 0.2

“TS-Mat-NP/FTO: composite of hybrid nanofibrous TiO,/SiO, mat
and TiO, nanoparticles on FTO/glass substrate; S-Mat-NP/FTO:
composite of SiO, nanofibrous mat and TiO, nanoparticles on FTO/
glass substrate; TS-Mat-NP/ITO: composite of hybrid nanofibrous
TiO,/SiO, mat and TiO, nanoparticles on ITO/PET substrate; S-
Mat-NP/ITO: composite of SiO, nanofibrous mat and TiO,
nanoparticles on ITO/PET substrate.

The DSSC based on the composite of nanofibrous mat of
Ti0,/Si0, and TiO, nanoparticles on the FTO/glass substrate
(TS-Mat-NP/FTO) exhibited the efficiency of 6.74 + 0.33%,
~70% higher than that of the DSSC based on composite of
neat SiO, nanofibrous mat/TiO, nanoparticles (S-Mat-NP/
FTO). The enhanced efficiency was largely from the
significantly higher short-circuit current density (J,) of
photoanode of TS-Mat-NP/FTO (13.2 + 0.7 mA cm™2) than
that of photoanode of S-Mat-NP/FTO (7.45 + 1.02 mA cm™2).
There was no appreciable difference between the open-circuit
voltage (V,.) and the fill factor (FF) of both devices. Both
devices were prepared under the same condition, and the only
difference between the two devices was the presence of TiO,
nanofibers in the device based on photoanode of TS-Mat-NP/
FTO. Therefore, the improved DSSC performance could be
attributed to the presence of TiO, nanofibers in the composite
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Figure 3. J—V characteristics of DSSCs based on the composite
photoanodes of nanofibrous mat and TiO, nanoparticles on FTO/
glass or ITO/PET substrates. TS-Mat-NP/FTO: composite of hybrid
nanofibrous TiO,/SiO, mat and TiO, nanoparticles on FTO/glass
substrate; S-Mat-NP/FTO: composite of SiO, nanofibrous mat and
TiO, nanoparticles on FTO/glass substrate; TS-Mat-NP/ITO:
composite of hybrid nanofibrous TiO,/SiO, mat and TiO, nano-
particles on ITO/PET substrate; S-Mat-NP/ITO: composite of SiO,
nanofibrous mat and TiO, nanoparticles on ITO/PET substrate.

photoanode. When the photoanodes were fabricated on the
ITO/PET substrate at 150 °C, the DSSC based on composite
photoanode of TiO,/SiO, nanofibrous mat and TiO, nano-
particles (TS-Mat-NP/ITO) had an efficiency of 1.06 + 0.06%,
with J,. of 2.72 + 0.11 mA cm ™2, V, of 637 + 6 mV, and FF of
61.3 + 0.5%; the DSSC based on composite photoanode of
neat SiO, nanofibrous mat and TiO, nanoparticles (S-Mat-NP/
ITO) had an efficiency of 0.40 + 0.03%, with J,. of 1.09 + 0.08
mA cm™ V.. of 590 + 4 mV, and FF of 62.1 + 0.2%.
Compared with the device based on S-Mat-NP/ITO, the cell
based on TS-Mat-NP/ITO containing TiO, nanofibers had
165% higher efficiency, 150% higher J,, and 8% higher V;
there was a slight difference between the FF values of the two
devices. The results indicated that the presence of TiO,
nanofibers in TS-Mat-NP/ITO was essential to improve the
device efliciency.

In general, the efficiency of DSSC is determined by three
factors: light harvesting efficiency (;,), electron injection
efficiency (ninj), and electron collection efficiency (17.))- Jic is
the integration of 77y, 7y, 71co and the spectral photon flux of
the light source over the dye absorption range.”’” Minj i expected
to be very similar in all four devices.>” 7, depends linearly on
the amount of dye molecules attached on the TiO, mesoporous
film.***° The dye loading of TS-Mat-NP which was
impregnated with TiO, nanoparticles (1.36 X 1077 mol
cm™?) was more than an order of magnitude higher than the
dye loading of nanofibrous mat TS-Mat (9.90 X 107 mol
cm™?), suggesting that the dye loading was largely determined
by the amount of TiO, nanoparticles. Hence, the dye loading of
four devices in Table 1 would be similar, leading to similar #,
for all four devices. The increase of J,. in devices with TiO,
nanofibers in the photoanode (TS-Mat-NP/FTO and TS-Mat-
NP/ITO) was likely due to the improved 7., through
suppressing electron recombination. This was in line with our
previous studies on the composite films of TiO, nanofibers and
nanoparticles as DSSC photoanode, in which we concluded
that the one-dimensional TiO, nanofibers can suppress electron
recombination and enhance 72>

To understand the electron recombination behavior within
the DSSCs, we extract the electron recombination lifetime (z,)
using the transient photovoltage measurement. The electron
recombination depends on the incident light intensity, and
more specifically, on the quasi-Fermi level within the TiO,
band gap under illumination.** Because V,. is determined by
the difference between the quasi-Fermi level under illumination
and the energy level of the redox couple,* the logarithm of z,
as a function of V. is shown in Figure 4.
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Figure 4. Electron recombination lifetime (z,) as a function of open-
circuit voltage (V,.). TS-Mat-NP/FTO: composite of hybrid nano-
fibrous TiO,/SiO, mat and TiO, nanoparticles on FTO/glass
substrate; S-Mat-NP/FTO: composite of SiO, nanofibrous mat and
TiO, nanoparticles on FTO/glass substrate; TS-Mat-NP/ITO:
composite of hybrid nanofibrous TiO,/SiO, mat and TiO, nano-
particles on ITO/PET substrate; S-Mat-NP/ITO: composite of SiO,
nanofibrous mat and TiO, nanoparticles on ITO/PET substrate.

Generally, the electron lifetimes of all four devices decrease
with the increase of light intensity. The electron lifetimes of
devices containing TiO, nanofibers (TS-Mat-NP/FTO and TS-
Mat-NP/ITO) are much longer than those of devices without
TiO, nanofibers (S-Mat-NP/FTO and S-Mat-NP/ITO),
indicating that the electron recombination is reduced in the
photoanodes containing TiO, nanofibers. The increase of
electron lifetime leads to the observed improvement of cell
performance in the photoanodes of the composite of the hybrid
TiO,/Si0, nanofibrious mat and TiO, nanoparticles, compared
to the photoanodes with neat SiO, nanofibers and TiO,
nanoparticles.

3.3. Effect of the Sintering Temperature. The devices
on the ITO/PET substrate, sintered at 150 °C, had
considerably lower efficiency than the devices on the FTO/
glass, sintered at 480 °C (Table 1). According to the literature,
DSSCs with ITO electrode instead of FTO electrode may have
slightly lower J,. and FF, due to the lower light transmittance
and less conductivity of ITO electrode.'**' Thus, the observed
efficiency difference in our devices on FTO/glass and ITO/
PET substrates (Table 1) was likely due to the effect of
sintering temperature,**** since other fabrication conditions
were identical. Figure S depicts the dependence of 7, J,, V.,
and FF on the sintering temperature for DSSCs based on
composite photoanode of hybrid TiO,/SiO, nanofibrous mat
and TiO, nanoparticles on FTO/glass substrate. It is evident
that the efficiency # and the ] increased almost linearly with
the rise of sintering temperature. The V. decreased slightly
initially and then gained a noticeable increase with the increase
of temperature. The FF was much improved when the sintering
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Figure 5. Dependence of conversion efficiency (1), short-circuit
photocurrent density (J,.), open-circuit voltage (V,.), and fill factor
(FF) on the sintering temperature.

temperature increased from 150 to 200 °C, then the change of
FF was relatively small from 200 to 480 °C.

It is noteworthy that the improvement of efficiency strongly
correlates with .. As we have discussed previously, the J is
mainly influenced by the collection efficiency of electrons, and
more specifically, by the recombination loss of electrons. As
shown in Figure 4, the recombination lifetimes of DSSCs on
ITO/PET substrate (TS-Mat-NP/ITO and S-Mat-NP/ITO)
were much shorter at the same V. and decreased much faster
than those of DSSCs on FTO/glass substrate (TS-Mat-NP/
ITO and S-Mat-NP/ITO). If we extrapolated the data to the
V,. under AM 1.5 illumination, the recombination lifetimes of
devices on ITO/PET substrate were estimated to be an order
of magnitude shorter than those of devices on FTO/glass
substrate. Therefore, the improvement of J. at high temper-
ature could be attributed to the reduced electron recombination
with the increase of sintering temperature.

The increase of efficiency with increasing of sintering
temperature during preparation of photoanode in DSSC is
generally attributed to the improved connection between TiO,
nanoparticles.*”** The effect of sintering temperature on the
composite photoanode of TiO, nanoparticles and TiO,/SiO,
nanofibers was further investigated using TEM and SEM to
compare the morphologies of the photoanodes sintered at low
temperature and at high temperature (see SI). From the SEM
and TEM images in Figure S8 (SI), it is clear that the grain size
of TiO, nanoparticles increased after high temperature
sintering, confirming that the high temperature sintering
improved the interparticle connection. As a consequence, the
electron collection efficiency was improved in the composite
photoanode sintered at higher temperature, leading to
enhanced ] and the device efficiency.

4. CONCLUSIONS

A freestanding and flexible hybrid mat consisting of 75 wt %
anatase-phased TiO, nanofibers and 25 wt % amorphous SiO,
nanofibers was prepared via the dual-spinneret electrospinning
method. TiO, nanoparticles were impregnated into the hybrid
nanofibrous mat to form a composite mat, which was used as
photoanode in DSSCs on both ITO/PET and FTO/glass
substrates. The J—V characteristic and the transient photo-
voltage characterization results indicated that the TiO,
nanofibers within composite photoanode could significantly
improve the device efficiency through suppressing recombina-

tion. The performance of the devices based on composite
photoanodes sintered at different temperatures revealed that
the high temperature sintering improved the interparticle
connection and reduced recombination, resulting in the
enhanced ], and device efficiency. The device based on the
composite photoanode of hybrid nanofibrous TiO,/SiO, mat
and TiO, nanoparticles achieved conversion efficiency of 6.74
+ 0.33% on FTO/glass substrate. Additionally, the flexible
composite of hybrid nanofibrous TiO,/SiO, mat and TiO,
nanoparticles retained superior flexibility and integrality after
sintered at 480 °C, and was further processed as a free-standing
photoanode for dye sensitization.

In summary, the composite of hybrid nanofibrous TiO,/SiO,
mat and TiO, nanoparticles is flexible and bendable; and, more
importantly, the material can be processed at high temperature
as a freestanding film and serve as photoanode of DSSC with
high efficiency. We can envision a substrate-free flexible DSSC
using dye-sensitized freestanding photoanode of TiO,/SiO,
nanofibers and TiO, nanoparticles (such as TS-Mat-NP in
Figure 2), solid electrolyte, and transparent conductin
electrodes deposited directly on the composite mat.'”***
Roll-to-roll (R2R) processes may be developed to fabricate
such a substrate-free DSSC. Work along this direction is
underway.
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