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Abstract: Titania nanofibers were fabricated using the industrial NanospiderTM technology. The preparative
protocol was optimized by screening various precursor materials to get pure anatase nanofibers. Composite
films were prepared by mixing a commercial paste of nanocrystalline anatase particles with the electrospun
nanofibers, which were shortened by milling. The composite films were sensitized by Ru-bipyridine dye (coded
C106) and the solar conversion efficiency was tested in a dye-sensitized solar cell filled with iodide-based
electrolyte solution (coded Z960). The solar conversion efficiency of a solar cell with the optimized composite
electrode (η = 7.53% at AM 1.5 irradiation) outperforms that of a solar cell with pure nanoparticle film (η =
5.44%). Still larger improvement was found for lower light intensities. At 10% sun illumination, the best composite
electrode showed η = 7.04%, referenced to that of pure nanoparticle film (η = 4.69%). There are non-monotonic
relations between the film’s surface area, dye sorption capacity and solar performance of nanofiber-containing
composite films, but the beneficial effect of the nanofiber morphology for enhancement of the solar efficiency
has been demonstrated.
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1. Introduction

The dye-sensitized solar cell (DSC)
presents an attractive alternative to solid-
state photovoltaics at competitive cost.[1–4]
The cells have a sandwich structure in
which an electrolyte solution containing
redox mediator is filled between a photo-
anode based on a thin film of dye-sensi-
tized titanium dioxide and the counter elec-
trode. Recent success in boosting the solar
conversion efficiency was highlighted by
replacement of the traditional I

3
–/I– redox

mediator by other couples with more posi-
tive electrochemical potentials[5–8] such
as Co3+/2+ complexes.[3,8–17] This strategy
allowed demonstration of the champion
(12.3 %) cell.[9] Counter electrodes are
typically from platinized F-doped SnO

2
(FTO), but Pt can be replaced by cheaper
materials, like carbons,[18] including elec-
trospun carbon nanofibers.[19] Recently,
graphene nanoplatelets[20–23] attracted con-
siderable attention for this application.

Among various tasks to enhance the
performance of DSC, the search for the
best morphology of the semiconductor
photoanode is one of the key research
targets.[24,25] The strategy of using one-di-
mensional nanostructures is motivated by
the assumption that the electron transport
and collection are improved in 1D systems
compared to the performance of the tradi-
tional nanostructures based on intercon-
nected quasi-spherical particles.[26,27] Nair
et al.[27] reviewed recently the use of 1D
titania nanomaterials in DSC, concluding
that they hold strong promise in enhancing
the solar cell efficiency, but there is a lack
of reliable and scalable synthetic methods
for their commercial fabrication. Here we
show that this problem can be addressed
through the NanospiderTM technology,[28]
which allows the production of electrospun
titania in upscalable quantities at industrial
level.

In general, electrospinning is a versatile
method to produce polymeric fibers with
diameters smaller than 100 nm and lengths
up to kilometers in extreme cases.[29–31]The
morphology and properties of nanofibers
depend on the polymer type and process
parameters, such as molecular weight of
the precursor, solvent, applied electric field
strength, solution viscosity, and deposition
distance.[31–33] The technique is extend-
able to fabrication of inorganic materials.
Li and Xia[34] pioneered the preparation of
titania nanofibers by electrospinning from
solution of poly(vinyl pyrrolidone) and ti-
tanium isopropoxide. Later on, they pre-
pared uniaxially aligned titania nanofibers

via electrospinning.[35] Although the name
‘nanofibers’ is not without some termino-
logical objections[36] it became too popular
to be avoided as a keyword for denoting
these materials. Electrospun titania exhib-
its interesting structural and optical proper-
ties[37] which find applications in a variety
of areas including photoelectrochemical
hydrogen production,[38] photocatalysis[39]
and dye-sensitized solar cells.[32,40–46]

All the above-mentioned titania nano-
fibers were produced in a classical set up,
where a high voltage was applied between
a collector and capillary tip which jets the
solution of polymer and titania precursor
from a syringe. A principal innovation ap-
plied in this work consists in avoiding the
syringe/capillary system, i.e. the electros-
pinning is carried out directly from the sur-
face of a liquid film.[28]We have optimized
the synthesis of electrospun titania by this
approach, and subsequently, developed a
method for producing thin-film electrodes
for DSC photoanode. Most of the cited
previous works report on pure nanofiber
films, which were deposited either directly
on FTO[32,40,42,43] or pre-deposited TiO

2
,[46]

doctor bladed from a paste[45] or annealed
by hot pressing.[41,44]Here, we used an al-
ternative synthetic protocol, reminiscent
of the so-called ‘brick&mortar’ strategy[47]
which allowed us to improve the mechani-
cal stability of nanofibrous electrodes. We
succeeded in preparation of mechanically
robust composite electrodes containing
nanofibers and nanoparticles in various
proportions. Thus formed TiO

2
nanofiber/

nanoparticle composites were character-
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spectral maximum compared to N719.[50]
The C106 dye solution was 3×10–4 M in
10% DMF + 90% (1/1 acetonitrile/t-bu-
tanol mixture). After withdrawal, the film
was washed with acetonitrile/t-butanol
solution to remove weakly bonded dye,
and dried in air at ambient temperature.
The DSC was assembled with a counter
electrode from platinized FTO, which was
prepared by deposition of 5 µL/cm2 of 10
mM H

2
PtCl

6
in 2-propanol and calcina-

tion at 400 oC for 15 min. The cell was as-
sembled using a Surlyn tape as a seal, and
filled with an electrolyte solution, which
was added through a hole in the counter
electrode and finally closed with Surlyn
seal. The electrolyte solution was Z960; it
was composed of 1 M 1,3-dimethylimid-
azolium iodide, 50 mM LiI, 30 mM I

2
, 0.5

M tert-butylpyridine, and 0.1 M guani-
dinium thiocyanate in a solvent mixture of
85% acetonitrile with 15% valeronitrile by
volume. The cell active area for illumina-
tion was defined by a mask.

3. Results and Discussion

3.1 Nanofibers
In our initial attempts towards nano-

fibers synthesis, we adopted the protocol
of Li and Xia[34] using polyvinylpyrrol-
idone (PVP) as the polymeric template.
Solutions for fabrication of nanofibers
were selected based on their viscosity,
conductivity, and ability to be electrospun.
The electrospun nanofibers were calcined
at temperatures from 350–590 °C and
characterized by SEM (fiber diameter),
adsorption isotherms (BET surface area)
and XRD analysis. The properties of the
resulting TiO

2
nanofibers are summa-

rized in Table 1. SEM images of the fibers
templated with PVP are shown in Fig. 1.
(Fibers templated with HPC look similar).
Apparently, the surface areas of nanofibers
do not scale with the fiber diameters, which
matches the conclusion of other authors.[46]
Nanofibers ET3 have similar diameters as
ET1 but two times higher surface area. On
the other hand, nanofibers ET2 have simi-
lar surface area as nanofibers ET1 though
the diameter is two times smaller. It sug-
gests that the porosity of nanofibers in-
creases in the order ET2, ET1, ET3 which
can be explained by an effect of increasing
calcination temperature. The BET surface
areas of our PVP-templated fibers (ET1-
ET3) are comparable to those reported by
Jung et al.[46] using a similar synthetic pro-
tocol. Furthermore, these authors added
glycerine to the precursor mixture, which
enhanced the product’s porosity and sur-
face areas considerably.[46]

For preparation of TiO
2
electrodes on

top of FTO supports, calcination is neces-
sary to remove organic additives from pre-

ized by X-ray diffraction (XRD), scanning
electron microscopy (SEM), adsorption
isotherms of nitrogen or krypton, evalu-
ated by Brunauer-Emmett-Teller method
(BET), thermogravimetric analysis (TGA),
and dye adsorption. The optimized com-
posites were tested as photoanode materi-
als in DSC.

2. Experimental Section

2.1 Preparation of Nanofibers
Nanofibers were prepared by elec-

trospinning from appropriate poly-
mer templates and Ti-precursors by the
NanospiderTM technology.[28] Different
polymer carriers were tested to control
the products’ properties (fiber diameter,
surface area, crystallinity): polyvinylpyr-
rolidone (PVP), hydroxypropylcellulose
(HPC) with molar weights MW 100 000
and 370 000, polyethylene oxide and poly-
vinyl alcohol. TiO

2
fiber samples (ET1-

ET8) were electrospun from a mixture
containing polymer, titanium alkoxide sol
and stabilizers (acetylacetone) in ethanol
or in ethanol/water mixture under con-
trolled conditions (temperature and hu-
midity) which are proprietary of Elmarco.
The prepared electrospun TiO

2
fibers were

calcined at temperatures from 350–590°C.

2.2 Preparation of Nanoparticle/
Nanofiber Composite Films for
Electrodes

The annealed nanofibers (see above)
were milled, ultrasonically dispersed in
ethanol and mixed with a paste of nano-
crystalline anatase particles. The used
paste was either the standard 18NR-T
product (Dyesol) or custom-made lower
viscosity pastes (ZA and ZB; Dyesol). The
pastes were mixed with milled nanofibers
with 0%, 5%, 10%, 20%, 50% and 75%
or 80% of nanofibers (in wt%, calculated
on TiO

2
basis). The final mixtures were

subjected to ultrasonic treatment and stir-
ring to prepare homogenous pastes. FTO
glass slides (TEC 8 from Libbey-Owens-
Ford, 8Ω/sq) were washed with ethanol
and acetone. The films were deposited by
the doctor blade technique on FTO, with
Kapton foil tape defining the TiO

2
film

borders and leaving a free FTO edge for
electrical contact. The film was dried in air
for 24 h and subsequently calcined at 450
°C for 60 min.

2.3 Characterization Methods
SEM images of nanofibers and com-

posites were obtained by a Hitachi S-4800
microscope or Nova NanoSEM 230, FEI
microscope. The BET surface areas of
powder nanofibers samples were de-
termined from nitrogen adsorption iso-
therms at 77 K using the Micromeritics

ASAP 2020 Instrument and Nova 4000,
Quantachrome. For the adsorption mea-
surements on FTO-supported thin films,
the isotherms of krypton at 77 K were
measured using our previously developed
method.[48,49] Before the adsorption mea-
surement, all samples were degassed at
523 K overnight. The BET surface areas
were calculated using the data in the range
of relative pressure p/p

0
from 0.05 to 0.25.

Following the usual practice, the saturation
vapor pressure p

0
of the supercooled liquid

krypton and the atomic cross-sectional area
of 0.202 nm2were used. The film thickness
was measured by DEKTAK profilometer.
TGA analysis was performed by Netzsch
STA449F1 thermogravimeter.

The Ru-bipyridine dye coded N719;
chemical name: di-tetrabutylammonium
cis-bis(isothiocyanato)bis(2,2’-bipyri-
dyl-4,4’ dicarboxylato) ruthenium(ii) was
used as a model molecule to investigate
the adsorption properties of TiO

2
films.

The procedure was as follows: warm (ca.
50 °C) TiO

2
electrodes were dipped in

4×10–4 M solution of N719 in acetonitrile
+ t-butanol (1/1, v/v) for 24 h. Then the
electrodes were washed in acetonitrile +
t-butanol to remove weakly bonded dye
molecules. To determine the amount of
chemically bonded dye N719, it was de-
sorbed into phosphate buffer (pH 7.2) and
the resulting solution was analyzed by UV-
VIS spectrophotometry.[48] Measurements
were performed in a 1 cm quartz cell on
a spectrophotometer Lambda 19 (Perkin-
Elmer).

For photoelectrochemical tests of ex-
perimental DSCs, the light source was a
450 W xenon light source (Osram XBO
450, Germany) with a filter (Schott 113).
The light power was regulated to the AM
1.5 G solar standard by using a reference Si
photodiode equipped with a color-matched
filter (KG-3, Schott) to reduce the mis-
match between the simulated light andAM
1.5 G to less than 4% in the wavelength re-
gion of 350–750 nm. The differing intensi-
ties were regulated with neutral wire mesh
attenuator. The applied potential and cell
current were measured using a Keithley
model 2400 digital source meter.

2.4 Assembly of Solar Cells
The experimental DSC was assembled

as follows: TheTiO
2
thin film on FTOglass

slides was scraped leaving an area of about
0.5 × 0.5 cm2 and the films were calcined
at 450 °C for 30 min. Immediately after
the thermal treatment the still warm elec-
trode (ca. 50 °C) was dipped into a solution
of C106 dye; chemical name: NaRu(4,4-
bis(5-(hexylthio)thiophen-2-yl)-2,2-bi-
pyridine) (4-carboxylic acid-4-carboxyl-
ate-2,2-bipyridine) (NCS)

2
. The C106 dye

was chosen for the DSC tests due to its
larger extinction coefficient and red-shifted
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of nanofibers was investigated for nanofi-
bers ET7 (Fig. 4). Obviously, the effect of
re-calcination at higher temperature is sig-
nificant (Fig. 4).

3.2 Composite Nanoparticle/
Nanofiber

Calcined nanofibers were typically a
few millimeters long, but the thickness of
the TiO

2
layers used for DSC applications

is usually between ca. 5 and 20 µm.[24]
Consequently, the efficient connection of
particles and fibers in the film requires
shortening of the length of fibers. To de-
crease the length of TiO

2
nanofibers, they

were milled for varying times (10, 30, 60
and 120 s) in liquid nitrogen. The mor-
phology of milled nanofibers is shown in
Fig. 5. Milling of nanofibers longer than
120 s breaks them into small particles with
lengths comparable with the diameter.
After milling for 30 s the length is similar
to the thickness of the final electrode lay-
er. Hence, this was chosen as the optimum
milling time.

The composites were prepared by mix-
ing commercial paste (nanocrystalline an-
atase particles from Dyesol) with 0%, 5%,
10%, 20%, 50% and 75% or 80% milled
nanofibers. The composite electrodes from
standard Dyesol paste (DSL 18 NR-T)
were of poor quality, particularly for com-
posites with a larger proportion of nanofi-
bers, which did not stick well to the FTO
supports. However, custom-made lower
viscosity pastes ZA and ZB (Dyesol) be-
haved better; they provided homogeneous
composites with satisfactory mechanical
properties and good adhesion to the sup-
port. The nanofibers which were milled at

vious synthetic steps, but the temperatureof
ca. 450–500 °C should not be exceeded.[24]
Thermogravimetric analysis (TGA) was
performed to check for completeness of
removal of polymeric templates. Fig. 2
shows that calcination of PVP is incom-
plete at these temperatures (cf. also ref.
[46]): about 30% of the non-pyrolyzed res-
idue remains at 450 to ca. 650 °C. To find
other polymer carriers with lower burning
temperatures, we screened hydroxypropyl-
cellulose (HPC), polyethylene oxide and
polyvinyl alcohol. The best results were
obtained for HPC; its thermogravimetric
analysis (Fig. 2) showed that at 540 °C the
residue was only 1.4% and at 450 °C it was
only about 3%. As a result of these tests,
HPC was chosen for preparation and opti-
mization of titanium dioxide nanofibers for
DSC application. Powder X-ray diffraction
indicated pure anatase in the samples cal-
cined at 450–590 °C (an example is shown
in Fig. 3) but samples calcined at 350 °C
turned out to be amorphous. Effect of the
calcination temperature on the surface area

Table 1. Properties of TiO2 nanofibers prepared with polyvinylpyrrolidone (PVP) or hydroxypro-
pylcellulose (HPC) as polymer carrier and calcined at various temperatures. Surface areas were
determined from N2-adsorption isotherms by BET method.

Nanofiber Polymer
template

Calcination
temperature

[°C]

Fiber
diameter [nm]

Surface area
[m2/g]

ET1 PVP 550 300 16

ET2 PVP 530 150 15

ET3 PVP 590 280 35

ET4 HPC 450 240 30

ET5 HPC 450 310 90

ET6 HPC 450 250 60

ET7 HPC 350 250 145

ET8 HPC 450 380 80

Fig. 1. SEM images of titanium dioxide fiber samples templated with PVP. (Left column: ET1,
middle column: ET2, right column: ET3).

Fig. 2. Thermo-
gravimetric analysis
of polyvinylpyrrol-
idone (PVP) and hy-
droxypropylcellulose
(HPC).

Fig. 3. XRD pattern of
titanium dioxide fiber
(sample ET6).
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optimized conditions (cf. Fig. 5B) are sta-
tistically oriented in the composite. Hence,
there is a certain amount of fibers vertical
to the surface, and they enhance the charge
transport most efficiently.

Addition of TiO
2
fibers influenced the

electrode layer thickness and mass (Fig.
6). The larger the proportion of nanofibers,
the higher the layer thickness. Layer thick-
nesses for the same proportion of nanofi-
bers were different for individual nanofi-
bers. For instance, the layer thickness of a
20% ET6 composite was 7.5 µm and that
of 20% ET5 composite was 9 µm (Table
2). Nevertheless, the mass of the deposited
composite per cm2 was similar (the layer
mass of 20% ET6 was 0.975 mg/cm2 and
that of ET5 was 0.984 mg/cm2). SEM im-
ages in Fig. 7 demonstrate that the com-

posites are reasonably uniform, with the
nanofibers homogeneously interspersed
with the anatase nanoparticles acting as
binder.

To determine the adsorption capacity
of our thin film electrodes, we used two
compatible techniques: Kr-adsorption
isotherms, which provided accurate da-
ta directly for FTO-supported thin-film
electrodes[48,49] and spectrophotometrical
quantification of the adsorbed amount of
model dye N719. The reason for choosing

N719 for investigation of adsorption prop-
erties consists in detailed knowledge of the
surface anchoring of this dye to titania sur-
faces[51] and the possibility of comparison
with earlier works[48] including those on
electrospun titania.[40,41] Some other works
reported on electrospun titania in combina-
tion with a similar dye, N3.[32,42] The rep-
resentative data for various composites are
summarized in Table 2 and Fig. 8.

The adsorption capacity for N719
decreased almost proportionally with
increasing percentage of nanofibers in
the film, independent of the fiber type.
Surprisingly, this trend is not reproduced
for the Kr-adsorption (expressed in the
units of roughness factor, Rf) but it is just
the opposite. Even if we consider small
fluctuations in the film thickness (Table
2) the increase of Rf for fiber-containing
composites is significant. This leads to an
assumption that the fibrous composites

Fig. 4. (a) Dependence of BET specific surface area of ET7 nanofibers on calcination temperature
(heating rate 10°C/min), (b) SEM images of TiO2nanofibers after re-calcination at 350, 450 and
500 °C.

Fig. 5. SEM images of milled electrospun TiO2nanofibers (ET3). Milling
time (A) 0 s, (B) 30 s, (C) 60 s, (D) 120 s.

Fig. 6. Effect of the nanofiber concentration in the paste on layer mass:
comparison of the specific mass of the layer for different amount of
added nanofibers (ET6) for two different types of pastes: paste ZA and
paste ZB.

Fig. 7. SEM images of composites with 20% of nanofibers ET6 in paste
ZA (right), and 80% (left) of NF in ZB paste.

have fractal character. Whereas krypton
atoms can be adsorbed on small irregu-
larities of the surface, large molecules like
N719 are too big to detect small surface
roughness. Therefore, the amount of ad-
sorbate necessary to form a monolayer
depends on the size of the molecule and
on the fractal dimension of the surface.[52]
The discussion of molecular size vs. the
adsorption capacity is further illustrated by
experimental value of surface coverage of
titania by N719 which was found to be be-
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tween 0.73 and 1.3 molecules/nm2[53] and
similar values were reported for N3, be-
tween 0.56 and 1.16 molecules/nm2.[54–59]
The situation is quite reminiscent of the
Pluronic-templated films, where about
one third of the ideal coverage for a per-
fect monolayer of N719 was found.[48]
On the other hand, Lee et al.[40] reported
better sorption of N719 on their electros-
pun titania nanorods (85.9 µmol/g-TiO

2
)

compared to that on nanoparticles (34.4
µmol/g-TiO

2
). We do not comment on

this discrepancy here, but note that the
extinction coefficient of N719 used in
the cited work[40] (ε

535
= 3478 cm–1M–1)

does not seem to be correct.[48,49]
Even though the dye sorption is not ide-

al on the total surface of composites (see
above) the improvement in solar conver-
sion efficiency in experimental DSCs was
found to be significant. Table 3 summa-
rizes the representative data for optimized
composite electrodes and for comparison,
fiber-free electrode (ZA) was also tested
at the same conditions. Closer inspection

of the data in Tables 2 and 3 demonstrates
that there are no simple monotonic trends
between the dye (or Kr) sorption capacity
and solar performance. The highest solar
efficiency of the composites was obtained
for 20% ET6 composite (η = 7.53%),
for 20% ET5 composite was lower (η =
6.03%). The dye adsorption capacity was
slightly larger for the best composite film:
73.5 µmol/cm2g vs. 69.7 µmol/cm2g for
the electrodes 20% ET6, compared to
20% ET5, respectively. However, the dye
adsorption capacity of this optimum elec-
trode was smaller than that of the reference
fiber-free electrode (111.6 µmol/cm2g)
which exhibited quite low solar perfor-
mance (η = 5.44%). This illustrates the fact
that the special fibrous morphology is, in-
deed, beneficial for the DSC performance.
This finding matches those of some pre-
vious works[32,40,41] reporting on improved
performance of electrospun nanofibers in
various systems. Larger improvement is
detected for smaller light intensities: e.g.
at 10% sun, our best composite electrode

showed η = 7.04%, referenced to that of
pure nanoparticle film (η = 4.69%). Our
efficiencies compare favorably to those
found earlier[46] for electrodes with PVP-
templated electrospun TiO

2
fibers sensi-

tized with N719 dye (note a possible typo
in the dye code, which is given in the cited
paper[46]).

4. Conclusion

The preparation of titania nanofibers
was optimized by screening various pre-
cursor materials. Calcination at 450 °C
forms anatase crystals of TiO

2
but the

temperature is not high enough to remove
PVP polymer. Thermogravimetric analysis
showed residue of 30% of PVP after calci-
nation at 500 °C. The best properties were
exhibited by hydroxypropylcellulose as a
polymer carrier, for which the detemplat-
ing by air calcination at 450 oC was almost
perfect. The range of fiber diameters was
150 to 380 nm and surface areas from 15
to 145 m2/g.

Composite films were prepared by
mixing the electrospun nanofibers, which
were shortened by milling under liquid ni-
trogen. The best materials were obtained
by using the custom-made low viscosity
pastes (ZA and ZB) from Dyesol.

The composite films were sensitized
by C106 dye and the solar conversion ef-
ficiency was tested in model DSCs with
Z960 electrolyte. The actual value of ef-
ficiency of the optimized composite elec-
trode (7.53% at AM 1.5 irradiation) out-
performs that of pure nanoparticle film
(5.44%) in spite of various non-monotonic
trends between Kr-, dye-adsorption capac-
ity and solar efficiency. Larger improve-
ment is detected for lower light intensities:
e.g. at 10% sun, the best composite elec-
trode shows 7.04% efficiency, referenced
to that of pure nanoparticle film (4.11%).
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