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ABSTRACT

Nanocrystalline porous titania with rutile and anatase bi-phase structure has been fabricated by the sol-gel method without the
introduction of any surfactant, using tetrabutile titanate as precursor. The porous material was integrated as an electrode in a
dye-sensitized solar cell as an electrode and its photoelectrical parameters were measured. Experimental measurements showed
that the cell exhibits higher values of short-circuit current density and overall conversion efficiency compared to P25 (typical
commercial titania powder) cells. The overall conversion efficiency of both samples was calculated to be 2.81 and 1.57 for the
prepared and commercial (P-25) sample respectively. This drastic increase in the conversion efficiency of the prepared sample
was attributed to its high surface area and porous structure, allowing more sensitizer dye to be chemically anchored in the
electrode and, as a consequence, improved the light harvesting drastically. These results indicate that it is possible to achieve

commendable conversion efficiencies using porous bi-phase titania. Copyright © 2013 VBRI press.
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Introduction

Solar energy is a clean energy that can be directly
converted to electricity in photovoltaic cells without
pollution, noise, or mechanical parts. The idea to convert
solar light directly to electricity is not new, where solar-
electricity conversion cells have been produced since
several decades ago, however the conventional solar cell is
expensive for large-scale production [1, 2].

In the past decade, a new solar cell design, based on
nanostructured materials has been advanced. This cell was
first reported by Gratzel and co-workers in 1991 and is
called the dye-sensitized solar cell (DSSC) [3-7]. DSSCs
are extremely promising because they are made of low-cost
materials and do not need elaborate apparatus to
manufacture, while still providing a reasonable energy-
conversion efficiency. In addition, the materials used in the
DSSC are environment friendly [8].The main difference
between the DSSC and the conventional silicon based solar
cells is that in the DSSC the functional element, which is
responsible for light absorption (the dye), is separated from
the charge carrier transport [9-12]. The dye absorbs the
energy from the sunlight, and thereby undergoes photo-
excitation to an excited state. The excited electron is then
injected into the conduction band of the semiconductor
(TiOy), leaving the dye in an oxidized state. The electron is
then transferred by the semiconductor to the conducting
glass and through the external load back to the counter
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electrode where it reduces the oxidized species of the
electrolyte. At the same time the oxidized dye accepts an
electron from the reduced species of the electrolyte and
returns to its ground state, and the circuit is closed [13-16].
Recently, considerable research efforts have concentrated
on the factors influencing the overall conversion efficiency
of a DSSC. M. Gratzel [17] reported that porous titania
(TiOy) electrodes with high surface area allows absorption
of a larger amount of dye, resulting in better cell
performance. N-G. Park et.al [18] suggested that increasing
the particle packing density as well as increasing the
surface area by producing a densely packed film of
nanosized particles will improve the photo-conversion
efficiency of the DSSC. On the other hand, smaller pore
size seems to obstruct the penetration of the dye molecule
inward the film and reduce the amount of the adsorbed dye
[19]. The photon-to-current conversion efficiency is related
to many parameters that include light harvesting for
photons, quantum yield for electron injection from excited
sensitizer into the conduction band of the semiconductor,
electron collection efficiency and nanocyrstalline film
thickness [20]. Therefore, the precise balance of particle
size, pore size, porosity, effective area and thickness of the
film is important to achieve optimum cell performance.

A wide variety of methods have been developed for the
synthesis of porous TiO; nanoparticles so far such as spray
pyrolysis deposition (SPD) technique [21], sol—gel [22-24]
and hydrothermal method [25].

In this article, we present the production of porous TiO2
nanoparticles, synthesized without using any surfactant and
their application to dye-sensitized solar cell. Measurements
showed that the porous nanoparticles cell exhibits higher
performance compared to DSSCs assembled by standard
commercial (Degussa, P-25) TiO; nanoparticles, indicating
that DSSCs based on such a porous structure shows a
possibility of an improved performance with increased
efficiency.

Experimental
Materials

All chemicals were used as received, without any further
purification processes; Tetrabutile titanate (TBOT, 98%,
Beijing LYS Chemicals Co. Ltd, China), cis-
di(thiocyanato)  bis  (2,2"-bipyridyl-4,4"-dicarboxylate)
ruthenium (I1) (N719 dye, Sigma Aldrich, USA). Ethanol
and hydrochloric acid were of analytical reagent grade and
were purchased from Shanghai Reagent Co. Ltd, China.

Preparation of TiO, nanoparticles

Porous titania nanoparticles were prepared without using
any surfactant (will be denoted hereafter as N-TiOy) by the
sol-gel technique as follows; 23 ml of tetrabutile titanate
(4Ti (C4HeO) was added to 23ml of ethanol, the resulting
solution was stirred for 15 minutes at room temperature. A
mixed solution of 23 ml of ethanol and 18g of 4.4M HCI
aqueous solution was added dropwise to the former
solution under vigorous stirring at room temperature for 30
minutes. The resulting mixture was held for hydrolysis in
an incubator at 40°C for 4 days. The obtained gel was then
milled and annealed at 600° C for 2 hours with heating and
cooling rates of 20°C/min.
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Characterization

The crystal phase composition of the sample was
characterized by powder X-ray diffraction (XRD; D/max-
RB) using a Bruker D8 diffractometer with Cu ko radiation
(A=0.154178 nm). To determine the average crystallite size,
peak broadening analysis was applied to anatase and rutile
diffraction peaks using Scherrer’s equation. The
morphology and grain size of the titania nanoparticles were
examined by scanning electron microscopy (SEM, JEOL
JSM-6700F). The powder samples were ultrasonically
dispersed in ethanol and transferred onto carbon-coated
copper grids for the transmission electron microscopy
(TEM, JEOL, JEM-2010F) analysis.

DSSC assembly and measurement

The prepared porous titania nanoparticles photoelectrode
was immersed for 24 h in a solution of the sensitizer: cis-
di(thiocyanato)  bis  (2,2"-bipyridyl-4,4”-dicarboxylate)
ruthenium (1) (abbreviated as N-719 dye) dissolved in
absolute ethanol. The counter electrode was transparent
conducting oxide (TCO) glass on which 340 nm thick layer
of Pt was deposited by sputtering. An adhesive tape was
placed between the two electrodes, in order to control the
electrolyte film thickness and to avoid short-circuiting of
the cell. A drop of the redox electrolyte containing 0.3 M
Lil and 0.03 M I, in propylene carbonate, was introduced
between the clamped electrodes by the capillary force to
finalize the assembly of the DSSC. The photocurrent (1)
and photovoltage (V) of the cell were measured with an
active area of 0.08 cm? using simulated sunlight at AM-1.5
produced by Oriel 91192 solar simulator. The solar energy-
to-electricity conversion efficiency (n) was determined by
the following equation;

_ Jsc XVoe xFF x100 (%) (1)

0

Where, Jsc is the short-circuit photocurrent, Voc is the
open-circuit photovoltage, FF is the fill factor of the cell
and lo is the intensity of the incident light. For comparison,
commercial titania nanoparticles (Degussa, P-25 with a
primary particle size of 21 nm) film was also assembled
into DSSC with the same film thickness and its
photoelectrical parameters were also measured.

Results and discussion

Fig. 1 shows the X-ray diffraction patterns of the porous
TiO2 nanoparticles prepared without surfactants compared
to P-25 commercial nanoparticles powder. The diffraction
peaks of the prepared sample (N-TiO,) correspond to
crystalline titanium dioxide with a mixed phase of anatase
and rutile, while the pattern of the commercial nanopowder
(P-25) shows a pure anatase phase structure. The phase
composition of N-TiO, sample and commercial P-25 was
calculated from the following equation: [22].
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where X is the weight fraction of rutile in the mixture, and
Ir and Ia are the peak intensities of the rutile (110) and
anatase (101) diffractions, respectively and the results are
listed in Table 1.
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Fig. 1. X-ray diffraction patterns of: (a) prepared TiO2 nanoparticles and
(b) commercial P-25 nanopowder.

Table 1. Average particle sizes of samples calculated by Scherrer’s
equation.

Sample Average particle Crystal structure
size (nm)
Phase Rutile (%)
N-TiO, 28 anatase / rutile 90
P-25 21 anatase 0

The average particle size of crystalline TiO, was
roughly estimated by calculation from the width of the
XRD peaks using the Scherrer equation:

D kA
pcosf ©)

Where Kk is a constant (0.94), 4 is the XRD wavelength,
B is the corrected half-width of the strongest diffraction
peak and @ is the diffraction angle. The average particle
size of the powders is also summarized in Table 1. From
this table, the prepared sample (N-TiO2) exhibits an
average particle size of about 28 nm, composed of bi-phase
structure with a dominant rutile phase (90%), while the
commercial (P-25) shows pure anatase phase with an
average particle size of 21nm.

Fig. 2 shows the SEM images of TiO, nanoparticles
prepared without the addition of surfactant. The sample
shows a porous structure of aggregated nanoparticles with a
large particle size distribution in the range between 20-
50nm. This broadened particle size distribution can be
attributed to the bi-phase structure of anatase and rutile
crystals existing in the sample.

In order to confirm the morphological structure and
identity of the resulting product, TEM analysis was
performed for the sample. The nanoparticle size and
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particle size distribution shows a good agreement with the
SEM analysis as can be seen from Fig. 3.

Fig. 2. SEM images of TiO2 nanoparticles prepared without surfactant.

@52 ym

Fig. 3. TEM micrographs of TiO2 nanoparticles prepared without
surfactants (inset is SAED pattern).

The selected area electron diffraction (SAED) analysis
shows a polycrystalline structure, as indicated by the ring
pattern in the inset of Fig. 3. The lattice spacing (d) was
calculated for the prepared porous nanoparticles and was
found to have a value of about 0.325 nm corresponding to
the rutile phase (110) according to the pfd card number
[21-1276]. These results match well with the phase
composition calculations made by equation 2. Although the
phase composition calculated from equation 2 shows a bi-
phase structure, but the calculation of the phase
composition from the SAED pattern can only show the
composition of the dominant phase, which is 90% rutile
phase.

The prepared (N-TiO2) nanoparticles and commercial
(P-25) nanopowder were assembled into DSSCs and their
photoelectrical parameters were measured. Fig. 4 shows the
photocurrent-voltage curves of these samples. The overall
conversion efficiency of the samples was calculated to be
2.81 and 1.57 for (N-TiO.) and (P-25) respectively. The
photoelectrical parameters of both samples are summarized
in Table 2.

Generally, the results show very low short-circuit
current density (Jsc) and overall conversion efficiency (i)
for both samples compared to other reported data, due to
some technical aspects concerning the type of electrolyte
and Pt coated counter electrode quality. However, the
results provide a good overview for comparison.
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Fig. 4. Photocurrent-voltage curves of DSSC based on TiO2 nanoparticles
prepared without the introduction of surfactant compared to standard
commercial P-25 TiO2.

Table 2. Photoelectrical parameters of the cells prepared with different
nanopowders.

Sample ‘]SC VOC FF Tl
(mA/cm2) (Volt) (%) (%)
N-TiO, 2.036 0.642 0.64 2.80
P-25 1.110 0.691 0.60 157

Observations showed that the DSSC assembled with
TiO2 nanoparticles prepared without the introduction of
surfactant (N-TiOy) presented much higher values of short-
circuit current density and overall conversion efficiency in
comparison to the commercial standard (P-25) sample. This
increase in the efficiency of the DSSC can be ascribed to
the existence of rutile phase in the prepared sample, where
it has been reported by Zhang et.al [26] that the presence of
rutile crystals extends the life of electron-hole pairs by
forming sites that trap electron and thus delaying the
recombination process. The drastic increase in the short-
circuit current density for the (N-TiO,) sample can be
attributed to its high surface area and porous structure,
which allows more sensitizer dye to be chemically anchored
in the electrode and, as a consequence, the light harvesting
is drastically improved. In addition, the porous structure
allows the electrolyte to penetrate the film all the way to the
back-contact making the semiconductor/electrolyte
interface essentially three-dimensional. To confirm this, the
absorption spectra of the sensitized TiO, films were
measured by UV-vis spectroscopy and the spectra are
shown in Fig. 5. From this figure it was observed that the
absorbance intensity measured for the (N-TiO2) sample is
much higher than that of (P-25) (for the same film
thickness) specially at the absorption peaks of N 719 dye at
the wavelengths of 535 and 398 nm, which maximizes the
photon absorption and thus increases the photocurrent and
consequently enhances the overall conversion efficiency.
For the standard (P-25) sample, it was observed that the
absorbance intensity is relatively low due to the compact
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layer of the film caused by the uniform particle size
distribution for this sample, resulting in a low dye
adsorption and hence lower short-circuit current density.
On the other hand, this compactness in the electrode
provides an inter-connected structure, which enhances the
electron transport through the nanoparticles to the back
contact, and thus resulting in higher open-circuit voltage
and fill factor.
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Fig. 5. UV-vis spectra of N719 dye adsorbed on TiO2 nanoparticle
samples: (a) prepared nanoparticles without surfactant and (b)
commercial TiOz nanoparticles (P-25).

Conclusion

Porous titania with bi-phase structure of rutile and anatase
was fabricated by sol-gel without using any surfactant. The
porous titania film was integrate as an electrode in a dye-
sensitized solar cell and its photoelectrical parameters were
measured. Measurements showed that the DSSC assembled
with TiO2 nanoparticles prepared without the introduction
of surfactant (N-TiO2) presents much higher values of
short-circuit current density and overall conversion
efficiency compared to commercial (P-25) nanoparticles
cells. The overall conversion efficiency of both samples
was calculated to be 2.81 and 1.57 for (N-TiO;) and (P-25)
respectively. This drastic increase in the conversion
efficiency of the prepared (N-TiO2) sample was attributed
to its high surface area and porous structure, which allows
more sensitizer dye to be adsorbed in the electrode and thus
increases the harvested light.
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