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Properties of TiO2 Films Prepared for Use in Dye-sensitized Solar Cells by
Using the Sol-gel Method at Different Catalyst Concentrations
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TiO2 films were prepared on FTO glass using the sol-gel process for dye-sensitized solar cell
applications. The TiO2 sol was prepared by using the hydrolysis/polycondensation. Titanium
tetraispropoxide was used as a precursor, and nitric acid (HNO3 ) was used as a catalyst for the
peptization. The crystallinity and the particle size were controlled by adjusting the catalyst concentration and the calcination temperature. The crystal structure and the morphology were measured
by using scanning electron microscopy and X-ray diffraction. The TiO2 sol calcinated at low temperatures had an anatase phase, and the amount of the rutile phase with increasing calcination
temperature. The properties of the TiO2 sol were adjusted by adjusting the concentration of the
catalyst. The prepared TiO2 sol was coated on FTO glass by using a spin- coating method. The
transmittance of the TiO2 films was investigated.
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I. INTRODUCTION

Photovoltaic (PV) energy is known to be the cleanest energy source with a very small carbon footprint.
However, owing to the high cost of conventional solar cells, which are mainly based on Si, PV electricity
has not been utilized on a large scale for power production. Dye-sensitized solar cells (DSSCs) are attractive PV cells and can be made at low temperatures under atmospheric pressure by using a rather simple solution processing technique [1]. The DSSCs are composed of a dye-adsorbed nanoporous TiO2 layer on a
fluorine-doped tin-oxide (FTO) glass substrate, redox
electrolytes and a counter electrode. A unidirectional
charge flow with no electron leakage at the interfaces is
essential for a high energy conversion efficiency [2]. According to the unidirectional electron-transporting principle of DSSCs, there are four important interfaces, the
FTO/TiO2 , the TiO2 /dye, the dye/electrolyte, and the
electrolyte/ counter electrode interfaces. Recently, many
researchers have paid much attention to the FTO/TiO2
interface [3,4]. The randomly porous structure of the
TiO2 electrode gives rise to several undesirable charac-

teristics. These include a low conductivity, which is due
to the fact that the film consists of tiny crystals measuring 10 - 30 nm in diameter [5]. The small size of
the crystals does not support the formation of a space
charge region. This is thought to enhance the recombination rate of the photo-injected electrons due to the
absence of an energy barrier at the electrode/electrolyte
interface.
Sol-gel processing of titanium dioxide has been extensively investigated, and modern processes have been developed to refine and control the stability, as well as the
phase formation, of the colloidal precursors [6], The hydrolysis of the titanium-alkoxide polymerization products, combined with the subsequent thermally-induced
sintering of the titania particles, has led to new materials characterized by their controlled porosity and strong
adhesion to the substrate [7].
DSSC photoelectrodes are prepared with a TiO2 sol
prepared by using the sol-gel method. In this work, the
TiO2 sol was prepared by using the sol-gel method with a
titanium-alkoxide sol. The prepared sol was then coated
on conductive glass substrates by using the spin-coating
method to form nanocrystalline TiO2 films.
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Fig. 1. Flow diagram for the preparation of the TiO2 films.

Fig. 2. XRD patterns of the TiO2 films at various calcination temperatures (• FTO glass, N anatase phase,  rutile
phase).

II. EXPERIMENTS
Titanium(IV) isopropoxide (TTIP)(Aldrich Chemical), ethyl alcohol, nitric acid (HNO3 ) and distilled water
were used as received without further purification. The
flow diagram, which summarizes the reaction steps involved in the sol-gel preparation of the films, is given in
Fig. 1. The synthesis procedure for the nano TiO2 is
as follows. The titanium isopropoxide was mixed with
ethanol, and the distilled water was added drop by drop
under vigorous stirring for 1 hour. This solution was peptized using nitric acid and refluxed at 80 ◦ C for 8 hours.
After this period, the TiO2 sol had been prepared. The
prepared sol was coated onto conductive glass substrates
by using the spin coating method at 2000 rpm for 30 seconds. The coated TiO2 thin films were calcined at different calcination temperatures (400 ◦ C, 500 ◦ C, 600 ◦ C,
and 700 ◦ C. To prepare the DSSC working electrodes,
FTO glass as a current collector. The nanoporous TiO2
films were dye-sensitized by soaking the films for 24 h at
30 ◦ C in a dye solution of ruthenium (II)(N719 dye) suspended in ethanol. The dye-covered TiO2 electrode and
Pt counterelectrode were assembled into a sandwich-type
cell and sealed with a 50-µm-thick hot-melt sealant. A
drop of the electrolyte was put into a hole in the back of
the counterelectrode. Finally, the hole was sealed using
a cover glass.
Phase identification of the particles at the various calcination temperatures was performed by means of X-ray
diffraction (XRD) using a Rigaku D/MAX-2200 diffractometer with Cu Kα radiation. The morphology and
the size of the prepared particles were investigated with
field-emission scanning electron microscopy (FE-SEM,
model S-4700, HITACHI). The optical properties of the
films deposited on the glass substrates were examined
for their transmittance at normal incident by using a
UV-visible spectrophotometer (UV-vis 8453, Agilent),
and the thickness of the films was measured using an α-

step profiler. The conversion efficiency of the fabricated
DSSC was measured by using an I-V Solar simulator (Solar simulator, Oriel).

III. RESULTS AND DISCUSSION
Figure 2 shows the XRD patterns of the TiO2 thin
films calcined at various calcination temperatures. The
XRD pattern of the TiO2 thin film cleaned at 400
◦
C shows prominent anatase peaks at 25.4◦ (101) and
48◦ (200). At 500 ◦ C the XRD pattern of the TiO2 thin
film exhibits a rutile peaks at 27.4◦ (110) and 54.2◦ (211)
and an anatase peak. The other peaks seen at 26.6◦ ,
37.9◦ and 51.2◦ are due to the FTO substrate. A mixture of the anatase phase and the rutile phase was revealed when the TiO2 thin film was calcined at 500 ◦ C.
For TiO2 thin film calcined at 600 ◦ C is higher the magnitude of the anatase (101) peak is lower, and that of the
rutile (110) peak is higher. At 700 ◦ C the anatase peak
disappears while the magnitude of the rutile peaks has
increased considerably, indicating that a complete transformation from the anatase phase to the rutile phase has
occurred. The TiO2 films were observed to transform
into the rutile phase, which has a more stabile structure,
as the temperature was increased. We found that the
crystallized direction was different for calcination temperatures.
Figure 3 shows the XRD patterens of the TiO2 thin
films under various catalyst concentrations at a fixed calcination temperature of 400 ◦ C. With catalyst concentrations of 0.1 mol, 0.3 mol and 0.5 mol, we discovered
that the crystallized (101) direction of the anatase phase
appeared. Increasing the catalyst concentration to 1.0
mol, the XRD patteren of the TiO2 film showed a (110)
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Fig. 5. FE-SEM images of the TiO2 films at various catalyst concentrations: (a) 0.1mol, (b) 1.0mol.

Fig. 3. XRD patterns of the TiO2 films at various catalyst concentrations (• FTO glass, N anatase phase,  rutile
phase).

Fig. 6. FE-SEM images of the TiO2 film coated 15 times.

Fig. 4. FE-SEM images of the TiO2 films at various calcination temperatures: (a) 400 ◦ C, (b) 500 ◦ C, (c) 600 ◦ C,
and (d) 700 ◦ C.

rutile peak. It is evident that the anatase peaks become
rutile peaks with increasing catalyst concentration. Figure 4 shows the SEM images of the TiO2 films at various
calcination temperatures. The grains of the TiO2 film
are spherical. The SEM image of the TiO2 thin film calcined at 400 ◦ C reveals that the grain size is 25 nm. The
TiO2 grain size was 35 nm at 500 ◦ C. As the calcination
temperature was increased to 600 ◦ C the films became
more agglomerated, with grain sizes reaching 60 nm. At
700 ◦ C the grains strongly cohered to each other.
The SEM image of the TiO2 thin film prepared at a
1.0 mol catalyst concentration is shown in Fig. 5. The
TiO2 grain size was observed to be 25 nm at 0.1 mol.
At a 1.0 mol catalyst concentration, the partial grains
growing in the rutile phase were observed to be 50 nm.

The grain size is seen to increase as the catalyst concentration increases. The SEM results show that the grain
size of the rutile phase is larger than that of the anatase
phase. Furthermore, an increase in the catalyst concentration results in denser particles with non-spherical
shapes. Therefore, the growth of the TiO2 grain diameter is accelerated at higher calcination temperatures and
catalyst concentrations. This may be related to a change
in the surface morphology of the films due to the crystal
phase transformation, as shown in the XRD results [8].
The surface morphology of the TiO2 film coated 15 times
onto FTO glass is shown in Fig. 6. The cross-sectional
view clearly indicates that it is comprisesd of three parts.
The top one is the TiO2 layer, followed by a 1.6-µm-thick
fluorine layer, with the lowest one being the FTO substrate. No evidence of a second-phase interfacial layer
between the TiO2 layer and the bottom FTO layer was
found. The SEM images also reveals that the film had a
uniform, smooth, crack free surface.
Figure 7 shows the UV-VIS spectra of the calcined
TiO2 films in the wavelength range of 300 nm ∼ 800 nm
at calcination temperatures of 400 ◦ C, 500 ◦ C, and 600
◦
C. The TiO2 thin films prepared at 400 ◦ C and 500 ◦ C
have high transparence, 98% and 86%, respectively, in
the visible range of 400 nm ∼ 800 nm. while the transmittance of the TiO2 thin films prepared at temperatures
above 600 ◦ C is considerably reduced. The films turn out
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Table 1. Thicknesses of the TiO2 films at various coating
times.

Table 2. Characteristic parameter; Jsc, Voc, FF, and efficiency.

Coating times
Thickness (µm)

Concentration
of catalyst
0.1 mol
0.3 mol
0.5 mol
1.0 mol

5
0.7

15
1.6

20
1.9

30
2.4

Jsc
(mA/cm2 )
4.271
3.597
3.558
1.408

Voc
(V)
0.751
0.742
0.768
0.800

Fill factor
(%)
48
50
50
65

Efficiency
(η)
1.57
1.34
1.38
0.74

Fig. 7. (Color online) Transmittance of the TiO2 films at
various calcination temperatures: (a) 400 ◦ C, (b) 500 ◦ C, and
(c) 600 ◦ C.

Fig. 9. (Color online) Photocurrent-voltage characteristics
of the DSSCs: (a) 0.1 mol, (b) 0.3 mol, (c) 0.5 mol, and (d)
1.0 mol.

Fig. 8. (Color online) Transmittance of the TiO2 films at
various coating times: (a) 5 times, (b) 15 times, (c) 20 times,
and (d) 30 times.

Table 1 shows the thicknesses of the TiO2 thin films at
various coating times. The thickness of the TiO2 film
coated 5 times was 0.7 µm. As the coating time increased
to 30 times, the thickness of the TiO2 film increased to
2.4 µm.
The I-V characteristic of the DSSC constructed with
different catalyst concentrations, obtained under simulated sunlight (an irradiated power density equal to Ps
= 1000 Wm2 ), are presented in Fig. 9. From the analysis
of the I-V curves, the critical parameters of the cell’s operation, such as the open circuit voltage Voc, the short
circuit photocurrent density Jsc and the cell’s fill factor
using (FF) are obtained. The FF can be calculated.
FF =

to be translucent at these higher temperatures. This is
due to the adsorption resulting from the phase transformation from the anatase to the rutile phase. The light
scattering increases with increasing crystallite size in the
thin films and with grain agglomeration.
Figure 8 shows the transmission spectra of the TiO2
films with various coating times. It is noted that the
transmittances of the TiO2 thin films coated 5 times and
15times are higher than that of the thin film coated 30
times in the visible range of 400 nm ∼ 800 nm (98% for
film coated 5 times and 63% for film coated 30 times).

V mJm
,
V ocJsc

(1)

where Vm and Jm are the voltage and the current density for the maximum power output, respectively. Taking
into account the above parameters, the cell’s overall energy conversion efficiency (η) is estimated as
η=

V ocJscF F
.
Ps

(2)

The results are summarited in Table 2. The DSSC prepared with a 0.1 mol catalyst concentration was observed to have the higher conversion efficiency, with a
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short circuit current density (Jsc) of 4.271 mA/cm2 , an
open circuit potential (Voc) of 0.751V and a cell conversion efficiency of 1.57%. This was better than all of
the other TiO2 electrode configurations. From this, use
deduce that changing the catalyst concentrations affects,
the grain size and the crystalline structure of the TiO2
thin film and, there the conversion efficiency of a DSSC.
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IV. CONCLUSION
A TiO2 sol was prepared by using the sol-gel method.
The films were coated using the spin-coating method.
The crystal property of the anatase phase was found to
be at its best at a calcination temperature of 400 ◦ C. The
TiO2 films grew into a rutile phase with increasing catalyst concentration. The grain size of the TiO2 films was
observed to be 25 nm at 400 ◦ C and larger grains were
formed with increasing temperature. At a 1.0-mol catalyst concentration, the TiO2 films grew in a rutile phase,
and the grain size was observed to be 50 nm. The thickness of the TiO2 layer coated 15 times was observed to be
1.6 µm. The TiO2 films prepared at 400 and coated 15
times had a high transparency in the visible range (400
∼ 800 nm). The best conversion efficiency of the DSSC
was observed for films grown at a catalyst concentration
of 0.1 mol because the grains of the TiO2 film prepared
at 0.1 mol had high-quality anatase crystallites and an
extensive surface specific area.
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