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TiO2 nanopowders were synthesized by new sol-gel combustion hybrid method using acetylene black asafuel.
The dried gels exhibited autocatalytic combustion behaviour. TiO, nanopowders with an anatase structure and
anarrow size distribution were obtained at 400-600 °C. Their crystal structures were examined by powder X-
ray diffraction (XRD) and their morphology and crystal size were investigated by scanning electron
microscopy (SEM). The crystal size of the nanopowders was found to be in the range of 15-20 nm. TiO;
powders synthesized at 500 °C and 600 °C were applied to a dye solar cell. An efficiency of 5.2% for the
conversion of solar energy to eectricity (J« = 11.79 mA/cm?, Vo = 0.73 V, and FF = 0.58) was obtained for
anAM 1.5irradiation (100 mW/cm?) using the TiO, nanopowder synthesized by the sol-gel combustion hybrid

method at 500 °C.

Key Words: Nanocrystalline TiO,, Sol-gel combustion hybrid method, Dye solar cell, Ru-complex

Introduction

TiO;, has been widely used in various devices such as dye-
sensitized solar cells (DSCs), photocataysts, photochromic
glasses, gas sensors, and for applications such as self-
cleaning of windows.*® After years of evolutionary research
on the production of TiO, nanopowder, many technologies
that are based on build-up processes such as the gas phase
process, liquid phase process, and solid phase process have
been practically developed.”® In most cases, TiO, powder is
synthesized through gas-phase reactions such as the
combustion of titanium tetrachloride,*'° and liquid-phase
reactions such as the precipitation of titanium hydroxide
followed by cacination.**? The gas-phase process yields
fine well-crystallized particles, however, the reproducibility
of this processislow dueto its complicated mechanism. The
liquid-phase process is simple and can also be carried out in
laboratories; however, its drawbacks are that it needs alarge
amount of organic materias and it is difficult to obtain
particleswith both alarge surface areaand high crystallinity.*34
Therefore, there is a need to develop a smple and efficient
method to obtain TiO, nanoparticles with a narrow size
distribution and high crystallinity.

Sol-gel combustion is a novel method that uses a unique
combination of the chemical sol-gel process and combustion.
The sol-gel synthesis of ceramic oxides offers advantages
such as high purity, good homogeneity, and low processing
temperature.™>® Combustion synthesis offers advantages
such as low energy requirements, simple equipment, and a
short operation time because it uses a sustainable exothermic
solid-solid reaction among the raw materials.!” The sol-gel
combustion method is based on the gelling and subsequent
combustion of an agueous solution containing sats of the
desired metals and an inorganic fuel such as acetylene black,
and it yields a voluminous and fluffy product with a large

surface area. This process has the advantages of inexpensive
precursors, a smple preparation method, and the ability to
yield nanosized powders.'®

In the present study, nano-crystallized TiO, powders were
synthesized by the sol-gel combustion hybrid method using
acetylene black as a fudl. The possibility of the application
of these powdersto DSCswas a so investigated.

Experimental

Synthesis of nanocrystalline TiO, powder. Titanium
isopropoxide was purchased from Aldrich and was used as a
dtarting material. Acetylene black was purchased from the
Chevron Phillips Chemical Company. Figure 1 shows the
flow scheme of the combustion process used for the synthesis
of nanocrystalline TiO, powder.

Firgt, 7 mL of titanium isopropoxide was dissolved in 20
mL of isopropanol and 0.4 g of acetylene black was added to
the titanium solution followed by an agqueous NH4OH solution
dropwise under constant stirring until it was transformed
into a sol at ambient conditions. The sol was heated at 120
°C to obtain adry gel. The gel wasignited in air at 400-700
°C, resulting in an auto-combustion process that yielded
TiO, powders.

The TiO, nanopowders were examined by powder X-ray
diffraction (XRD; Rigaku, Ultima Plus diffractometer D/
Max 2000). The morphology and size of the particle were
investigated by using a field emission scanning electron
microscope (FE-SEM; Hitachi, S-4300). Thermal analysis
was carried out using asimultaneous thermal analyzer (STA;
Scinco, STA S-1500) with a heating rate of 5 °C/min. The
BET surface area of each sensor material was measured by
the nitrogen sorption method at the liquid nitrogen tempera-
ture using Micromeritics ASAP 2010. Before each measure-
ment, the samples were degassed at 200 °C in vacuum until a
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Figure 1. Process for synthesis of TiO, nanopowder.

constant pressure (~3 umHg) was achieved. The infrared
spectra were recorded using Fourier-transformed infrared
spectrophotometer (FT/IR-610, JASCO) in diffused reflectance
mode. UV-vis diffuse reflectance absorption spectra were
measured using a UV-vis spectrophotometer (Lambda 2,
Perkin EImer) with reflectance spectroscopy accessory.

Preparation of TiO, photoelectrode and Ru(ll) dye
coating. The TiO, nanopowders were dispersed in ethanol
using an ultrasonic horn. After sonification, the colloidal
suspensions were concentrated using arotary evaporator and
transformed into a screen-printable paste by the addition of
ethyl cellulose and terpineol. The TiO, paste was deposited
onto conducting glass with a fluorine-doped stannic oxide
layer (FTO, TEC 8/2.3 mm, 8 Q/J, Pilkington) using a
screen-printing method. The resulting layer was calcined for
2 hat 470 °C in amuffle furnace. This process was repeated
three times until a thickness of 15 #m was obtained. The
area of the prepared porous TiO, electrode was 25 mm? (5
mm x 5 mm). Dye absorption was carried out by dipping the
TiO, electrode in a4 x 10 M t-butanol/acetonitrile (Merck,
1:1) solution of N719 (Solaronix) for 48 h at 25 °C. The
photoelectrode was then washed, dried, and immediately
used to measure the performance of a solar cell.

Photovoltaic characterization. Transparent counter elec-
trodes were prepared by placing a few drops of 10 mM
hydrogen hexachloroplatinate (IV) hydrate (99.9%, Aldrich)
and 2-propanol solution on FTO glass (TEC 8/2.3 mm,
Pilkington) and calcining it for 2 h a 450 °C. The liquid
eectrolyte was composed of 0.70 M 1,2-dimethyl-3-propyl-
imidazolium iodide (Sanko), 0.10 M Lil (Aldrich), 40 mM
iodine (Aldrich), and 0.125 M 4-tert-butylpyridine (Aldrich)
in acetonitrile. The photoelectrochemical properties of the
prepared dye-sensitized solar cell were measured by using a
computer-controlled digital source meter (Potentiostat/
Galvanostat Moddl 273A, EG & G) and a solar smulator
(AM 1.5, 100 mW/cn?, Driel) as alight source.

Results and Discussion

Synthesis process of TiO2 nanopowder s. When the dried
gel was heat treated in a high form crucible the powder on
the inner side of the crucible did not burn well and acetylene
black remained unburnt. Hence, the dried ge was well
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dispersed on a boat-type crucible and then hesat treated in the
muffle furnace.

The DSC/TGA plot of the products obtained by the com-
bustion of the sampleis shown in Figure 2. An endothermic
peak was observed at 100 °C and four exothermic peaks were
observed at 264 °C, 313 °C, 434 °C, and 538 °C. The endo-
thermic peak at 100 °C can be attributed to the evaporation
of the remaining solvent. The first two exothermic peaks at
264 °C and 313 °C may be attributed to the decomposition of
the organic materials. The peaks at 434 °C and 538 °C could
be attributed to the formation of the TiO, nanocrystals and
the decomposition of acetylene black, respectively. Figure 3
shows colour images of the powdersthat were heat treated at
400-700 °C. The colour of the powder that was heat treated
at 400 °C was grey, while that of al the powders that were
heat treated above 500 °C was white. This was confirmed by
running the UV-vis diffuse reflectance absorption spectra of
the powders calcined at various temperatures between 400
°C and 700 °C (Figure 4). At 400 °C the material showed
absorbance due to mixture of coloursi.e black colour while
at higher temperatures the synthesized material did not show
any absorbance confirming thereby the white body colour of
the material. Figure 5 shows the FT-IR spectra of the powders
calcined at various temperatures between 400 °C and 700 °C
confirming that the organic materials burnt out completely
above 400 °C. The UV-vis diffuse reflectance absorption
spectra also showed that the intensity of the absorption in-
creaseds in ultra-violet region with the increase of tempera-
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Figure2. TG and DTA plots of the dried gel recorded between 30
and 900 °C at a heating rate of 5°C/min.
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Figure 3. Colours of the powders calcined at various temperatures
between 400 and 700 °C.



Synthesis of Nanocrystalline TiO, for Dye Solar Cells

——700°C
——600°C
——500°C

Al ’W“"W\

Absorption (Arb. Unit)

Intensity (Arb. Unit)
(o2}
o
)
o -

300 400 500 600 700 800
Wavelenth (nm)

Figure4. UV-vis diffuse reflectance absorption spectra of the
powders calcined at various temperatures between 400 °C and 700 °C.
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Figure 5. FT-IR spectra of the powders calcined at various temper-
atures between 400 °C and 700 °C.

ture dueto increase in size of the particle.

The results of the XRD analysis of the powders that were
heat treated at 400-700 °C are shown in Figure 6. The XRD
patterns for the powders calcined at 400-500 °C showed the
formation of pure TiO, with an anatase structure. The powder
calcined at 600 °C aso had an anatase structure but small
amount of rutile structure was observed. However, the XRD
pattern of the powder calcined at 700 °C showed the trans-
formation of the anatase phase to the rutile phase completely.
The intensity of the peaks of rutile phase increased with the
calcination temperature.

Based on the results of the therma analysis, colour change,
and XRD data, it was found that the anatase structure of
nano-crystalline TiO, was formed at around 400 °C while
the anatase structure changed to the rutile structure around
700 °C, and the acetylene black burnt at around 500 °C.

Characterization of TiO2 nanopowders. We used the
scanning electron microscopy (SEM) to investigate the mor-
phology of the TiO, powders. Figure 7 showsthe SEM images
of the powders. It is clearly observed that the morphology of
the powders calcined below 600 °C is quite different from
that of the powder calcined at 700 °C. The powders calcined
below 600 °C have only nanosized particles, while in the
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Figure 6. XRD results of the powders calcined at various temper-
atures between 400 °C and 700 °C.

powders calcined at 400 °C, particles with a size of 10 nm
were agglomerated together with acetylene black. The size
of the particles increased dightly with the increase of
temperature upto 600 °C and remained evenly distributed
with a size less than 20 nm. However, the powders calcined
at 700 °C showed crystalinity with particle sizes varying
between 20 nm and 200 nm.

Based on the XRD and SEM results, it can be inferred that
acetylene black burnt owly around 400 °C and prevented
any increase in the crystal size of TiO, by releasing CO; gas.
As acetylene black exhausted around 700 °C, an abrupt
change in the crystal size and structural change from anatase
to rutile were observed. The temperature of 600 °C isavery
high temperature for the synthesis of nanopowders because
the size of the particlesincreases at high temperatures. Using
the sol-gel combustion hybrid method and acetylene black,
we obtained highly crystalized nanoparticles with an
anatase structure and a size of around 20 nm at 600 °C.

The BET surface areas were measured and are listed in
Table 1. The sample heat treated at 400 °C had ahigh surface
area of 365 m?/g. This may be explained by the fact that the
remaining acetylene black had a high surface area. The
samples heat treated at 500 °C and 600 °C had surface areas
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Figure 7. SEM images of the powders calcined at various tempera
tures between 400 and 700 °C.
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Table 1. Particle sizes and BET surface areas of the powders
synthesized by the sol-gel combustion hybrid method at various
temperatures

400°C
365.8

500°C 600°C 700°C
242.7 97.6 5.9

Surface area (m?/g)

of 242.7 m?g and 97.5 m?g, respectively. These surface
aress are larger than those of traditional nanoparticles to
some extent, which are normally between 50 m%g and 120
m?/g.° The surface area decreased dragtically as the heat
treatment temperature increased; the sample that was
calcined at 700 °C had a surface area of only 5.9 m?/g.

Application of the synthesized TiO, powder to DSC.
The performance of the DSCs, developed using TiO, powders
synthesized by the sol-gel combustion hybrid method and
calcined at 500 °C and 600 °C was tested. Figure 8 showsthe
|-V characteristics of the cells.

A solar conversion efficiency of 5.02% was obtained for
the powder calcined at 500 °C without sufficient optimiza
tion. The short-circuit photocurrent density (Js) and open-
circuit photovoltage (Vo) were 11.79 mA/cm? and 0.73 V,
respectively. For the powder calcined at 600 °C, the values
of the Js and Vi Were 6.54 mA/cm? and 0.77 V, respectively.
The solar conversion efficiency of the powder calcined at
600 °C decreased to 2.86% because of the decrease in the
surface area. As shown in Table 1, the surface area of the
powder decreased with the increase in temperature. As may
be seen, the powder calcined at 600 °C had a surface area of
97.6 m?/g only, while the powder calcined at 500 °C had a
comparatively larger surface area of 242.7 m?/g. It was noted
that when the synthesized TiO, powder was coated on the
FTO glass and the Ru-dye was absorbed by the TiO; layer,
the colours of the layer at 500 °C and 600 °C were red and
pink, respectively. This implies that the powder calcined at
600 °C absorbed alesser amount of dyein comparison to the
powder cacined at 500 °C, thereby decresing the I and
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Figure 8. Photocurrent-voltage characteristics of solar cells devel-
oped by using TiO, powders synthesized by the sol-gel combustion
hybrid method at 500 °C and 600 °C. The measurement was carried
out a room temperature with a light intensity of 100 mw/cn?,
spectral irradiance of AM 1.5, and an active cell area of 0.25 cm?,
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solar current efficiency of the developed cell. However, the
Vo Of the powder calcined at 600 °C was 0.04 V, higher than
that of the powder calcined at 500 °C. This may stem from a
decrease in the free area of the photoel ectrode prepared with
TiO, that was calcined at 600 °C and exposed to a redox
electrolyte. The decrease in the free area suppresses the dark
current arising from the reduction of I3 by conduction band
electrons at the semiconductor-electrolyte junction.?

Conclusion

TiO, nanopowders were been synthesized by using a new
sol-gel combustion hybrid method. Acetylene black was used
as a fud and to prevent increase in the size of the TiO;
particles. The powder synthesized at 500 °C had particles
with sizesof 15-20 nm and aBET surface areaof 242.7 m?/g.
A solar conversion efficiency of 5.02% was obtained. The
sol-gel combustion hybrid method involves a low-temperature
sdlf-propagating ignition process, which is safe, smple, and
fast, for the production of very fine homogeneous powders.
Thus, this process offers a simple and effective route to the
synthesis of uniform TiO, nanopowders, which can be used
in dye-sensitized solar cells and photocataysts. The sol-gel
combustion hybrid method can aso be used for the large-
scale production of nanosized ceramic materials.
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