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Abstract In this study, the preparation of titanium dioxide
nanocrystals by sol-gel method has been considered. Then, the
effect of modifier ligands such as acetylacetone (AcAc) and
acetic acid (AcOH) on synthesis of TiO, nanocrystalline pow-
ders has been investigated. The experimental results showed
that the reaction of tetraisopropoxide titanium, Ti(OPt),, with
acetylacetone and acetic acid leads to formation of complexes
that can prevent the precipitation of undesired phases from
highly reactive precursors. Whereas, the band of ligands to TiO,
nanocrystals is not broken easily at temperatures lower than
about 400 °C. So these ligands may remain in the final TiO,
nanostructures and affect the morphology and structure of pre-
pared materials. The studied samples were characterized using
Fourier transform infrared spectroscopy (FT-IR), Thermo-
gravimetric and Differential thermal analysis (TG-DTA), X-ray
diffraction (XRD) and scanning electron microscopy (SEM).

Introduction

The structure and unique properties of TiO, nanostructures
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can lead to important applications in photoelectrochemical,
photocatalyst, dye-sensitized solar cell, gas sensor, and so
on [1-8]. In order to prepare of TiO, nanostructures with
significant properties, several processes have been devel-
oped over the last decade and can be classified as vapour
(chemical vapour deposition [9-13], physical vapour
deposition [14], spray pyrolysis deposition [15, 16]), liquid
(sol-gel [17-23], solvothermal [24, 25], coprecipitation
[26, 27], hydrothermal [28, 29]), solid state processing
routes (mechanical alloying/milling [30-32], mechano-
chemical [33]), and other routes such as laser ablation [34],
RF thermal plasma [35]. From mentioned methods, the
sol—gel process is very promising for synthesis and prep-
aration  inorganic and  organic—inorganic  hybrid
nanomaterials which allow low processing temperatures
(typically <100 °C) and molecular level composition
homogeneity. It is based on hydrolysis and condensation
reactions of molecular precursors such as metal alkoxides
(M(OR),, M = Ti, Zr, Si, ...) and inorganic salts [36-39].
Metal alkoxides which are used as precursor materials for
sol—gel process are generally highly reactive species. Thus
control of the reactivity of metal alkoxides is necessary in
order to obtain sols and gels with desirable properties. This
control may be achieved through the addition of “modifi-
ers” such as f-diketones (e.g., acetylacetone), carboxylic
acids (e.g., acetic acid) or other complex ligands. They
chemically react with alkoxides at a molecular level and
giving rise to new molecular precursors. Such modified
alkoxide precursors can be used in sol—gel processing for a
better control of the hydrolysis-condensation process [39—
49]. Acetylacetone is known to be a rather strong chelating
ligand,; it is often used as a stabilizing agent for non-silicate
alkoxides precursors. The enolic form of acetylacetone
contains a reactive hydroxyl group which reacts readily
with metal alkoxides and results in the transfer of an acidic
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proton from the acetylacetone to an alkoxy ligand, yielding
the corresponding alcohol and a modified alkoxide pre-
cursor as follows [49-51]:

Ti(OPr'), + x(acacH) — Ti(OPr'),  (acac), + xPr'OH
(1)

In this reaction, the reactive noncomplex precursors
(Ti(OPr),) is in equilibrium with the less reactive modified
metal alkoxides (7i(OPr), _ (acac),). The concentration
of the different species depends on the nature of the metal
atom and the initial complex ratio [40].

Acetic acid is another popular modifier that it can easily
dissolve a wide variety of different precursor molecules,
helping to create a multitude of multi-cation solutions.
Precipitation readily occurs when water is added to Ti(O-
Pr'),, while homogeneous and clear transparent TiO, gels
are obtained in the presence of acetic acid. When acetic
acid is added to Ti alkoxides, an exothermic reaction takes
place which leads to a new molecular precursor:

Ti(OPr'), + AcOH — Ti(OPr');(OAc) + Pr' OH (2)

Birnie and coworker [52, 53] have shown these chemistries
are sometimes touchy because the acetic acid can drive an
esterification reaction with any alcohol that is present, thus
this reaction leads to liberating of the water in the solution.
The esterification reaction can present some potential
problems for sol-gel routes. As the reaction is not con-
trolled, the Iliberated water can cause precursor
condensation reactions (and ultimately precipitation) in the
solution [52, 53]. However, the presence of these modifier
materials will be useful for controlling the hydrolysis and
condensation reactions and prevent the precipitation of
undesired phases. But, these ligands remain in TiO,
nanostructures at temperatures lower than about 400 °C
and may affect the final properties of TiO,. It seems that
there are no enough research results about the remaining of
these ligands in prepared TiO, nanopowders. Thus, a good
understanding of chemical principles and their effects on
structure of TiO, nanocrystals is necessary.

In the present work, a study on the preparation of TiO,
nanocrystals with acetylacetone and acetic acid has been
considered. Then the presence of these modifier ligands in the
prepared TiO,-sols, as-prepared powders, and annealed pow-
ders at 300, 400, and 500 °C has been investigated by Fourier
transform infrared spectroscopy (FT-IR), Thermogravimetric
and Differential thermal analysis (TG-DTA), X-ray diffraction
(XRD), and scanning electron microscopy (SEM).

Experimental

The TiO, nanocrystalline powders were synthesized by
sol—gel process and followed by drying and heat treatment
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processes. The TiO,-sols were prepared by using two
modifiers and without modifier. In the first approach, the
acetylacetone was added into the prepared solution. The
TiO,-sol was formed by mixing of titanium tetraisoprop-
oxide (TTIP; Merck, >98%), acetylacetone (Merck,
>99.5%), deionized water, and ethyl alcohol (Merck,
>99.8%). At first, 5 mmol acetylacetone was mixed with
5 mmol of TTIP by using magnetic stirring. This reaction
was exothermic and resulted in a yellow solution, while
both precursors were colorless liquids. Then the new
resulted precursor was diluted in 25 mL of ethanol. At last,
25 mL of water was added to the solution with an auto-
matic stirring in 2 h. This colloidal solution remained
stable over several months.

In the second approach, the TiO,-sol was prepared in the
presence of acetic acid. TiO,-sol was formed by dissolving
TTIP in glacial acetic acid and stirring for 30 min at room
temperature. Then deionized water was added to the
solution and a white precipitate was instantaneously
formed. However, the sol became a clear liquid after about
5 min of stirring. In this method, the molar ratio of the
TTIP: AcOH: H,O was 1:10:17.

For the preparation of TiO,-sol without modifier,
1.47 mL of TTIP was added slowly to a mixture of 25 mL
H,0, 25 mL EtOH, and HNOj; under vigorous stirring at
60-70 °C for 20 h.

After drying of TiO,-sols in the air at room temperature for
24 h, the prepared specimens were put into a muffle furnace
and then were heat-treated as per the procedure. At the first
step, the samples were held at 100 °C for 8-10 h to remove the
residual water completely. In the next step, they were heated up
t0 300,400, and 500 °C atarate of 2.5 °C/min and held for 2 h.
Atlast, the furnace was shut down and the samples were cooled
back to room temperature naturally.

The FT-IR spectra were recorded at room temperature
with a Bruker (Vector 22 model) spectrophotometer in the
range of 400-4,000 cm ™. Thermal analysis of the samples
were carried out using TG/DTA Rheometric Scientific STA
1500 spectrometer in air at a heating rate of 10 °C/min. The
XRD patterns of TiO, nanocrystalline powders were col-
lected with a Philips PW 1800 diffractometer using filtered
monochromatized Cu Ko radiation (A = 1.54056°A) to
determine crystal size and phase structures. The size and
morphology of TiO, nanopowders were characterized by
scanning electron microscopy (CamScan MV2300).

Results and discussion

The FT-IR spectra of the TiO,-sols, as-prepared powders
and annealed powders at 300, 400, and 500 °C in the
presence of AcAc, AcOH, and without modifier have been
illustrated in Figs. 1-3. The FT-IR spectrum recorded on
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Fig. 1 FT-IR spectra of the TiO, nanostructures modified by AcAc
(a) sol (b) as-prepared powder and annealed powders at (¢) 300 °C
(d) 400 °C (e) 500 °C

the TiO,-sol with AcAc (Fig. 1a) shows one peak at
3,410 cm_l, which assigned to vOH stretching of Ti—OH.
No bands appear around 1,700 cm™" which can be attrib-
uted to v(C=0) vibration of free acetylacetone. Apparently,
the acetylacetone has been completely consumed in the
reaction. Infrared spectrum clearly exhibits bands at
1,590 cm™!' (v (C=0) + v (C=C)), 1,450 cm ™' (6 (CH3)),
and 1,080 cm™ (p (CH3)) due to acetylacetanato groups
which are bound to titanium. The bands at 1,040 and
875 cm™! are due to free ethanol, while the other broad
bands below 900 cm™' are characteristic of a Ti—O-Ti
network. It seems that the presence of these bands can be
explained by the chemical reactions between acetylacetone
and Ti alkoxide. All the AcAc ligands in solution can not
be removed even in the presence of a large excess of water.
Therefore, the colloidal nanoparticles in TiO,-sol can be
described as anatase TiO, particles with acetylacetonato
groups bound to Ti surface sites. Infrared spectrum of the
as-prepared powder (Fig. 1b) indicates that there are sev-
eral bands around 1,570, 1,420, and 1,270 cm ™! which can
be attributed to the remaining acetylacetonato groups
bound to titanium. Often these bands disappear when the
powder is heated to high temperatures. After annealing at
300 °C (Fig. 1c), peaks attributed to adsorbed water almost
disappeared, while the vibration of the hydroxyl groups
could be still observed at about 3,140 cm™. Also, it can be

found that bands are still at 1,580, 1,480, and 1,415 cm ™'
which are relative to acetylacetanato groups. The appear-
ance of new bands around 490, 425 cm™! and 485,
410 cm™" can be seen at 400 and 500 °C, respectively
(Fig. 1d, e). We have assigned these bands to the v Ti-O—
Ti stretching vibration in the anatase phase. After anneal-
ing at 400 °C, the residuals were peaks only for Ti-O
vibration located at 400-700 cm ™.

Figure 2 shows the infrared spectra of the TiO,-sol and
TiO, nanopowders in the presence of AcOH. Characteristic
vibrations of acetate groups bonded Ti (v, COO at
1,410 cm™ and v,, COO at 1,630, 1,520 cm™") are
observed in Fig. 2a. Vibrations due to acetic acid (v C=0 at
1,720 cm_l) and remaining ester (v C=0 at 1,765, 1,785,
1,240, and 1,170 cm_l) show that a few of the AcOH
ligands are still adsorbed in the precipitations. The bands
around 1,740, 1,525, and 1,430 cm ™! in the uncalcinated
samples (Fig. 2b) show that some of the acetate groups are
still remaining in the compound. These compounds exhibit
broad bands from 900 cm™ to 400 cm ™ characteristic of
the v Ti—O-Ti vibration of TiO, network. After annealing
at 300 °C (Fig. 2c), the bands around 1,200-1,700 cm™!
show that acetate groups remain in TiO, powders and have
not been broken completely. The spectra of annealed TiO,
at 400 and 500 °C (Fig. 2d, e) show the bands around 650,
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Fig. 2 FT-IR spectra of the TiO, nanostructures modified by AcOH
(a) sol (b) as-prepared powder and annealed powders at (¢) 300 °C
(d) 400 °C (e) 500 °C
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410 cm ™" and 655, 415 cm ™ that are attributed to Ti-O-Ti
network. Limmer et al. [54] have shown only acetylace-
tone remains strongly bound to the Ti species and affect the
final TiO, nanostructures. But the FT-IR results in this
work show the both of AcAc- and AcOH-modifier ligands
bind strongly to precursors and complex species remain
bound to titanium. The crystallization of the pure TiO,
anatase phase occurs above 400 °C in the presence of
acetylacetone and acetic acid.

The FT-IR spectra of the prepared TiO,-sol and nano-
powders without nucleophilic ligands have been shown in
Fig. 3. The broad adsorption peak near 3,400 cm ™" (Fig. 3
a) is related to stretching vibration of Ti—-OH groups. On
other hand, the peak at 1,620 cm ™ is assigned to bending
vibration of coordinated water. It can be seen in Fig. 3b that
organic groups such as ethyl and isopropyl groups are still
present in the as-prepared powder. In the powders heated to
300 °C (Fig. 3c), all these bands disappeared showing that
the organic materials were completely removed from the
nanopowders. The 430 cm™' “anatase” band is first seen
(Fig. 3c) at a temperature of about 300 °C. The Ti—O peaks,
due to the presence of nucleophilic ligands bound to Ti were
weak in Figs. 1c and 2c. The intensity of Ti—O bands is
found to increase as the powders were further heated at 400
and 500 °C (Fig. 3d, e).
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Fig. 3 FT-IR spectra of the TiO, nanostructures without modifier (a)
sol (b) as-prepared powder and annealed powders at (¢) 300 °C (d)
400 °C (e) 500 °C
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Fig. 4 TG-DTA curves of (a) AcAc-modified TiO, (b) AcOH-
modified TiO, (c¢) without modifier

The thermal behavior of TiO, nanoparticles have been
investigated with a TG-DTA technique at temperatures
ranging from room temperature to 600 °C and the TG-
DTA pattern of the typical TiO,, nanoparticles have been
shown in Fig. 4. At all the TG-DTA curves, the endo-
thermic peaks and the sample weight loss at below 120 °C
are attributed to the removal of physically water and sol-
vent. The exothermic peak at about 270 °C and a broad
exothermic peak at 300-400 °C (Fig. 4a) are due to the
combustion of organic compounds, residual hydroxyl
groups, and acetyacetanate ligands. There is a peak at
360 °C in the Fig. 4b that is corresponded to the decom-
position of acetate ligands. At 385 °C the observed
exothermic peak is attributed to the crystallization of the
amorphous phase into the anatase phase. This peak appears
at 390 and 305 °C for the samples with AcOH ligands and
without ligands. Above 400 °C, it can be assumed that the
product completely transforms into crystalline phase,
because there is no change in particle weight. Two mass
losses can be observed on TG curves. The first weight loss
corresponds to the departure of free water about 12% (for
AcAc), 7% (for AcOH), and 13% (for without ligand) in
range 80-120 °C. In the range of 220-400 °C, there is
second weight loss of about 22%, 15%, and 17% for
samples of with AcAc, AcOH, and without ligand,
respectively. However, for prepared samples with AcAc
and without ligand weight loss, it is obviously more than
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Fig. 5 XRD pattern of the prepared TiO, nanopowders by AcAc,
annealed at (a) 300 °C (b) 400 °C and (c) 500 °C

that of the AcOH due to a large amount of water and
ethanol.

Figures 5-7 show the XRD spectra of the TiO, nano-
powders annealed at 300, 400, and 500 °C for 2 h. The
peak positions and their relative intensities in all samples
are consistent with the standard powder diffraction pattern
of pure anatase phase. Comparison of the XRD patterns
shows that there are identical peaks in all the TiO, nano-
particles. The crystallite size of these samples was
estimated using the Scherrer’s equation [55]:

0.9
D J—

~ Beosl (3)

where / is the X-ray wavelength, [ is the full-width at half-
maximum intensity (FWHM). The broadening of TiO,
peaks show that the crystallite size is small. The average
crystallite size for obtained TiO, nanoparticles in the
presence of AcAc increases from 20 nm to 30 nm with
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Fig. 6 XRD pattern of the prepared TiO, nanopowders by AcOH,
annealed at (a) 300 °C (b) 400 °C and (¢) 500 °C
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Fig. 7 XRD pattern of the prepared TiO, nanopowders without
modifier, annealed at (a) 300 °C (b) 400 °C and (¢) 500 °C

increasing annealing temperature from 400 °C to 500 °C.
In addition, with increasing annealing temperature from
300 °C to 500 °C, the peak intensities and crystallity of
anatase increase and width of the (101) diffraction peak of
anatase (20 = 25.4°) becomes narrower. These measure-
ments have shown that the nanoparticles heated at
temperatures lower than 400 °C are not crystalline in pre-
pared nanopowders with AcAc and AcOH. But TiO,
nanoparticles without complex ligands are crystalline at
300 °C (Fig. 7). In the presence of complex ligands, the
phase transformation temperature of amorphous to anatase
increases. These compounds prevent crystallization of
TiO, nanopowders at temperature lower than 400 °C.

The SEM images of the prepared TiO, nanoparticles with
AcAc, AcOH, and without modifier have been shown in
Figs. 8-11, respectively. At 400 °C, the micrographs
(Figs. 8, 9) show that the nanoparticles have a spherical and
narrow size distribution with a very small particle size about
20-25 nm for AcAc and 25-30 nm for AcOH. The size of
TiO, nanoparticles increases to 30 nm for sample prepared
by acetylacetone (Fig. 10). For TiO, nanoparticles without
complex ligands (Fig. 11), the precipitate particles are found
to be highly agglomerated and some are nonspherical parti-
cles. These differences in morphology and particle size
indicate that the presence of the nucleophilic ligands can
produce fine and discrete sphere nanoparticles. The crystal-
lite sizes calculated from XRD analysis are nearly the same
as those obtained from SEM analysis.

Conclusion
The direct addition of water to titanium alkoxides generally

leads to precipitate TiO, nanopowders. The stable TiO,
sols can be prepared by using the acetylacetone and acetic
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Fig. 8 SEM image of AcAc-modified TiO, nanopowders, annealed
at 400 °C for 2 h

Fig. 9 SEM image of AcOH-modified TiO, nanopowders, annealed
at 400 °C for 2 h

acid in chemical solution. The hydrolysis reaction in the
presence of acetylacetone is incomplete and acetylaceto-
nato groups still remain bound to Ti even when hydrolysis
is performed with a large excess amount of water. Also, in
the presence of acetic acid, acetate groups are not imme-
diately removed through hydrolysis or condensation
reactions. These complex compounds prevent crystalliza-
tion and are present at temperatures lower than 400 °C.
However, crystallization of the pure TiO, anatase phase is
found to begin at temperature higher than 400 °C for
nanocrystals prepared with acetylacetone and acetic acid.
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