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Abstract Monodispersed nanostructured TiO, spheres
were obtained by the Sol-Gel method modified with eth-
ylene glycol. The sample morphology and surface textural
properties were characterized by X-ray diffraction (XRD),
N,-physisorption, scanning electron microscopy (SEM),
transmission electron microscopy (TEM), thermogravi-
metric analysis (TGA) and diffuse reflectance spectroscopy
(DRS). The SEM image showed spheres with sizes ranging
from 600 to 700 nm. In addition, HRTEM micrographs
reveal hexagonal grains slightly elongated (20 nm). The
powders present a BET surface area of 116 m* g~'. Sam-
ples without thermal treatment and those treated at 400 °C
both showed characteristic reflections of the anatase phase.
The photocatalytic activity of the prepared TiO, spheres
was determined by degradation of 2,4-dichlorophenoxy-
acetic acid (2,4-D) in aqueous solution. Kinetics parameters
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have displayed than the nanostructured material present a
reaction half-life time of 30 min and it was two times faster
than commercial TiO, (P25).
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1 Introduction

In recent years, materials at the nanometric level have
attracted the attention of theoretical and experimental
researchers [1-5], with the aim of finding new applications
for these materials, such as hydrogen storage [6], dielectric
applications [7], biosensing [8] and gas sensing [9], among
others [10—13]. In particular, nanosized TiO, has proven to
be the most popular photocatalyst for the elimination of
environmental pollutants [14—16], along with other appli-
cations, including anodes for batteries [17], hydrogen
production [18] and self-cleaning films [19]. Designing a
TiO, nanostructure with large surface area, high crystal-
linity and controlled shape and pore structure is a crucial
subject for realization of these applications. Many studies
on TiO, have focused on the synthesis of uniform spheres
with control of their particle sizes at the nanometric scale
using conventional methods, such as the hydrothermal
method [20], templating method [21], sol-gel method [22],
and micelle and inverse micelle methods [23, 24]. How-
ever, not all of these procedures have led to positive results.
The applications of titania strongly depend on its crystal-
line structure, morphology, particle size and acid-base
properties. More recent works have attempted to obtain
nanostructured particles with highly homogeneous mor-
phologies [25-28] to improve their catalytic performance
and electrochemical properties [29]. In this paper,
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monodispersed nanostructured spherical TiO, particles
were prepared by a simple and reproducible method. The
structural, morphological, optical and photocatalytic
properties of the samples were investigated using scanning
electron microcopy (SEM), thermogravimetric analysis
(TGA), X-ray diffraction (XRD), transmission electronic
microscopy (HRTEM), optical absorption spectroscopy in
the Uv—Vis range and nitrogen adsorption isotherms. The
samples showed high photocatalytic activity and were
evaluated in the decomposition of the herbicide 2,4-
dichlorophenoxyacetic acid (2,4-D). The synthesized par-
ticles demonstrated a reaction half-life almost two times
faster than TiO, (P25).

2 Experimental
2.1 TiO, spheres preparation

All chemicals were of analytical grade and were used
without further purification. Commercially available TiO,
Degussa P-25 (Nippon Aerosil Co., Ltd.) was selected for
comparative studies. To obtain the nanostructured spheres
of TiO,, we used a hydrolysis process. 0.56 mL of tetra-
butyl orthotitanate (TBOT, Fluka, 97%) was mixed with
50 mL of ethylene glycol (EG, Fisher) in an inert envi-
ronment (N;) to avoid the effect of humidity in the
hydrolysis reaction. This solution of titanium precursor
(solution “A”) was magnetically stirred for approximately
20 h at room temperature. This step has been reported to
be an important modification of the reaction protocol
because the glycol radicals become electronegative sites,
thereby attracting titanium ions, leading to formation of
the spheres [30]. A possible pathway of the chemical
reaction of solution A is shown in Eq. 1. Further, 98 mL
of acetone were mixed with 2 mL of distilled water
(solution “B”). Thus, nanoparticles of TiO, were obtained
by mixing solutions A and B. This process is explained in
Eq. 2. The role played by the acetone is not clear, but it
likely controls the rate of hydrolysis of the glycolate
precursor [25, 28]. The TiO, spheres were washed and
redispersed in an ultrasonic bath in a solution of ethanol/
water (1:1 v/v). This process was repeated two times,
followed by separation by centrifugation. To remove
excess ethylene glycol from the particle surfaces, they
were dried at 80 °C for 16 h, followed by calcination at
400 °C in air for 4 h.

Ti(OBu), + 2 OHCH,CH,OH
— Ti(OCH,CH,0), + 4 BuOH (1)

Ti(OCH,CH,0), + 4 H,0 — Ti(OH),
+20HCH,CH,OH  (2)

2.2 Characterization

The structural properties were determined by X-ray dif-
fraction using a Bruker D8 Advance at a scanning rate of
0.02° per second for 20 in the range of 20-70°. The grain
size was calculated from XRD results according to the
Scherrer’s equation [31].

D = (0.94).(fcos 0) (3)

where D is the average grain size in nanometer, / is the
radiation wavelength (0.154 nm), f is the corrected half-
width at half-maximum (FWHM), and 0 is the diffraction
peak angle.

The physical adsorption of N, at 196 °C was performed
using a Quantachrome 3B automatic instrument to measure
specific surface area. Before nitrogen adsorption, the cat-
alyst was out-gassed at 350 °C for 12 h to remove adsorbed
impurities. The BET method was applied to determine the
specific surface area. Thermo gravimetric analysis (TGA)
of fresh samples were performed in a Q600 TA-Instru-
ments apparatus at a heating rate of 10 °C min~' under a
flow of nitrogen gas. The reflectance spectra of the solids
were obtained in air and at room temperature with a UV—
Vis Perkin Elmer spectrophotometer lambda 35. The band
gap was calculated by measurement of the diffuse reflec-
tance of the TiO, using the Kubelka—Munk reflectance
transfer model [32]. The morphologies of the samples were
analyzed by scanning electron microscopy (SEM, JEOL
6490 LV microscope). For SEM observation, a drop of
solution was spread on a carbon-coated copper microgrid
and covered with a thin film of gold. TEM analysis was
recorded with a JEM-2200FS microscope operating a
200 kV with a HAADF detector.

2.3 Photocatalytic decomposition of 2,4-D

Sample photodegradation following calcination at 400 °C
was determined by monitoring 2,4-dichlorophenoxyacetic
acid (2,4-D) decomposition at room temperature under
UV light irradiation. In a closed box, a stirred solution
was irradiated with a Pen-Ray model 90-0012-01 lamp,
which emits at A =254 nm with an intensity of
2,000 uW cm 2. The quartz lamp was immersed in a
refrigerated vessel containing the reactant solution
(100 mL with 40 ppm of 2,4-dichlorophenoxyacetic acid
and 100 mg of photocatalyst). To achieve saturation of
dissolved oxygen and assure adsorption of 2,4-D on the
semiconductor, a flux of dry air was bubbled for 60 min
(1 mL s™") before the light source was turned on. The
concentration of the 2,4-dichlorophenoxyacetic acid was
calculated from the adsorption band at 229 nm as a
function of irradiation time by observation with a Perkin
Elmer lambda 35 UV-Vis spectrophotometer.

@ Springer



362

J Sol-Gel Sci Technol (2011) 58:360-365

3 Results and discussion
3.1 Catalyst characterization

The shape and size of the prepared TiO, particles treated at
400 °C were evaluated by scanning electron microscopy
(see Fig. 1). From the images, the particles had a shape
close to spherical and a smooth surface. Figure 1b shows
that the size distribution was a Gaussian fit, where the
average diameter calculated was around 0.74 pm. The
value of the standard deviation suggested that the obtained
nanospheres were homogenous. The diameter of the
microspheres showed a decrease upon heat treatment that
was likely due to the loss of solvent or organic matter
during the calcination process, as indicated by the ther-
mogravimetric analysis (TGA) results. Figure 2 shows the
TGA curve, where 100 °C; a weight loss of almost 7% was
due to the removal of water/alcohol still present in the
sample. The second loss at temperatures higher than
200 °C was 13% of the whole mass was associated with
evaporation of the glycolated species formed between the
titanium precursor and ethylene glycol [25, 28]. The last
significant change, at approximately 335 °C, was a weight
loss close to 11% to due to dehydroxylation upon thermal
treatment, associated with the conversion of Ti(OH), into
TiO, as showed in Eq. 4.

Ti(OH), — TiO, + 2H,0 (4)

It is well known that 3 polymorphs of TiO, exist and every
one of them favor by controlling synthesis parameters [33]
Pal et al. [28] reported the synthesis of fully amorphous
TiO, spheres at 100, and 400 °C the presence of anatase
phase. On the other hand several authors have reported the
presence of rutile phase after 400 °C [34, 35]. In our case,
the diffraction peaks of the as-synthesized product are
shown in Fig. 3a. The peak reflections for the (/01), (004),
(200), (105), (211), (213) and (116) directions were very
wide, which is a feature of semi-crystalline anatase (JCPDS
File No. 21-1272). The sample annealed at 400 °C in air
during 4 h, revealed more intense and narrow reflections
(see Fig. 3b). This proved that an increase in crystallinity
had occurred after heat treatment. The signals were indexed
according to the body-centred teragonal cell for TiO,,
space group 141/amd, a = b = 3.7852 A,c=95139 A. In
Fig. 3c, the pattern of diffraction is shown for the TiO,
(P25) sample at 400 °C only reference, which had similar
features to the anatase phase (3a and 3b), although one
reflection was found at 28°, which corresponded to the
(100) crystalline plane of the rutile phase.

The average size of the anatase crystallites in the syn-
thesized samples was estimated using the Scherrer equation
(Eq. 3 in Sect. 2), and the line of the XRD peak at around
26.1°, which is associated with the (/01) crystallographic
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Fig. 1 SEM images of TiO, particles after annealing at 400 °C and
their size distribution (insert)
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Fig. 2 Thermogravimetry analysis (TGA) of the prepared TiO,
spheres

plane. The calculated crystallite size was 20 nm in diam-
eter. Combined with the TEM observations (see Fig. 4a),
we concluded that the sample synthesized by our route and
treated at 400 °C had a spherical shape and crystallinity of
TiO, particles. Additionally, each one of these spheres
appeared to be constructed from particles with a size close
to 20 nm in diameter. The corresponding TEM images
revealed the presence of uniformly sized mesopores with a
disordered structure. Nowadays, this structure is different
from the spherical structures reported by other researchers
[33, 36].

In order to explore the crystal structure of TiO, in more
detail, the HRTEM analysis for the calcined sample was
performed. Figure 4b shows the HRTEM micrographs,
there can be seen hexagonal grains slightly elongated
(20 nm). The analysis has proved the nature of anatase
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Fig. 3 XRD patterns of TiO, spheres (a) as-grown, (b) annealed at
400 °C and (c) TiO, (P25) annealed at 400 °C

Fig. 4 TEM and HRTEM images of TiO, spheres after annealed at
400 °C

crystal with a d-spacing 0.35 nm. This d-spacing value is
assigned to the lattice spacing of the (1 0 1) planes of the
anatase phase (see Fig. 4c). Several authors agree on
the importance of obtaining a control on the morphology of
the synthesized materials at the nanoscale, to increase the
photoactivity of the materials [29, 37, 38], Kudo [39]
explains the small particle size is beneficial in terms of
increasing the probability of the reaction of photogenerated
electrons and holes in photocatalyst reactions.
Determination of the band gap energy was essential for
identification of changes in the electronic structure of the
titania spheres, which depends on the structural properties.
Figure 5 shows the band gap energy was obtained using a
reflectance technique by applying the Kubelka—Munk the-
ory and was estimated from the intercept of the tangents to
the plots to be 3.28 and 3.29 eV for the TiO, spheres and

TiO, (P25), respectively characteristic of anatase phase
[39, 40].

The measure of the specific area of the nanoparticles
was obtained using the BET method with the adsorption—
desorption of nitrogen at —196 °C. These samples were
previously heat treated at 400 °C. Figure 6 shows a tradi-
tional isotherm of TiO, spheres with a surface area of
116 m* g~'. This profile could be classified as type IV,
which is characteristic of mesoporous materials. Figure 6b
shows the pore-size distribution plots calculated using the
BJH equation from the desorption isotherm. The pore size
distribution measurement indicated that the TiO, spheres
had a pronounced mesoporosity with a narrow pore-size
distribution of around 3 nm in diameter, along with a small
portion of larger pores (<100 nm). This pore size is pro-
duced by the slow nucleation of TiO, particles and is the
main reason for the obtained surface area, it has been
reported by other authors to show a direct relationship
between nucleation rate and the area obtained [14, 15].

3.2 Catalyst evaluation

The enhancement in photocatalytic performance in oxides
semiconductors for the degradation of organic compounds
can be explained by the higher surface area with meso-
porous structure, reduction in the crystallite size, defects
and band gap. In this respect, the morphological structure
may also contribute to some extent to the superior activity
of the present TiO, spheres structures. The spheres syn-
thesized in this work were tested in the photocatalytic
degradation of 2,4-D under ultraviolet light and compared
with P25. The results are shown in Fig. 7. The photolysis
reaction without catalyst showed a degradation of about
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Fig. 5 Kubelka-Munk-transformed diffuse reflectance spectra (DRS)
of the samples
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Fig. 7 Comparison of the photocatalytic activities of the catalyst
annealed at 400 °C in the degradation of 2,4-dichlorophenoxyacetic
acid under exposure to UV light

18% after 90 min of exposure to ultraviolet radiation.
Conversely, the spheres of TiO, showed 89% degradation
of 2,4-D after 80 min. The kinetic parameters of the pho-
tocatalytic reaction, k and t;,,, were calculated following a
first order reaction model: In(Co/C) = kt. Calculations
were done using the data shown in Fig. 8. The linear
behavior of each curve indicated that a first order reaction
was taking place during 2,4-D degradation. According to
the kinetic parameters, the best photocatalytic activity was
observed with TiO, spheres after treatment at 400 °C,
which showed a half-life time of 30 min compared with
54 min of TiO, (P25). The high activity of the synthesized
spheres is attributed to the morphology presented which is
composed of anatase crystals in the form of elongated
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Fig. 8 Kinetic order of the degradation of 2,4-D in the presence of
TiO, and thermally treated at 400 °C

hexagons, which probably would delay the electro hole
recombination accelerating the degradation of organic
contaminate in combination with the surface areas, 116 and
54 m? gfl for the TiO, spheres and TiO, (P25), respec-
tively. Several authors have shown that the degradation of
2,4-D is strongly influenced by the surface area of TiO,
[14, 15], which is enhanced by the presence of dopants that
reduce the value of the band gap energy of pure semi-
conductor decreasing the electron—hole recombination [41,
42]. However, it has shown that materials with highly
homogeneous morphology have a high activity attributed
to the presence of a greater number of vertices on mor-
phologies [37-39].

4 Conclusions

This report describes the preparation of TiO, semi-crys-
talline with spherical morphology, high surface area and
good photocatalytic properties in the decomposition of the
herbicide 2,4-dichlorophenoxyacetic acid.

The reaction half-life results displayed that spheres of
TiO, (t;» = 30 min) were two times more reactive than
TiO, (P25) (t1», = 54 min). The high activity of spheres is
due mainly to the synergetic phenomenon between the
nanostructure properties and the geometry of crystals on
the surface of the spheres of TiO,
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