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1Laboratório de Materiais Cerâmicos, UFRGS, 90035190 Porto Alegre, RS, Brazil
2Laboratory for High Performance Ceramics, EMPA, 8600 Dübendorf, Switzerland
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Titanium dioxide with high specific surface area in the crystalline anatase phase is a promising material for environmental
applications. In this work, TiO

2
with good applicability for photocatalytic processes has been obtained using the low energy

consumption synthesis based on oxidant peroxide method combined with microwave-assisted low temperature hydrothermal
treatment. To prepare the material, titanium propoxide, hydrogen peroxide, and isopropyl alcohol were used.The influence of time
and temperature during the hydrothermal step onproperties likemorphology, crystallinity, phase composition, specific surface area,
and photocatalytic behavior were investigated. Photoactivity wasmeasured using themethyl orange decompositionmethod in UV-
A light. Increasing temperature during hydrothermal step, photocatalytic properties could be improved. The nanostructured TiO

2

particles synthesized at 200∘C and 30min with this method showed photocatalytic activity comparable to commercial Aeroxide�
TiO
2
P25.

1. Introduction

Titanium dioxide (TiO
2
) is a widely used material in hetero-

geneous photocatalysis because of its unique properties. It
is nontoxic, water-insoluble, and resistant to photocorrosion
while offering high oxidative power at a low cost [1, 2].
It is also a very promising semiconductor for use in the
photodegradation of organic compounds. The band gap of
this oxide ranges from 3.0 to 3.2 eV and it can be activated
by sunlight [3, 4]. Recently, many studies have focused on
obtaining nanostructured products using inexpensive meth-
ods, especially those involving lower energy consumption [5].
Several methods, especially those using wet-chemical routes,
are widely employed in the synthesis of nanostructured
TiO
2
[1]. Studies show that most wet-chemical routes can

present some disadvantages: the appearance of secondary
phases, nonstoichiometric compositions, and impurities in

the primary products [6]. In this context, combining the
oxidant peroxide method (OPM) [7–10] with hydrothermal
microwave treatment [11] is an excellent synthesis route to
obtain materials with extensive applicability in photocatal-
ysis, such as TiO

2
. Use of microwave heating instead of the

usual autoclave reactor in the hydrothermal treatment signif-
icantly decreases energy consumption during synthesis [12].
This is because the microwave-assisted treatment requires
lower temperatures and very short reaction times (in the
range of minutes) [13]. The OPM route has received consid-
erable attention because pure and homogeneous powders can
be prepared using this method [4]. In this paper we present
a simple process to produce nanostructured TiO

2
particles

with low energy consumption combining OPM route and
microwave-assisted hydrothermal treatment. It was found
that the TiO

2
obtained using this combined method was

highly suitable for photocatalytic processes.
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2. Materials and Methods

2.1. Synthesis. Nanoparticles of TiO
2
were synthesized fol-

lowing an adaptation of the route described by Chang and
coworkers [1]. Titanium propoxide (98%, Sigma Aldrich,
USA) was used as the titanium source. In a typical experi-
ment, 3mL titanium propoxide was added to 15mL isopropyl
alcohol (99.5%, Nuclear, Brazil). The mixture was homog-
enized by stirring (∼5min) and 10mL hydrogen peroxide
(35wt% aqueous solution, Dinamica, Brazil) was added
dropwise. The resultant solution was placed in an ice bath
for 3 h and finally annealed at three different times (30, 60,
and 120min) and temperatures (100, 150, and 200∘C) in a
closed-vessel microwave digestion/extraction system (MDS-
8G, Sineo, China). Precipitates were washed with isopropyl
alcohol (150mL), filtered, and dried at 50∘C for 24 h. Finally,
the obtained powders were ground and sieved (#325 mesh).

2.2. Powder Characterization. Crystalline phases and crystal-
lite sizes were characterized by X-ray diffraction (XRD) with
a Philips X’pert MPD diffractometer using CuK𝛼 radiation
(𝜆 = 0.1541 nm) operating at 40 kV and 40mA. The
average crystallite size of the samples was estimated by (101)
reflection for the anatase phase using the Scherrer equation.
To determine the particle primary size, the samples were
characterized by transmission electronic microscopy (TEM)
using a microscope from JEOL (JEM 2010 TEM, Japan). In
this case, the Image Tool� software was used to measure
the primary particle size of at least 35 particles for each
TEM image examined. Morphology of the samples was
investigated employing scanning electron microscopy (SEM)
using a JEOL JSM-6060 SEM (Japan) operating at 20 kV.The
evaluation of mass loss as a function of temperature (thermal
gravimetric analysis, TGA) was performed in a synthetic air
atmosphere and a heating rate of 10∘Cmin−1 up to 1000∘C
(SDTQ600, TA Instruments, USA). To determine the specific
surface area (𝑆BET) by Brunauer-Emmett-Teller (BET) theory,
Autosorb Quantachrome Instrument (NOVA 1000, USA)
and N

2
gas were used. The UV–Vis diffuse reflectance was

measured using a Cary 5000 spectrophotometer (Agilent,
USA) equipped with a DRA-1800 Integrating Sphere. The
band gap energies were calculated using the Kubelka-Munk
function [14].

2.3. Photocatalytic Characterization. Methyl orange dye
(analytical grade, SigmaAldrich, USA)was used as themodel
compound for photocatalytic measurements. In these tests,
100mg of each sample was added to 100mL of a 20mg L−1
dye solution. This mixture was ultrasonically homogenized
in a dark chamber for 16min. This procedure was adopted
to improve the dispersion of the mixture. The dye solution
and catalyst were placed into a Pyrex reactor under constant
magnetic stirring and temperature (thermostatted water bath
at 30∘C). The mixture was exposed to compressed air flow
and UV-A radiation from 8-W black light lamps (Fluor
BLB T5, Sadokin, Brazil). An aliquot of the suspension
(∼5mL) was collected immediately after homogenization
(dark chamber) and every 15min after starting irradiation.
Color disappearance was monitored using the Cary 7000
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Figure 1: X-ray diffraction patterns of samples obtained at 100∘C.

at 465 nm (Agilent, USA). The adsorption and photolysis
tests were also performed in which the same conditions were
used except for the presence of UV radiation and catalyst,
respectively. For comparison, the commercial product Aerox-
ide TiO

2
P25 (Evonik, Germany) was used. All experiments

were performed in triplicate to achieve reliable photocatalytic
behavior for the comparison.

3. Results and Discussion

Chemical phase analyses by XRDmeasurement are shown in
Figures 1 and 2. Samples prepared at 100∘C (Figure 1) had a
broad baseline in each diffractogram, indicating the presence
of large quantities of an amorphous phase. The anatase phase
(PDF 01-0562) was confirmed in XRD patterns of TiO

2

prepared using at least 60min of hydrothermal treatment
for samples treated at this temperature. Because some OPM
products require low calcination temperatures for achieving
pure phase materials [4], the amorphous powders may be
readily converted into crystalline products without use of
large amounts of energy. Based on that, we emphasize that
the diffraction peak in the XRD curves of samples prepared at
100∘C for 30min is already slightly visible in the background
and it can be strategically used to produce materials to
determined applications with low energy consumption.

Peaks for the anatase phase (PDF 01-0562) were observed
in the XRD patterns for all samples prepared at 150∘C and
200∘C (Figures 2(a) and 2(b)). For samples prepared at 150∘C
the amorphous phase is still higher in comparison with
synthesized samples at 200∘C. It is assumed that crystallinity
increases even between 150 and 200∘C. Anatase TiO

2
with

a good degree of crystallization can be synthesized using
microwave irradiation at 200∘C even at 30min of microwave
irradiation.The crystallinity of TiO

2
synthesized in this work

by OPM and microwave-assisted hydrothermal treatment at
200∘C is much higher than crystallinity of TiO

2
obtained in

previous work without microwave irradiation [1].
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Figure 2: X-ray diffraction patterns of samples obtained at (a) 150∘C and (b) 200∘C.
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Figure 3: TEM images and primary particle size distributions of samples prepared at (a) 150∘C and (b) 200∘C for 30min under microwave
irradiation.
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Figure 4: SEM images and 𝑆BET areas of samples obtained at 150∘C ((a) 30min, (b) 60min, and (c) 120min) and 200∘C ((d) 30min, (e)
60min, and (f) 120min).

In this case, TiO
2
powders were prepared using OPM

route without microwave irradiation and required 24 h reac-
tion time. Jiang et al. [11] concluded that the synthesis of a
single and homogeneous anatase phase is completely achiev-
able by adjusting the temperature and time in a microwave
system. They observed that peak intensities in XRD patterns
narrowed gradually with increasing time and/or temperature
of hydrothermal exposure, in good agreement with our
results. The production of anatase TiO

2
at low temperatures

by a friendly green method represents environmental gain.
Wang et al. [15] proposed that the crystallization of TiO

2

produced by OPM is related to the vigorous exothermic
decomposition that occurs during synthesis. Using the OPM
route, all organic compounds are probably degraded after the

heating process, resulting from the exothermic reaction in the
synthesis stage. Consequently, the densification and crystal-
lization steps can occur at lower temperatures without further
difficulties. The average crystallite and primary particle sizes
are given in Table 1. The TEM images (Figures 3(a) and 3(b))
reveal that samples particles obtained at both temperatures
are spherical in shape and range in size between 5 and 15 nm.
Mean primary particle sizes, according to TEM histograms,
were about 10.2 and 10.7 nm for samples produced at 150∘C
and 200∘C, respectively.

Formation of particle agglomerations, independent of
synthesis temperature, was also observed. Sample morphol-
ogy in SEM images with the respective specific surface area
is shown in Figure 4. The samples show similar aggregated
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Table 1: Average crystallite and primary particle size of TiO
2
samples in this work.

Synthesis parameters Crystallite size (nm) Primary particle size (nm)
Scherrer equation TEM

30min 5.7 10.2
150∘C 60min 6.0 9.9

120min 5.9 8.8
30min 6.3 10.7

200∘C 60min 6.4 10.0
120min 6.9 10.8
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Figure 5: Thermogravimetric curves of the obtained samples at (a) 100∘C, (b) 150∘C, and (c) 200∘C.

morphology structure. Apparently, hydrothermal time had
no significant effect on the specific surface areas at any
temperature investigated.

The thermogravimetric analyses are present in Figure 5.
Maximum mass loss (∼30%) was observed in samples
obtained using 30min of hydrothermal treatment at 100∘C, as

shown in Figure 5(a). According to the literature, the weight
loss observed in a temperature range up to 400∘C (dotted
line) is attributed to the removal of hydration water and OH
surface groups of TiO

2
. This also may be associated with

some unreacted alkoxy groups since organic precursors like
titanium propoxide and isopropyl alcohol in the synthesis
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Figure 6: Photocatalytic activity of TiO
2
powders prepared at 150∘C with (a) 30min, (b) 60min, and (c) 120min of hydrothermal treatment.

reactions were used [16]. These results might be explained
by the burning of remaining peroxo groups and organic
compounds not totally decomposed in the exothermic stage
(peroxytitanate complex formation) [14]. As a matter of
fact, the processed powders prepared during 30 and 60min
at 100∘C have intense yellow color which is characteristic
of the presence of the chemical bond between titanium
and hydrogen peroxide [17]. Total mass losses for samples
prepared at 150∘C and 200∘C (Figures 5(b) and 5(c)) were
relatively low and, in both cases, close to 10%, which is
probably associated with the evaporation of absorbed water
[18].

The band gap energy and adsorption band were investi-
gated for the samples synthesized at 150 and 200∘C (Table 2).
It can be observed that neither temperature nor exposure time
has an influence on the band gap energy of nanostructured
TiO
2
. The results are consistent with that reported by Yu et

al. [19]. He explained this by the similarity of the surface
microstructure and chemical phase composition. It is impor-
tant to mention that the band gap energy for TiO

2
produced

Table 2: Band gap energy (eV) and absorption band (𝜆) of TiO
2

samples.

Synthesis parameters 𝜆 (nm) 𝐸

𝑔
(eV)

150∘C
30min 376 3.3 ± 0.1
60min 376 3.3 ± 0.1
120min 365 3.4 ± 0.1

200∘C
30min 365 3.4 ± 0.1
60min 365 3.4 ± 0.1
120min 365 3.4 ± 0.1

in this way is very close to 3.2 eV, the characteristic band gap
of this oxide [3].

In the absence of photocatalysts or UV light irradia-
tion the concentration of methyl orange after 120min of
experiment decreased 5 and 15%, respectively. However,
the predominant phenomenon responsible for the color
disappearance was the photocatalytic degradation, as shown
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Figure 7: Photocatalytic activity of TiO
2
powders prepared at 200∘Cwith (a) 30min, (b) 60min, and (c) 120min of hydrothermal treatment.

below. Interestingly the decomposition of methyl orange
dye is affected by the synthesis temperature (Figures 6 and
7). The degradation curves of methyl orange obtained for
the samples prepared at 150∘C and 200∘C can be seen
in Figures 6 and 7, respectively. For the samples synthe-
sized at 150∘C a large variation in the photocatalytic activ-
ity can be observed among the replicates with the same
material.

This can be attributed to the fact that the energy associ-
ated with this temperature may not have been sufficient to
convert all precursors into crystalline products and amor-
phous phase is still present, which may be explained by
the fact that amorphous titania has low or no significant
photocatalytic activity. In this case, the recombination of e−
and h+ is facilitated by the defects located on the surface
and in the bulk of the particles of noncrystalline materials
[20].The variation of the photocatalytic behavior for samples
synthesized at 200∘C is much smaller (Figure 7). According
to the results shown in Figure 7, the exposure time has no
significant influence on the photocatalytic behavior of TiO

2

synthesized at 200∘C.

The main idea of this study was the development of a
photocatalytic material with low energy consumption during
syntheses step. Samples synthesized at 200∘C and 30min
were compared with the photocatalytic performances of P25
(Figure 8).

It can be seen that samples obtained by OPM and
microwave-assisted hydrothermal treatment at 200∘C and
commercial P25 powder present comparable catalytic activity
on dye degradation. Peaks for the anatase (PDF 01-073-1764)
and rutile (PDF 01-088-1172) phases were observed in the
XRDpattern of TiO

2
P25 as shown in Figure 9. Beside the fact

that previous reports have indicated a mixed-phase TiO
2
as a

good combination for photocatalytic applications [21, 22], it
was possible to reach an equivalent degradation performance
using pure anatase TiO

2
catalyst in this work. On the other

hand, these results are in agreement with other studies that
relate the anatase phase as being suitable for photocatalytic
systems due to its unique characteristics [23, 24].These results
are remarkable because of the low energy consumption
preparation method: only organic-metalic compounds and
low temperatures were employed.
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Figure 9: X-ray diffraction pattern of TiO
2
P25.

Furthermore, calcination or doping was not necessary
to achieve such performance, since the as-prepared catalysts
exhibited good photocatalytic activity on removal of pollu-
tants from water as the methyl orange.

4. Conclusions

Nanostructured TiO
2
can be prepared using a combination

of OPM and a microwave-assisted hydrothermal treatment.
Highly photoreactive anatase nanostructured TiO

2
particles

were obtained at 200∘C. According to TEM analysis, mean
primary particle sizes were around 10.2 and 10.7 nm for
synthesis at 150∘C and 200∘C during 30min, respectively.The
band gap energies were quite similar regardless of synthesis
parameters and were in the range of 3.3 to 3.4 eV. However

the particles prepared at 200∘C displayed homogeneous
photocatalytic activities. These photocatalytic activities are
comparable with commercial product, Aeroxide TiO

2
P25.

The low energy consumption synthesis process presented in
this work represents a gain for the environment because no
posterior heat treatment (calcination) or doping of nanos-
tructured TiO

2
particles was required.
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