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Abstract
The influence of synthesis parameters using the ultrasonic-assisted sol–gel method on the properties of TiO2 nanostructures
was studied. Different synthesis conditions such as long stirring time, type of acid used as the catalyst (weak or strong acid),
and calcination temperature were explored and their influences on the morphology, size, crystallinity of nanostructures, and
photocatalytic performance were evaluated. TiO2 nanostructures were characterized by Fourier transform infrared
spectroscopy, transmission electron microscopy, X-ray diffraction, and ultraviolet–visible diffuse reflectance spectroscopy.
Moreover, degradation photocatalytic tests were performed using methylene blue as the polluting model. Changes in the
morphologies and sizes of nanostructures were observed by modification of the stirring time using this sonication process.
Moreover, the use of a weak acid, such as acetic acid, produced nanostructures with higher anatase proportion, larger
crystallite size, and larger nanoparticle size compared with the use of a strong acid such as nitric acid. In addition, changes in
crystalline phases were observed with an increase in the calcination temperature. Finally, the photocatalytic performance was
influenced mainly by the changes in the crystalline phases, which were dependent on the type of acid catalyst and the
calcination temperature.
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Highlights
● Synthesis parameters of TiO2 nanostructures by the sol–gel method are investigated.
● Ultrasonic stirring time, acid type as a catalyst and calcination temperature are evaluated.
● Morphology, size, crystallinity, and photocatalytic performance of nanostructures are studied.
● Ultrasonic stirring time affect the morphology and the size of nanostructure.
● Acid type and calcination temperature influence on crystalline phases and nanoparticle size.
● Photocatalytic performance is mainly influenced by the change in the crystalline phases.

1 Introduction

Titanium dioxide (TiO2) is one of the most studied semi-
conductors due to its many favorable properties, including
high chemical and physical stabilities, non-toxicity, good
electrical properties, and great optical properties [1–3].
These characteristics have facilitated a wide spectrum of
applications, such as pigments, filters, catalyst supports, gas
sensors, photocatalysts, destruction of microorganisms,
such as bacteria and viruses, degradation of organic pollu-
tants, inactivation of cancer cells, control of odors, self-
cleaning surfaces, and solar cells [4–12]. In this regard, it
has been widely reported that the properties of TiO2 are
strongly related to its morphology, size, crystal phases, and
others [2–6].

Four crystalline phases of titanium dioxide have been
reported: anatase and rutile with a tetragonal arrangement,
brookite with an orthorhombic crystal lattice, and a new
monoclinic structure known as TiO2 (B) [13, 14]. The ana-
tase and rutile phases have high physical stability, in contrast
to the other phases, which are considered metastable phases.
Rutile is commonly used for white pigments and coatings
due to its great refractivity. Better photocatalytic properties
are associated with the anatase structure [15].

Thus, to produce nanomaterials with specific properties,
different synthesis routes, such as sol–gel, solvothermal,
hydrothermal, mechanical alloying, and laser ablation
routes, have been reported [16–25]. However, synthesis by
the sol–gel route stands out because it is a simple method of
preparation of TiO2 nanoparticles and has low production
cost [26–28].

Synthesis via the sol–gel method consists of the hydro-
lysis and posterior condensation of metal alkoxides in aqu-
eous media. In the presence of water, alkoxides are
hydrolyzed and subsequently polymerized through nuclea-
tion and growth processes, which occur very rapidly, and
tridimensional oxide particles are eventually formed. How-
ever, the products obtained via the sol–gel process have low
crystallinity, thus allowing a relevant subsequent heat treat-
ment process to promote crystallinity and selectivity of the
crystalline phases of the nanoparticles [1, 13, 29].

The synthesis conditions, such as the type of precursor,
molar ratio of water/precursor, type of acid used as a cat-
alyst, of TiO2 nanoparticles by sol–gel have been studied to
improve the nanoparticle properties [1, 14, 30].

Another relevant condition to be considered during
synthesis by the sol–gel route is the stirring process. This
process could influence the characteristics of the nanos-
tructures, such as their morphology, size, and crystal phases
[31–33]. Thus, the type and time of stirring of this synthesis
method cannot be a trivial issue. Extensive studies per-
taining to the synthesis of TiO2 nanoparticles by the sol–gel
method by means of magnetic stirring have been conducted
[1, 14, 15]. However, few studies have explored the use of
other types of stirring, such as ultrasonic stirring.

In this last regard, some initiatives have been reported.
For example, Arunmetha et al. produced TiO2 nanoparticles
from natural rutile sand using different approaches, such as
sol–gel, sonication, and spray pyrolysis [31]. They com-
pared the particle sizes, crystalline structures, surface areas,
morphologies, and energy band gaps of the nanoparticles
produced and obtained decreases in particle size and
increases in energy band gap and surface area when the
process was changed from sol–gel to sonication and from
sonication to spray pyrolysis. Nevertheless, in this case, the
influence of stirring time on these properties was not con-
sidered. On the other hand, Xia et al. studied the effect of
stirring time for ultrasonic stirring in the synthesis of TiO2

nanoparticles using TiCl4 as the precursor [32]. They
evaluated two stirring times, 30 and 60 min, and obtained an
increase in particle size by increasing the stirring time.
Moreover, specific morphologies, including TiO2 nanorods
and rutile single phase were obtained. On the contrary,
Neppolian et al. observed a different behavior. They also
compared stirring times (30, 60, 90, and 120 min) for an
ultrasonic-assisted sol–gel method and evaluated their
influences on the morphology of the TiO2 nanoparticles.
Moreover, two different types of ultrasonic stirring, bath
type and tip type, were explored [33]. However, a clear
tendency on the morphological parameters, such as crys-
talline size, pore volume, and pore size, was not observed
with increase in the stirring time. Moreover, slight
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differences in percentages of crystalline phases of nano-
particles prepared by the different types of source stirring
were observed.

Based on the above, the influences of long ultrasonic
stirring times by this synthesis route on the characteristics of
the nanostructures, such as morphology, size, and crystal
phases, remain unclear. Finally, another relevant synthesis
parameter to explore in the sol–gel synthesis of TiO2

nanoparticles under ultrasonic stirring is the impact of the
acid catalyst. It has been reported that it accelerates the
hydrolysis process of the alkoxide [15], thus influencing the
properties of TiO2 nanoparticles.

For example, previous studies have demonstrated that the
variation of pH and type of catalyst for the sol–gel method
under classic magnetic stirring affect the size and crystalline
structure of the final particle. Mahshid et al. reported the
dependence of the particle size related to the pH of the media,
obtaining smaller particles with more acidic pH when the
precursor was titanium isopropoxide (TTIP) [1]. Meanwhile,
Sayilkan et al. compared the synthesis of TiO2 nanoparticles
using the sol–gel method with TTIP as the precursor and HCl
as the acid catalyst [29]. They observed a strong relationship
between the concentration of the HCl and the formation of
the anatase crystal phase. In addition, Miki Kanna et al.
studied the effect on the formation of crystal phases of TiO2

nanoparticles synthetized by sol–gel with TiCl4 as the pre-
cursor using different acids as the hydrolysis catalyst and
obtained mostly amorphous titanium dioxide with the pre-
sence of anatase and rutile phases in most of the cases [15].
On the other hand, Andrade-Guel et al. synthesized TiO2 by
microwave assisted sol–gel using TTIP as the precursor and
studied the effect of two acids as the catalyst on the phase
transformation [30], demonstrating the important influence of
the acid catalyst on crystalline phases.

Based on the aforementioned results, the synthesis of
TiO2 nanostructures using sol–gel assisted by ultrasound
agitation with TTIP as the precursor and different types of
acid catalysts represents an alternative synthesis route
meriting exploration. Thus, the objectives of this work were
to study the influences of synthesis parameters, including
long stirring times, weak and strong acids as the catalyst,
and calcination temperature, on the morphology, size, and
crystallinity of nanostructures and their impact on the
photocatalytic performance for the degradation of a model
pollutant, methylene blue.

2 Materials and experimental procedure

2.1 Materials

All of the reagents were analytical grade and required no
additional purification. Nitric acid (HNO3), acetic acid

(CH3–COOH), ammonium hydroxide (NH4OH), titanium
(IV) isopropoxide, methylene blue (MB), and isopropanol
were purchased from Sigma Aldrich.

2.2 Synthesis

A simple synthesis using the sol–gel method was per-
formed. Conventional sonication by magnetic stirring was
modified by a more energetic type of stirring, ultrasonic
stirring, and the effect of sonication time was studied. In
addition, the variations of using two types of acids (nitric
and acetic) and different calcination temperatures were
evaluated.

The acidic solution (pH= 2) was obtained by the dilution
of nitric acid or acetic acid with ammonium hydroxide in
deionized water. A TTIP solution in isopropanol (25% v/v)
was added to the acidic solution under continuous ultrasonic
stirring. This solution was kept at 70 °C under ultrasonic
stirring for different times (6 or 3 h). A TiO2 colloid sus-
pension was obtained. Finally, the colloid suspension was
dried at 60 °C for 20 h to obtain a powder sample, and the
subsequent calcinations at different temperatures (400 and
550 °C) for 2 h were performed.

Different conditions of agitation time, acid type, and
calcination temperature (°C) were used to study their
influences on the properties of the nanostructures. Table 1
shows the synthesis conditions of the different samples.

2.3 Characterization of solids

Characterization of the TiO2 nanostructures was performed.
Fourier transform infrared (FTIR) measurements were
conducted using a spectrophotometer (Rayleigh WQF-
510A). The powders were mixed with KBr in a 5% (w/w)
mixture. The mixed powder was pressed into tablets with a
diameter of 1 cm at 10 tons for 1 min. The transparent
tablets were inserted into the apparatus, and the spectra
were recorded from 4000 to 400 cm−1 with a resolution step
of 5 cm−1. The KBr reference spectrum and CO2 from the

Table 1 Summary of synthesis conditions of TiO2 nanostructures

Sample
Agitation
time (h)

Acid type Calcination
temperature (°C)

TiO2 (1) 6 HNO3 400

TiO2 (2) 3 HNO3 400

TiO2 (3) 3 HNO3 550

TiO2 (4) 3 Acetic 550

TiO2 (5) 3 Acetic 400

TiO2 (N) 3 HNO3 WC

TiO2 (A) 3 Acetic WC

WC without calcination
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ambient conditions were subtracted from every spectrum to
verify the functional surface groups present in the TiO2

nanostructures.
To determinate the crystalline phases, X-ray diffraction

(XRD) patterns of the nanostructures were measured in the
range of 0–90° using a Bruker D8 diffractometer with
reflection mode (CuKα radiation source operated at 40 kV/
30 mA). To estimate the percentages of crystalline phases,
Rietveld refinement was realized. In addition, the mean size
of crystallites (S) was obtained by Scherrer’s formula
[34, 35]. The morphology of the TiO2 nanoparticles was
examined by transmission electron microscopy (TEM)
analysis (Tecnai F20 FEG-S/TEM) at 200 kV. Finally,
ultraviolet–visible diffuse reflectance spectra (UV–vis/
DRS) of the samples were obtained using a Lambda 1050
Wideband UV–Vis–NIR spectrometer equipped with a
diffuse reflectance attachment (Biconical DRA-CA-50M) to
estimate the energy band gap of the nanoparticles using the
Kubelka–Munk function [36].

2.4 Photocatalytic tests

Photocatalytic tests were performed using a batch photo-
reactor. Irradiation was provided by a UV light lamp (Blak-
Ray®, 100W, 230 V, 365 nm). The tests were performed at
25 °C using 1 g/L of TiO2 added under stirring into 200 ml
of a solution of 5 ppm MB. The samples were maintained in
the dark for 60 min in order to complete the adsorption at
equilibrium prior the UV irradiation and then the suspen-
sion was irradiated. After centrifugation, MB aliquots were
analyzed using a UV-spectrophotometer (Rayleigh Model
UV1800 V/VIS–Spectrophotometer) at 664 nm, and the
MB concentrations were estimated using a standard

calibration curve. Photoactivity tests were done in triplicate
for all samples, and the reproducibility of results was >3%.

3 Results and discussion

3.1 Influence of synthesis parameters on properties
of the TiO2 nanostructures

The influence of the sol–gel synthesis parameters assisted
by ultrasound agitation on the properties of the TiO2

nanostructures is presented here. The synthesis conditions,
stirring time, type of acid catalyst (weak or strong), and
calcination temperature, were considered and their impacts
on the properties of the nanostructures, including mor-
phology, size, and crystallinity, were analyzed.

3.1.1 Morphology

Figure 1 shows TEM images of the synthesized nanos-
tructures. With regard to the impact of stirring time on this
property, the figure shows that TiO2(1) synthesized under
6 h of ultrasonic stirring exhibited particle sizes of around
10 nm in diameter (Fig. 1a). In contrast, nanoparticles
synthesized under 3 h of ultrasonic stirring exhibited a
combination of nanoparticle and nanorod morphologies
(TiO2(2), Fig. 1b). In this case, the nanoparticles had a size
of ~10 nm, whereas the nanorods exhibited lengths larger
than 20 nm.

Changes in ultrasonic stirring time affected the mor-
phology of the nanostructures according to previous reports
[32, 37]. This process produced high kinetic energy in the
solution’s motion, generating elastic, and inelastic collisions

Fig. 1 TEM images of nanostructures: a TiO2(1), b TiO2(2), c TiO2(3), d TiO2(4), and e TiO2(5)
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in the colloidal suspension that initially induced implosive
collapses, which favored the formation of structural arrays
[38, 39]. Subsequently, the largest particles continued the
collisions, which broke the structure into the smallest par-
ticles. This fact confirms the relation between ultrasonic
stirring time and the morphology and size of particles [40].

On the other hand, when examining the influence of the
type of acid catalyst, an interesting behavior was observed.
The TiO2(4) sample synthesized by using acetic acid
exhibited nanoparticles with a diameter of ~50 nm (Fig. 1d);
however, TiO2(3) synthesized using nitric acid showed
nanoparticles with a diameter of ~20 nm (Fig. 1c). This fact
indicates that the use of a strong acid catalyst, such as nitric
acid, promotes the formation of smaller nanoparticles,
whereas a weak acid, such as acetic acid, favors larger
nanostructures.

The influence of the type of acid catalyst in the sol–gel
process can be explained. The preparation of metallic oxi-
des in an aqueous medium by sol–gel occurs through the
hydrolysis and subsequent condensation of alkoxide as
follows [1]:

Ti ORð Þ4 þ 4H2O ! Ti OHð Þ4 þ 4ROH hydrolysisð Þ

Ti OHð Þ4 ! TiO2xH2O þ 2 � xð ÞH2O condensationð Þ;

where R is ethyl, i-propyl, n-butyl, etc., and x is the number
of water molecules present in the medium. The time rate of
hydrolysis and condensation is favored by the acid catalyst
type [15]. The first phenomenon can be favored by a strong
acid (acid with high dissociation constant (pKa)), such as
nitric acid, which rapidly breaks the Ti(OR)4 molecule.
However, this type of acid can disfavor the condensation
process, delay nucleation, and disfavor the growth of the
nanostructure, generating nanoparticles of smaller size.
Previous work with TiCl4 as the precursor showed that the
presence of a strong acid generates intermediaries that
interfere in the condensation process, thus affecting the
growth of the structure [15]. In contrast, with a weak acid
such as acetic acid, hydrolysis could be achieved without
affecting the processes of condensation and growth and
larger particles could be obtained.

Finally, regarding the influence of the calcination tem-
perature, Fig. 1d, e shows TiO2 (4) and TiO2 (5), treated at
550 and 400 °C, respectively. An increase in calcination
temperature favors an increase in the size of the nano-
particles, which is attributable to the influence of the ther-
mal treatment on the growth of the crystalline lattice of the
nanostructure, which could promote changes in the crys-
talline phases. This fact has been widely studied in previous
reports [1, 34, 41].

From the above, it is possible to state that the ultrasonic
stirring time, type of acid, and calcination temperature in the

synthesis process affect the morphology and size of the
nanostructures, which highlights the relevance of control-
ling these synthesis parameters.

3.1.2 Surface chemistry

Figure 2 shows FTIR spectra of TiO2 nanostructures syn-
thesized under different conditions of agitation time, acid
type, and calcination temperature, which are also described
in Table 1.

In summary, no significant changes in spectra were
observed despite the changes in synthesis conditions. In
general, a broad peak identified as the bulk titania fra-
mework and attributable to the vibrational modes of the
metal-oxide bonds associated with the Ti–O and Ti–O–Ti
stretching modes can be seen in the region from 400 to
880 cm−1, which confirms the formation of titanium
dioxide in all samples [31, 42]. In addition, there are
bands around 1620 and 3410 cm−1, which are attributable
to the deformation modes of water molecules and the
stretching modes of –OH groups present in the samples
due to possible reabsorption of water from the environ-
ment [43].

3.1.3 Crystalline phases

Figure 3 shows XRD patterns of samples obtained before
and after the calcination processes (Fig. 3a, b). Table 2
shows the percentages of the crystalline phases obtained
through Rietveld analysis.

A preliminary study of the sub-product obtained before
the calcination process using sol–gel synthesis assisted by
ultrasound agitation with acetic acid and nitric acid catalysts
was conducted, and XRD patterns are shown in Fig. 3a.
Despite the low crystallinity, small size crystallites
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associated with the spreading of the peak were observed
[44, 45]. These showed main peaks at 2θ values corre-
sponding to the anatase phase; however, brookite was
observed in the sample prepared with nitric acid.

Postcalcination results are shown in Fig. 3b. In these
cases, TiO2 nanostructures show main peaks at 2θ values
corresponding to the anatase phase; however, some differ-
ences in formation of crystalline phases associated with
secondary peaks, such as for rutile and brookite, were
observed, and these were dependent on the synthesis
conditions.

Thus, the influence on the proportion of the crystalline
phases associated with the catalytic acid type pre- and
postcalcination processes was analyzed. Figure 3a shows
higher anatase percentage in the presence of acetic acid
(TiO2(A)) as a catalyst than in the case with nitric acid
(TiO2(N)). Moreover, for the postcalcination samples, a

higher anatase proportion occurred in presence of acetic
acid (TiO2(4) and TiO2(5), 93 and 79%, respectively) than
with nitric acid (TiO2(1), TiO2(2), and TiO2(3)), around
70%). This confirms that acetic acid can favor the con-
densation process, nucleation, and the growth of the crys-
talline lattice, thus increasing the percentage of anatase. In
contrast, in the presence of nitric acid, the condensation
process could be limited, preventing growth of the crystal-
line lattice, so a lower percentage of anatase is obtained.

On the other hand, with regard to the influence of stirring
time, no significant changes in crystalline phases were
observed for TiO2(1) with respect to TiO2(2) synthesized
under 6 and 3 h of ultrasonic stirring, respectively.

Moreover, it was also observed that TiO2(1), TiO2(2),
and TiO2(5), calcined at 400 °C, also exhibited a peak at
30.6°, which corresponds to the brookite phase; [2] whereas
samples TiO2(3) and TiO2(4), calcined at 550 °C, showed
peaks at 27.47°, 36.06°, and 41.26° corresponding to the
rutile phase [35]. Thus, as has been widely reported, a high
dependence on the formation of these crystalline phases
with calcination temperature was observed [1, 34, 41].

3.1.4 Crystallite size

Table 2 shows the crystallite size of the TiO2 nanos-
tructures. It is important to note that the crystallite size is
influenced mostly by the type of catalyst acid used in the
synthesis process. Thus, when using an inorganic acid such
as HNO3, the average crystallite size was around 9 nm;
however, when using an organic acid such as acetic acid,
larger average crystallite sizes of around 21.2 nm were
obtained.
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Table 2 Crystalline phases, crystallite size (S), and energy band gap
(Eg) of TiO2 nanostructures

Sample Phases % phases S ± 0.1 (nm) Eg (eV)

TiO2 (1) A-B 70-30 8.17 3.36

TiO2 (2) A-B 70-30 9.53 3.17

TiO2 (3) A-R 69-31 9.28 3.00

TiO2 (4) A-R 93-7 16.35 3.18

TiO2 (5) A-B 79-21 26.06 3.24

TiO2 (N) A-B 44-32 5.46 –

TiO2 (A) A 54 7.75 –

A anatase, R rutile, B brookite

No measured
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3.1.5 Energy band gap

Figure 4 shows the UV–vis/DRS spectra of the TiO2

nanostructures employed in the study of the optical prop-
erties of the samples after Kubelka–Munk function treat-
ment [36, 46]. The optical energy band gaps of the prepared
samples were analyzed by the intersection between the
linear fit and the photon energy axis, and shifted band gap
energy (Eg) values between 3.00 and 3.36 eV were
observed for all nanostructures (Table 2). These values
correspond to UV absorbance light of ~369 to 414 nm.
Despite that, these energy band gap values are in agreement
with previous reports and the standard commercial TiO2

(3.22 eV for P25) [47].

3.2 Photodegradation effect

The kinetics of the photocatalytic disappearance of MB in
the presence of TiO2 nanostructures under a UV lamp were

assessed (Fig. 5a). As can be seen from Fig. 5a, direct
photolysis was negligible under UV irradiation. Assuming a
first-order reaction rate, linear transformations (Fig. 5b)
from the kinetic data were performed to estimate the
apparent first-order rate constant [47]. Table 3 contains a
summary of the kinetic results obtained for the MB
photodegradation.

In this study, TiO2(3) and TiO2(4) exhibited the best
photocatalytic performance with respect to the rest of the
nanostructures, considering the higher rate of disappearance
of the MB observed in the disappearance of kinetic data and
the values of the apparently higher rate constants with
respect to TiO2(1), TiO2(2), and TiO2(5). However, the
TiO2(3) and TiO2(4) nanostructures did not attain the pho-
tocatalytic performance of a commercial standard TiO2

(P25, Sigma-Aldrich) (see Supplementary Material).
In general, all of the nanostructures showed nanoscale

sizes and behaviors consistent with those of a UV-
photosensitive material. However, the TiO2(3) and TiO2

(4) nanostructures presented anatase–rutile proportions, in
contrast with the rest of the nanostructures that presented
anatase–brookite proportions. This means that the photo-
catalytic performance is influenced mainly by the crystalline
phases, as has been widely reported [41, 47].

Anatase has been reported as a phase with higher pho-
tocatalytic activity. In addition, control of the synthesis
conditions to obtain a significant percentage of this phase
and absence of the brookite phase could guarantee a pho-
tocatalyst with best performance in the photodegradation of
MB under UV light.

4 Conclusions

TiO2 nanostructures formed by the sol–gel method with
ultrasound agitation using TTIP as the precursor and
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different types of acid catalysts (weak and strong acids)
showed significant influences on their morphology, size,
crystallinity, and photocatalytic performance.

The stirring time of the sonication process produced
changes in the morphology and size of the nanostructures.
The TiO2 synthesized via 6 h of ultrasonic stirring exhibited
nanoparticles, whereas the TiO2 synthesized by using 3 h of
ultrasonic stirring exhibited a combination of nanoparticle
and nanorod morphologies.

Moreover, the crystallite and nanoparticle sizes and the
percentage of anatase phase in the nanostructure were
strongly associated with the type of catalyst acid used in the
synthesis process. In the presence of a weak acid such as
acetic acid, a higher anatase proportion, larger crystallite
sizes, and larger nanoparticle sizes were observed than in the
presence of a strong acid such as nitric acid. This fact was
attributed to the influence of the acid on the condensation
process, nucleation, and growth of the crystalline lattice.

All nanostructures exhibited nanoscale sizes and beha-
viors similar to those of a UV-photosensitive material.
Thus, the photocatalytic performance was influenced
mainly by the crystalline phases. In this way, the TiO2(3)
and TiO2(4) nanostructures, which presented anatase and
rutile phases with a high proportion of anatase (69:31 and
93:7, respectively), influenced by the synthesis parameters,
such as the type of acid catalyst and the calcination tem-
perature, showed the highest photoactivity for the degra-
dation of MB.
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