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Abstract TiO, anatase nanostructure-based hierarchical
spheres were synthesized by using a facile microwave-
assisted hydrothermal method. H,SO, was used as both
phase inducer for the formation of anatase and capping agent
to promote the self-assembly of cauliflower-like spheres. The
hydrothermal synthesis was carried out at 180 °C for 2 h from
an acid colloidal solution of titanium tetraisopropoxide, at
pH < 2. The relationship between morphology and structure
was studied by the means of X-ray diffraction, high-
resolution transmision electron microscopy, scanning elec-
tron microscopy, Fourier transform infrared spectroscopy,
X-ray photoelectron spectroscopy, nitrogen adsorption and
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ultraviolet-visible spectroscopy analyses. The results revealed
that the acid concentration is a key factor to the controlled
hydrothermal aggregation of TiO, anatase faceted-like
nanopatrticles, leading to hierarchical cauliflower-like struc-
tures. The microspheres consist of hierarchical structures of
sheet-shaped TiO, anatase particles with exposed {001} and
{101} facets. The nanostructures grow in preferential direc-
tions to become in sheet-shaped, by an oriented attachment
mechanism. The sulphate groups anchored on the surface and
detected by X-ray photoelectron spectroscopy, help the
hydrothermal formation of hierarchical spheres and then the
caulifiower-like morphology.
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1 Introduction

Shape-controlled synthesis of nanocrystals with exposed
reactive facets is of great importance for both fundamental
studies and technological applications such as photo-
catalysis, smart surface coatings, dye-sensitive solar cells,
photochromic devices, gas sensing, energy storage in elec-
trochemical capacitors and hydrogen production [1-3].
Anatase titanium dioxide (TiO,) is the most studied metal
oxide due to its physicochemical properties, which are
directly dependent on its size and shape [4, 5]. The high
surface area facilitates the reaction/interaction between TiO,
and the interacting medium, which mainly occurs on the
surface or at the interface and strongly depends on the
material surface area [5]. For anatase, theoretical studies
indicate that the order of the average surface energies is
7{001} (0.90 Jem™2) > y{100} (0.53 Jsm™2) > y{101} (0.44
Jem™) [6, 7]. The most stable and frequently observed
surface on anatase micro and nanostructures has (101)
orientation because of the minimization of the surface
energy of the crystals [8—10]. On the contrary, the growth of
{001} facets anatase crystals diminish rapidly due to high
surface energy. Through conventional synthesis methods of
anatase TiO,, several researches have obtained anatase
crystals without a controlled growth of anatase crystals
[11-13]. Lately, in order to obtain nanocrystalline TiO,
with the specific morphology of exposed facets, several
investigations have been carried out [9, 10, 14—17]. Cap-
ping agents are used to synthesize nanoparticles in desired
configuration as size, shape, distribution/dispersion, etc.
Many reagents, both acid and alkaline media (HF, NH,4F,
EDTA, NaOH, HCI, PVP, H,SO,, etc.), have been used as
capping agents during the growth process to obtain anatase
crystals with the specific morphology of exposed facets
[18-24]. However, many of the fluorine-containing com-
pounds are highly toxic and corrosive and the removal of F~
from surface exposed facets is difficult due to strong
interactions between F~ and TiO, facets [24-28]. In order to
avoid the use of fluorinated compounds, the development of
a new synthesis route to achieve anatase TiO, crystals with
exposed high energy facets is highly desirable. In this
regard, H,SO, has been used as capping agent to obtain
TiO, with the specific morphology of exposed facets
avoiding the use of fluorinated compounds [24]. On the
other hand, the shape of the obtained particles not only
depends on the capping agent, but also on the colloidal
solution conditions of the synthesis method. Hydrothermal
synthesis is a heterogeneous reaction in presence of aqueous
solvents under high pressure and temperature, through
conventional distribution of energy, to dissolve and
recrystallize materials that are insoluble under normal
conditions. Microwave-assisted hydrothermal method
(MWA-H) offers the same characteristics than conventional
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hydrothermal method, the advantage is that it employes
shorter reaction times due to the electromagnetic waves of
high frequency which have the capacity to focus their
energy causing that dipolar molecules try to be in phase
with the field. However, its movement is restricted by
resistance forces generating heat. For this reason, MWA-H
yields a fast velocity of response and short reaction times
being reflected in low energy consumption [29, 30].

In the present work, a practical MWA-H for the synthesis
of hierarchical cauliflower-like TiO, anatase structures from
the aggregation of spheres formed of exposed facets sheet-
shaped particles, using titanium tetraisopropoxide (IV) as
titanium precursor and H,SOy, as capping agent, is reported.
Our work provides new insights on the control of the
morphology of anatase particles from sol acid solution in a
short reaction time.

2 Materials and methods
2.1 Materials

Titanium (IV) tetraisopropoxide (TTIP, >97 %, Sigma
Aldrich), sulfuric acid (>96 %, Fermont) and deionized
water (>17 MQ cm) from a Millipore Milli-Q system were
used throughout the experiments.

2.2 Synthesis of TiO, anatase hierarchical spheres

The products were prepared by a MWA-H involving an
aqueous colloidal solution of Titanium tetraisopropoxide
and sulfuric acid. The schematic layout of the synthesis
process is illustrated in Fig. 1. As part of a typical experi-
ment, 3 mL of titanium tetraisopropoxide were suspended in
50 mL of sulfuric acid solution (pH < 2) for 1 h. The mix-
ture was placed in a 150-mL Teflon vessel and heated under
microwave irradiation by using a microwave reactor (model
MWO-1000S, EYELA Japan). The temperature was fixed
at 180°C for 2h, 400rpm and a maximum variable
microwave irradiation power of 150 W. Following that, the
hydrothermal aging gel was naturally cooled down to room
temperature. The white precipitate obtained, was cen-
trifuged at 4000 rpm for 5 min, filtered and washed with
deionized water. Finally, it was dried at 80 °C for 12h.
Sulfuric acid concentrations were varied from 0.0 to 3.5
mol/L. The name of the synthesized samples are X-TiO,,
where X means the sulfuric acid concentration.

2.3 Characterization
The structural characterization of the obtained oxides was

carried out by X-ray powder diffraction using a Bruker D8
Advance diffractometer with CuKa radiation (1 =1.54 A).
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Fig. 1 Schematic presentation of synthesis procedure of hierarchical cauliflower-like TiO, anatase structures
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Fig. 2 XRD patterns of samples synthesized with different of H,SO4
concentrations

The morphology and elemental composition analyses were
performed by energy dispersive X-ray spectroscopy (EDS)
in a FE-SEM (FE-SEM, Helios Double Beam 600 high
resolution, operated at SkV with an opening of 86 pA).
Crystallographic morphology and lattice structures were
observed using a high resolution transmission electron
microscopy (HR-TEM, FEI Tecnai F30, equipped with a
tungsten field emission gun operated at 300 keV). Energy
gap values were estimated by means of a UV—vis spectro-
photometer Cary-5000 equipped with a diffuse reflectance
system. The energy band gap (Eg) was calculated using the
equation a(hu)zA(hu—Eg)’ﬂ, where o is the absorption
coefficient, hv is the photon energy, A is a constant and
n=2 when represents a direct transition between valence
band and conduction band. For the estimation of Eg from
the UV—vis spectra, a straight line was extrapolated from
the F(R) curve to the abscissa axis. When « has a value of
zero, then Eg=ho [31]. The surface composition was
investigated by X-ray photoelectron spectroscopy (XPS, K-
Alpha Thermo Scientific with an X-ray MgKa source
operated at 12kV and 6 mA). IR spectra, in the range
between 4000- 525 cm_l, were recorded on a Thermo
Nicolet 6700 spectrophotometer using the KBr pellet tech-
nique. On the other hand, N, adsorption—desorption mea-
surements were carried out using a Nova 3000 gas-sorption

Table 1 Physical properties of the different synthesized samples

Sample Crystal Surface area Energy A (nm)
size (nm) (mz/g) V)

Free-H,SO4- 13.5 177 3.26 380
TiO,

0.5M-TiO, 244 100 3.28 378
1.0M-TiO, 33.0 113 3.26 380
2.0M-TiO, 34.7 65 3.26 380
3.0M-TiO, 36.4 86 3.23 383
3.5M-TiO, 56.0 73 3.22 385

system, which has the flexibility to implement multiple
methods of analysis at the same time as multipoint BET and
pore size distribution by the BJH (Barrett-Joyner-Halenda)
method of desorption isotherms.

3 Results and discussion
3.1 Effect of H,SO4 concentration of colloidal solution

XRD patterns of the samples synthesized varying the
H,SO, concentrations are shown in Fig. 2. Reflections
marked as A and B correspond to the anatase (JCPDS 78-
2486) and brookite TiO, crystalline phases (JCPDS 16-
0617), respectively, where anatase is the main crystalline
phase. For Free-H,SO,4 TiO, sample additionally to anatase
phase, reflections corresponding to the brookite orthor-
hombic structure show two small peaks at around 30.2° and
32° in 26 (Fig. 2, inset). It is noteworthy that the most
intense peak of the brookite phase (120) is located at 25.3°,
which is the same position that the most intense anatase
phase (101) peak. Due to the overlapping of the two main
peaks of these two phases, it is not possible to observe the
main peak of the brookite crystalline phase. However, the
peaks observed at 30.2° and 32° in 26 give evidence of the
coexisting phases in the synthesis performed in absence of
sulfuric acid. It is observed that all synthesized samples
with H,SO, exhibit only the TiO, anatase phase. Moreover,
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Fig. 3 FE-SEM images of a Free-H,SO,4 TiO,, b 0.5M-TiO,, ¢ 1.0M-TiO,, d 2.0M-TiO,, e 3.0M-TiO,, f 3.5M-TiO, synthesized samples by
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Fig. 4 a Distribution of anatase particle size of Free-H,SO,4 TiO, and b microsphere sizes of 0.5 to 3.5 mol/L sulfuric acid samples

the relative intensity of the anatase peak does not increase
with the increasing acid concentration in the reaction col-
loidal solutions. These results suggest that the addition of
H,SO, during the synthesis exerts an effect as inducer-agent
to the formation of the anatase phase, constraining the
formation of any other titanium dioxide phase. Scherrer’s
equation was used to calculate the crystal size of anatase
phase: D = kA/pcosO, where D is the crystallite particle size,
k is a constant of 0.9, 1 is the X-ray wavelength (1.54 A),
p is the full width at half maximum, and O is the Bragg
angle using the {101} reflection peak [32]. Results of

@ Springer

average crystal size showed an increase in crystal size as the
acid concentration increases (Table 1).

The FE-SEM images of TiO, synthesized at different
H,SO, concentrations and free of H,SO, are shown in
Fig. 2. It can be noted that the Free-H,SO, TiO, sample
consists of irregular particles and does not have a well-
defined morphology (Fig. 3a). The size of these particles
was found in the range from 10 to 20nm as shown in
Fig. 4a. Nevertheless, a difference is observed for samples
with different H,SO, concentrations. The lowest con-
centration (0.5 mol/LL H,SO,) particles tend to aggregate
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Fig. 5 a TEM image of anatase TiO, hierarchical spheres, b, c HRTEM images of single crystal of anatase, d FFT pattern recorded from the dotted
box area in ¢, e Representative schema of single crystal of anatase with exposed facets {001} and {101}

and ultimately form microspheres which are composed of
agglomerates of pseudo-spherical particles. These micro-
spheres consist of integrated particles with sizes in the order
of nanometers (Fig. 3b). The size of the microspheres was
~600 nm (Fig. 3b inset, Fig. 4b). For a concentration of 1
mol/L. H,SO,, it was observed that the particles aggregation
increased and therefore, the average size of the micro-
spheres increased to ~900 nm (Fig. 3c inset, Fig. 4b). From
a concentration of 2 mol/L H,SO,, agglomerates of self-
assembled particles were observed (Fig. 3d). The size of the
microspheres ranges from 500 nm. This slight decrease in
the microsphere size is due to the nanosized particles that
set up the microspheres, which have a sheet-shaped mor-
phology (see Fig. 3d inset), and this contributes to the
assembling the particles more orderly until forming a well-
shaped microsphere. With increasing concentrations (3.0
and 3.5mol/L) it is shown that there is a aggregation of
microspheres on the surface of other microspheres, resulting
in a cauliflower-like morphology (~1 pm) (Figs. 3e and f),
however the microsphere sizes is maintained in ~500 nm as
shown in Fig. 4b. This fact reveals that the TiO, anatase
assumes the hierarchical cauliflower-like structure com-
posed of numerous microspheres which further are com-
posed of anatase nanoparticles. According to what was
observed by scanning microscopy, the acid concentration
exerts a compacting effect, determining the overall mor-
phology of the TiO, anatase structures. As noted in the FE-
SEM images, an increase in the H,SO,4 concentration pro-
moted the self-assembly from particles to finally form
microspheres. At the same time, the sulfuric acid acts as a
capping agent for the formation of sheet-shaped particles
during hydrothermal aging. Similar results were found by
Zhao et al. [24], who reported that H,SO, serves as both an
inducer agent in the synthesis of titanium dioxide to form
the anatase phase and capping agent to promote the for-
mation of self-assembled microspheres which are formed by
sheet-shaped particles with exposed {001} faces.

20

—— Free-H280a TiO2
—— 0.5M-TiO2
—— 1.0M-TiO2
—— 2.0M-TiO2

3.0M-TiO2
—— 3.5M-TiO2

250 300 350 400 450

Wavelength (nm)

Fig. 6 Bandgap energy of the synthesized samples at different con-
centrations of acid

] b)

Intensity (a.u.)

Energy (KeV)

Fig. 7 Spectrum of EDS analyses of a Free-H,SO, TiO, and b 2.0M-
TiO, samples

TEM images of 2.0M-TiO, sample confirm that micro-
spheres are composed of nanoparticles which have a sheet-
shaped morphology (Fig. 5a). The HRTEM image displays
a single d-spacing of 0.35nm that agrees well with the
standard spacing of 0.35nm between the (101) lattice
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Fig. 9 Representative XPS spectra of anatase TiO, microspheres self-
assembled

planes of the TiO, anatase crystal as is shown in Fig. 3b.
The equal-thickness fringes observed at the edge of the
square-shaped particle indicate the presence of slopes due to
{101} facets. The particles that make up the microspheres
are single crystals with well-defined borders and edges as
shown in Fig. 5c. The corresponding FFT (Fast-Fourier
transform) pattern (Fig. 5d) obtained from a selected area in
Fig. 5c reveals an angle of 68.3°, which is consistent with
the interfacial angle between (001) and (101), suggesting
that the particle exhibits flat surfaces of {001} and {101}.
Fig. 5e shows a schematic representation of a single crystal
of TiO, anatase with flat {001} and {101} surfaces.

On the basis of HRTEM images as well as of the crys-
tallographic symmetries of anatase, it can be easily confirm
that the sheet-shaped particles of the TiO, crystals have
eight {101} and two {001} facets at top/bottom surfaces.
These particles are self-assembled to form the microspheres.
Similar results of exposed TiO, facets have been found by
other authors [3, 7, 33, 34].

The band gap energy values were calculated from
UV-Vis diffuse reflectance spectroscopy as showed in
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Fig. 10 N, adsorption/desorption isotherms of the anatase TiO,
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culated using the BJH method

Fig. 6 and summarized in Table 1. According to the cal-
culated values, the TiO, samples with different content of
acid showed analogous band gap values to n-type semi-
conductor TiO, (3.19eV) due to its content of anatase
phase. However, the slight difference between band gap
values of the samples may be inferred to be a percentage of
{001} facets in the surface [35], which according to SEM
and TEM analysis, the morphology and exposed facets
{001} are intrinsically related to the content of H,SOy,.
On the other hand, analyses by EDS of 2.0M-TiO,
sample gives evidence that additionally to the peaks of Ti
and O, a peak corresponding to sulphur is also observed,
which is due to the sulphuric acid used in the synthesis
(Fig. 7). These results suggest that the method of washing
with deionized water is not sufficient to remove all the acid
used in the synthesis. It is noteworthy that for the other
concentrations of H,SOy,, the results were similar; remnants
of sulphates were found in the samples after washing by
EDS analyses. According to Ohno et al., the sulphated TiO,
powder shows relatively high photocatalytic activity under
visible and may have a wide range of applications [36].
The different concentrations of H,SO, apparently influ-
ence the self-assembling of particles. These results are
corroborated by FTIR analyses. Fig. 8 shows the char-
acteristic FTIR spectra of TiO, synthesized in presence of
H,SO, and blank. For both samples, it could be observed
that materials present an absorption band between
1000-1400 cm™", which is attributed to Ti—O and Ti-O-Ti
bonds. However, for 2.0M-TiO, sample, appear bands
assigned to vibrations S—O and Ti—S (1142 and 1051 cm_l,
respectively), which are due to sulphur-containing groups
on the surface of sheet-shaped particles. As a complement
of the results obtained by FTIR, XPS was performed on the
2.0M-TiO, sample in the region of S 2p and the corre-
sponding spectrum is shown in Fig. 9. According to this
analysis, the binding energies of sulphur were observed at
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Fig. 11 Schematic illustration of the mechanism of formation of hierarchical anatase-TiO, structures

169.2 and 170.6 eV which are assigned to S 2p;,, and S 2p5,
» orbitals with a separation of 1.4eV. These energies cor-
respond to the typical S 2p spectrum of the sulphate groups
(SO4)_2 [37]. Besides, Khodayari et al. reported that the
peak around 169.5 eV could be attributed to the presence of
surface sulphate groups [38]. Also, the small broad band
located at 167.9 eV has been attributed by Khmeleva et al.
to the presence of sulphate groups on the surface [39].
These groups could be responsible for the particles self-
assembly to form the microspheres. No peaks for sulphur,
sulphide, or sulphite groups were observed. Thus, the che-
mical interactions proposed between the sulfuric acid and
titanium tetraisopropoxide are shown below.

H,S04 — H' + SO, (1)
TiOR + H' 4 SO, 2 — TiOH + ROH (2)
TiOH — TiO;... ... ... [0O-Ti—S,S—0] (3)

On the other hand, the self-assembly of TiO, micro-
spheres produces a nanoporous structure, as confirmed by
the N, adsorption/desorption isotherm shown in Fig. 10. It
gives a type-IV isotherm with a type-H2 hysteresis loop,
indicating a mesoporous structure. The pore size distribu-
tion calculated from desorption isotherm by nitrogen BJH
method shows a narrow range of 1.5-3.0nm with an

average pore size of ~2.1nm (Fig. 10 inset), which
decreases due to the self-assembly of TiO, particles to form
cauliflower-like structures (~2.4nm for free-H,SO, TiO,
sample). The presence of sulphuric acid in the synthesis
exerted a significant influence on the pore structure and
surface area of the obtained products. Surface area of TiO,
anatase synthesized in presence of H,SO, is lesser than that
of TiO, anatase free of H,SO, (Table 1). These results are
attributed to the formation of hierarchical structures.

As it was seen from the experiment, both the hydro-
thermal treatment temperature and H,SO, concentration
produce the synergy effect that determines the overall
morphology of TiO, anatase nanostructures. The mechan-
ism of formation can occur through Ostwald ripening in
dissolution-recrystallization process, which the complete
dissolution of smaller crystallites led to the growth of the
large crystallites [40]. During the hydrothermal process,
H,SO, plays a key role in the formation of hierarchical
structures. In the Ostwald ripening process, large crystallites
grow at the expense of smaller crystallites by means of
dissolution, diffusion and recrystallization. In the presence
of H,SOy, the nanoparticles are organized as single crystals
with exposed facets {001} and {101}. At higher con-
centrations of H,SO,, sulphate groups are anchored on the
surface of the sheet-shaped particles, therefore the so-
formed microspheres are self-assembled to hierarchical
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structure through sulfite. The Fig. 11 shows the formation of
hierarchical TiO, anatase structures. The sulphated mole-
cules attached to sheet-shaped particles produces a nega-
tively charged surface, hence sulphated anions must be
stabilized between adjacent particles in order to maintain
charge neutrality forming the hierarchical TiO, spheres and
then its aggregation in cauliflower-like assemblies. Further,
it was observed that the addition of sulfuric acid promotes
the formation of anatase phase, inhibiting the formation of
other titanium dioxide phases by MWA-H method in a short
reaction time. The growth of hierarchical structures TiO,-
based have been reported by means of the use of capping
agent in the process reaction [33, 41-44].

4 Conclusions

The synthesis of TiO, anatase particles with cauliflower-like
morphology was achieved through the hydrothermal sol
aging by microwave-assisted method without using harmful
hydrofluoric acid. The use of H,SO, increased the TiO,
crystallinity degree, playing a crucial role as capping agent
to promote the formation of TiO, anatase phase micro-
spheres. The microspheres consist of hierarchical structures
of sheet-shaped TiO, anatase particles with exposed {001}
and {101} facets, with sizes in the order of nanometers. The
concentration of sulfate ions is also a key factor to control
the morphology of the cauliflower-like TiO, anatase
structures.
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