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ABSTRACT
In the present study, high-resolution transmission electron microscopy (HRTEM) and field emission scanning electron microscopy (FESEM) were used to investigate the effect of ent-Kaurane diterpenoid glycoside molecules as soft templates on the synthesis of anatase
titanium dioxide. Such studies revealed that thesupramolecular arrangement that form the ent-Kaurane diterpenoid serve as mold, around
which a framework is built up. The images TEM and HRTEM obtained suggested that the sinthesized anatase titanium dioxide contain
structures consisting of aggregates of nanoparticles with an average diameter of about 3-8 nm. These observations support that the
formation of porous nanostructured anatase arises as a consequence ofthe removal of the organic molecules. In this work, the chemical
modification of titanium alkoxide in the aqueous system is also discussed. Additionally, the nanomaterial was characterized by powder
X-ray diffraction data (Rietveld refinement), and N2 adsorption porosimetry.
Keywords: Ent-Kauranediterpenoid glycoside, Soft-template, High-Resolution Transmission Electron Microscopy, Rietveld Refinement.

1. INTRODUCTION
Currently, the oxide of titanium (TiO2) is considered to be a
material of great technological importance due to its
photoconductive and photocatalytic properties, demonstrating
efficiency in the degradation of azo-dyes, oxidation of volatile
organic compounds and degradation of organic compounds,
chlorinated, among others [1]. Today, many investigations are
aimed to improve the physicochemical properties and catalytic
activity of titanium oxide. The efficiency of these materials is
closely related to its crystalline structure and morphology. It is
here where the synthesis method plays an important and decisive
role[1, 2, 3,4].
Titanium dioxide has three known polymorphs, rutile
tetragonal (a = 4.5937 Å, c = 2.9587 Å) (P42/mnm), anatase
tetragonal (a = 3.7845 Å, c = 9.5143 Å) (I41/amd) and brookite
orthorhombic (Pcab) (a = 5.4558 Å, b = 9.1819 Å, c = 5.1429 Å).
Rutile is the most stable phase and anatase is most useful for
photocatalysis and in solar energy applications possibly because
its electronmobility is higher than that of rutile [4,5,6].
In most potential applications, the size and the structure of the
particles play a significant role in deciding their
functions[4,5].Particularly, materials at nanometer scale have been
extensively studied during the last decades due to their unique
properties and awhole range of applications. In this sense, various
synthesis methodologieshave been formulated to obtain TiO2 on
the nanoscale [7].Physical and chemical vapor deposition, sol–gel,
hydrothermal, electrotemplating and solvothermal methods among
others have been extensively used as synthetic routes [8-10].
However, there always hasbeena constantefforttodecreasethecost

incurred in the manufacturing of the nanomaterials to make them
more feasible for industrial production.
A generally applied synthesis strategy for this kind of
materials is the soft-templating method. Soft-templating is defined
as a process in which organic molecules or supramolecular
aggregates serve as a ‘mold’ around which a framework is built up
[11]. The removal of these organicmolecules results in a cavity
that retains the same morphology and structure of the organic
molecules. Soft-templating is versatile, but it is also a complicated
synthesis method in which hydrolysis and condensation reactions
around micelles of the template result in the formation of an
amorphous network of titanium dioxide [12]. This is followed by a
thermal treatment to remove the template and crystallize the TiO2.
The disadvantage of this procedure is the use of high thermal
treatment temperatures, necessary to create the photocatalytically
active anatase crystal phase, which causes the collapse of the
porous structure due to thermal instability of the organic soft
template[12-14].
On the order hand, the obtained meso-structures from the
self-assembly process are very dependent on temperature, solvent,
concentration, hydrophobic/hydrophilic properties, interface
interaction, ionic strength and many other parameters [12]. In this
sense, block copolymers, anionic surfactants, cationic surfactants,
and primary amines have been developed to prepare crystalline
TiO2 with well-defined mesopores structures [8].
Recently, the aqueous extract of Stevia rebaudiana bertoni
has been used for the preparation of metallic nanoparticles and
nanostructured oxides (Figure 1) [15]. The extraction and
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purification of steviol glycosides, constituents of Stevia
rebaudiana (native plant to certain regions of Paraguay and
Brazil), allows the preparation of a synthesis media rich in
molecular structures such as Rebaudioside A, Rebaudioside B,
Rebaudioside C, Rebaudioside D, Rebaudioside E, Rebaudioside
F, Ruboside, Esteviol bioside, Dulcoside A and Steviol monoside
(Figures 2,3) [15].

Figure 1. Mechanism proposed for the synthesis of materials using the
kaurane diterpenoids as biological templates. A) Metal alkoxide solution,
B) supramolecular structures in Stevia rebaudiana aqueous extract leaf,
C) template and inorganic precursor and D)building of porous structures.
Figure 3.Ent-Kauranediterpenoid molecules from S. rebaudiana aqueous
extract.

Figure2.Ent-Kauranediterpenoid molecule.

The supramolecular structures former by this ent-Kaurane
diterpenoid molecules are employed in soft-template method to
obtain a nanometric mesoporous anatase (Figure 1), highly
crystalline, avoiding the disadvantages which usually are
presented with the use of surfactants molecules. In the soft
template approach, the control of the size and mechanical stability
of the supramolecular structures could become a problem.
Therefore, a new protocol using biological materials through
which the structure can be made easily is of great interesting.
In the present study, we focused on HRTEM and FE-SEM
characterization of TiO2 nanopowders produced by biosynthesis,
employing the supramolecular self-assembly of diterpene
glicosides as a soft-templatepatterning. In addition, a discussion
about the chemical modification of titanium alkoxide in this
aqueous system has been added.

2. EXPERIMENTAL SECTION
2.1. Preparation of the S. rebaudiana leaf extract.
Portions of 1.20 g of leaves of S. rebaudiana were
extracted with 50 mL of hot water (65 ºC) for 3 h, as described
previously by Nishiyama et al. [16]. The crude extract was filtered
through a Whatman qualitative filter paper No. 1.
2.2.Synthesis of nanometricTiO2.
Synthesis of nanometric titania was carried out from
aqueous solutions employing titanium isopropoxide (SigmaAldrich) as a metal precursor and S. rebaudiana leaf extract as a

soft-template. In a typical preparation, 5.84 g of titanium
isopropoxide was dissolved in 54 mL of distilled water. The
resultant solution was magnetically stirred at room temperature for
2 h. Subsequently, the extract was added dropwise. The pH value
was adjusted to 5 using a diluted acid nitric aqueous solution. The
obtained solution was evaporated and dried at 80 ºC for 48 h.
Finally, the resulting solid was calcined to remove the template.
This was carried out in a tubular furnace under air atmosphere,
with a heating rate of 5 ºC/min up to 500 ºC, and kept at the
maximum temperature for 6 h.
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2.3. Characterization and instrumentation
X-ray Diffraction (XRD) pattern data of TiO2 was collected
on a Panalytical diffractometer, model X´Pert Pro, and CuKα
radiation in the 2θ range between 5-80°, operating at 40kV and 20
mA. Phase identification performed using the MATCH! 2 program
(version 2.3.3, Build 434) Crystal Impact, coupled with the
Release 2011 PDF-2 database. The Rietveld refinement performed
with the complete pattern and obtained a good agreement with the
structures reported in both the PDF (code 00-071-1167) and the
ICSD (code 172916), this last used as a model for the Rietveld
refinement. The structure TiO2 was refined with the Rietveld
method [17] used the program Fullprof/Wfp2k (RodriguezCarvajal, 2014) using the graphical interface Winplort (Roisnel&
Rodriguez-Carvajal, 2014). The peak shapes modeled using the
pseudo-Voigt function. Background modeled using the
interpolation function with eight points. The isotropic atomic
displacement parameters were refined as one overall Uiso for the
non-oxygen atoms starting from a value of 0.05 Å2. Nevertheless,

one constraint applied to Uiso for modeled of isotropic atomic
displacement parameters of oxygen atom following riding-model.
The mean grain size (D) of the prepared TiO2 nanoparticles
was calculated from X-ray line broadening of the listed reflections
in the Table 1, using Scherrer's equation [10], (i.e. D = Kλ/(β cos
θ)), where λ is the wavelength of the X-ray radiation, K is a
constant taken as 0.89, θ is the diffraction angle, β (rad) is the fullwidth at half-maximum (FWHM). The particle size was calculated
using the Scherer's equation.
The morphologies of particles were observed by field
emission scanning electron microscopy (FE-SEM), using a Quanta
250 FEG scanning electron microscope (accelerating voltage of 30
kV). The evaluation by transmission electron microscopy was
performed on a TEM 1220 JEOL instrument operated at 100 kV
and a JEOL JEM-2100 microscope with LaB6 filament
(accelerating voltage of 200 kV). The samples were prepared by
suspending the powders in an ethanol-based liquid and pipetting
the suspension onto a carbon/collodion coated.

3. RESULTS SECTION
3.1. Synthesis mechanism.
In general, the hydrolysis and condensation of the titanium
alkoxides are controlled mainly by two parameters: the
concentration of starting reagents and the hydrolysis ratio (rw:
H2O/Ti). These two factors not only modify the speed of reactions,
but also change the degree of hydrolysis of the complexes that
form in the system. In this sense, it has been shown, that the size,
stability and morphology of the sol generated is strongly affected
by the molar ratio water/titanium (r:H2O/Ti). Therefore, in the
presence of water, the alkoxides are hydrolyzed and subsequently
polymerized to form a three-dimensional network of oxide
[18, 19]. These reactions can be described in the following way:
Ti(OR)4 +4H2O → Ti(OH)4 +4ROH (hydrolysis) (I)
Ti(OH)4 → TiO2 xH2O + (2−x)H2O (condensation) (II)

The hydrolysis of the alkoxide (I) is made by adding water,
generating a hydroxo group reagent M−OH. In this regard, it has
already been proposed a general three steps mechanism [18-21], as
shown below:

The first step corresponds to the nucleophilic addition of a
water molecule to the metallic atom (Ti), leading to a transition
state in which the number of coordination of the metal is increased
in a unit. A second step occurs in the transfer of a proton from the
water molecule next to −OR the adjacent group, negatively
charged oxygen generating an intermediate species[18-21].
The third step is the leaving of the species −OR, which has
more positive partial charge within the state of transition.
Subsequently, it takes place the condensation, a complex process

that in these systems could be occurring through chemical
reactions that have been described as: oxolation (III) alcoxolation
(IV) and olation (V), generating simultaneously during the course
of the nucleation and crystallization, as shown below:

As mentioned in the literature, it is expected, for the metal
alkoxides, that species hydrolyzed type M(OR)3(OH) to condense
via alcoxolation and not oxolation:

Generally, condensation results in the formation of oxoalkoxides with different variations in their compositions TixOy.
OR(4x−2y). It is important to mention, that the addition of mineral
acids, such as HNO3, in the aqueous medium, can increase the
kinetics of the hydrolysis-condensation reactions and the structure
of the condensed product. −OR groups can easily be protonated by
ions H3O+, consequently all −OR groups can be hydrolyzed,
provided it has been added enough water. In the presence of H3O+,
condensation occurs between hydrolyzed species, quickly formed,
ZX(OH) x M (OR) [5, 23].
Various factors in addition to the water/alkoxide ratio also
affect the kinetics of network forming reactions[19]. Such factors
include the type of alkyl groups in the alkoxide, the host medium,
molecular separation of species, catalysts, and temperature [18,
19]. The molecular separation of species during the hydrolytic
polycondensation by dilution was found to affect the densification
rate as well as the crystallization of TiO2 samples. As a result,
depending on the experimental procedure, adjustment of pH and
the number of water molecules present in the medium of synthesis,
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it would lead that the precipitation of some phases of TiO2 occurs
preferentially [19-21]. This can be attributed to the order in which
appearthe competitive mechanisms of condensation, oxolation
/alcoxolation (formation of oxygen by the removal of water or
alcohol elimination bridges) and olation (formation of bridges
hydroxy by elimination of solvent molecules).
In particular, where the alcoxolation occurs before the
olation reaction, condensation may be leading to the formation of
the typical chains in the anatase phase. For this purpose, “it is
required that reaction occurs in an aqueous system” [18-21], so as
the methodology used in this work.
On the other hand, the combination of an inorganic
polymeric network with organic component or in this case, “a
biological soft-template”, leads to mixed of hybrid material
composite by inorganic-organic polymers. In this compound, new
bonds are formed, which could be used for modifying the network
formers or could also form new structures, depending on the
reactivity of the organic groups attached to the biomolecules.
However, it has been mentioned that is not possible this
modifications in the case of transition metal oxide gels,
presumably because the ionic M−C bonds upon hydrolysis are
destroyed. Differently, the organic modification could be achieved
with polymerizable ligands or use of compounds that appear to
react with metal alkoxide giving the corresponding mixed
alkoxide derivatives [22]. In this sense, it is known that metal
alkoxides could be reacted with a variety of chemical compounds
containing nucleophilic hydroxyl groups and the chemical
modification can be performed leading to new molecular
precursors that exhibit a wide range of new properties [22].
Generally, the substitution reaction could occur when highly
electrophilic metal alkoxides react with nucleophilic hydroxylated
ligands. Therefore, alkoxy groups are then replaced by new
ligands, which can be removed upon hydrolysis [18-22], in this
case a metal oxide is obtained. On the other hand, a mixed
organic-inorganic network is formed when the metal-ligand bond
cannot be broken upon hydrolysis. These“modifiers” should be
removed during the condensation reactions promoting the
formation of polymeric gel. Consequently, this molecular
modification has a strong effect on parameters such as: gelation
time, particle morphology and porosity. Thus,the relative
hydrolysis and condensation rates are modified and different
products can be obtained. Additionally, it has been shown that
increases in water concentration, produce higher nucleation rates,
which result in a decrease in average particle[18-21].
3.2.Characterization.
In Figure 4it is shown the diffraction pattern of the
synthesized solid. It can be seen the characteristic powder
diffraction pattern of anatase TiO2 in tetragonal system (PDF 00021-0451) with a strong 0(11) reflection.
The final Rietveld
Refinement with the corrected model gave figures of merit: Rp =
12.1, Rwp = 14.3, Rexp = 11.1, RF2 = 4.18 (27 reflections) and χ2 =
1.67. Figure 1 shows the final Rietveld plot. The final parameters
for tetragonal cell were a = 3.7788(8) Å, c = 9.4886(8) Å, with
space group I41/amd.
The Scherrer's equation was used to estimate the particle
size by averaging the value of FWHM for the first nine lines of the

powder pattern of anatase (see Table 1). Thus, the average particle
size estimated for the anatase synthesized in this work was 11 nm.

Figure 4. Final Rietveld plot for TiO2 nanoparticles. The continuous
black line represents the calculated pattern and the red dots line is the
observed pattern. The blue vertical lines represent the Bragg's peaks
position.
Table 1. Selected peaks employed to calculate the particles size with
Scherrer's equation. These are the nine first peaks that appear in the
powder pattern of TiO2synthesized.

hkl
101
103
004
112
200
105
211

2θ/°
25.313
36.998
37.876
38.589
48.04
53.984
55.069

dhkl/Å

Int./U.A.

3.515672
2.42778
2.373507
2.331252
1.892362
1.697186
1.666307

2432.1
136.2
593.3
105.6
797.3
492.7
465.8

FWHM/2θ°
0.763879
0.808748
0.812841
0.816245
0.868036
0.907345
0.915114

The FE-SEM and TEM studies, displayed in Figures5-7,
allow us to verify the formation of TiO2 structures with porous
tubular morphology and nanoparticles. Figures 5 and 6 show the
low and high magnification FE-SEM images of the synthesized
sample and confirm that theobserved structures consist of
aggregates of nanoparticles (Figure 5) withan average diameter of
about 3-8 nm.
Conclusively, we can say that the supramolecular selfassembly of diterpene glycosideas a soft-template patterning and
formation of complex system of interactions withthe inorganic
precursorinduce the resulting morphology and the formation of
pores [24].
The formation of this supramolecular soft-template has
been described previously according to the theory of microphase
separation. This theory was developed previously for blockcopolymer and liquid crystal systems [15, 25-27].
Figures 8-10show a high-resolution image of synthesized
nanoparticles and the corresponding FFT power spectrum
calculated from the region around the nanoparticles.The
corresponding HRTEM image reveals that a high crystallinity
exist in the mesoporous TiO2 anatase. In Figure 8 and 9, HRTEM
analysis shows lattice fringes with an in interlayer distance of
0.350 nm whichis close to the 0.351-0.353 nm lattice spacing of
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the{101} crystal planes of the anatase TiO2 phase, further
confirmed by fast Fourier transformation (FFT) patterns, also in
accordance with XRD results.

(b)

(a)

Figure 7. Images TEM of synthesized anatase TiO2 structures (a) and
nanoparticles (b).

(c)

(a)

d(101)= 0.351 nm
(101)

(b)
Figure 8. HRTEM image of the anatase nanoparticles (a),the
corresponding FFT power spectrum (b) and resulting image after
performing an inverse FFT on the masked power spectrum (c).
(b)

(a)

(101)

Figure 5. Images FE-SEM of synthesized anatase TiO2 structures and
nanoparticles.
(c)

d(101) =0.353 nm
(d)

Figure 9. High magnification HRTEM Image of the anatase nanoparticles
(a) and the corresponding FFT power spectrum (b) the masked power
spectrum (c), resulting image after performing an inverse FFT on the
masked powerspectrum (d).}

Figure 6. Images FE-SEM of synthesized anatase TiO2 structures.

No other lattice fringes in the whole HRTEM analysis were
detected. Convincingly, the obtaining of a calcined pure singlephase anatase powder nanocrystalline is confirmed. The {101}
planes are the most thermodynamically stable ones for the regular
anatase TiO2 and these planes account for the 94% of the total
surface according to the Wuff construction [28].

Figure 10. High magnification HRTEM Image of the porous anatase
nanoparticles (a), the corresponding FFT power spectrum (b), resulting
image after performing an inverse FFT on the masked power spectrum
(c).
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In Figures 8-10 it is demonstrated that the TiO2
nanocrystallites have a diameter of 3–8 nm. Interestingly, Figure
10 shows HRTEM image of the TiO2 anatase illustrating a
mesoporous ordered structure.
For these studies, noise reduction was performed on a
square-labeled area of the figure; a masking was applied to the
intense spots of the FFT power spectrum and the resulting image
after performing inverse FFT on the masked power spectrum was
obtained.
In addition, physisorption of nitrogen (Figure 11), verified
that the synthesized material has a surface area in the order of 258
m2.g [29], which exceeds the area of an oxide of titanium
commercial (51 m2.g-1, TiO2 Degussa P-25). Theresults are
consistent with the observations by TEM, allowing to demonstrate
the high porosity of the materials obtained.
The characteristics of the nanomaterials make this a
potentially useful material for many applications in
nanotechnology, electronics, optics, catalysis, photocatalysis and
other fields.

Figure 11. Nitrogen adsorption–desorption isotherm (A) and pore size
distribution calculated from the desorption branch of the mesoporous
TiO2 B).

4. CONCLUSIONS
The electronic microscopy characterization (FE-SEM,
TEM and HRTEM) of anatase TiO2 powders synthesized
employing ent-Kaurane diterpenoid glycoside molecules, as softtemplates, reveals that using this method it is possible to obtain a
mesoporous material with high surface area and crystallinity. It
was shown that the supramolecular arrangement that forms the
ent-Kaurane diterpenoid serve as mold, around which a

framework can be built up. The use of a titanium alkoxide as a
precursor source facilitates the obtaining of structures with tubular
morphologyand nanoparticles with an average diameter of 3-8 nm.
Protocol synthesis employed using biological materials avoids the
disadvantages, which usually are present with the use of
surfactants molecules, additionally it is simple and inexpensive.
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