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ABSTRACT

In this work, the crystal structure of titanium dioxide was studied, and the effect of the different synthesis routes on the
microstructure and morphology of the nanostructures was analyzed. Samples characterization was carried out by X-ray
diffraction by powders (XRD) to determine the different crystalline phases contented in the samples and using scanning
electron microscopy (SEM), the morphology and topology of all samples were studied. XRD results were analyzed
through Eva provided by Bruker to determine the average crystallite size. The results portrayed here showed that all the
synthesis process produced anatase nanostructures with an average crystallite size smaller than 27 nm. Synthesized

powders presented similar morphologies in all cases and they were homogeneous in their chemical composition.

Keywords. Anatase; Sol-Gel; Hydrothermal Assisted Microwaves; Crystallization

1. Introduction

The development of photocatalysis has been the focus of
considerable attention in recent years with photocatalysis
being used in a variety of products across a broad range
of research areas, especially including environmental and
energy-related fields [1,2]. According to Mo ef al. (2009),
the common photocatalysts are primarily metal oxides or
sulphides and have been developed for various applica-
tions, including the degradation of volatile organic com-
pounds (VOC’s). Metal oxides or sulfur are those listed
as Ti02, ZIIO, ZI‘Oz, Sl’l02, WO3, CeOz, F6203, A1203,
ZnS y CdS [3]. One of the most useful is the TiO, be-
cause it exhibits excellent optical, electrical, photocata-
lytic and thermal properties and also poses a relatively
low cost [4]. Besides its application as a photocatalyst
[1,2,5-7], TiO, has been used as solar cells [8] and as
functional biomaterials [9].

Regarding its preparation methods, TiO, can be ob-
tained through various chemical synthesis routes and dif-
ferent physicochemical properties and controlled mor-
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phology have been generated with several advantages.
The methods used to obtain this catalyst are: Dip-coating,
sol-gel, sputtering, chemical vapor deposition (CVD),
hydrothermal [2] and others. In recent years, one modi-
fication of the hydrothermal method is the so called hy-
drothermal microwaves-assisted synthesis methods and
its potential applications are been deeply investigated
[4,5,7,10], because this new method allows a consider-
able reduction of the reaction time and as a consequence,
an important decrease in the heat provided during the
synthesis process. Moreover, the technology and devices
required to carry out this synthesis methods is reasonably
priced and relatively easy to use. Currently, there is a
tendency to improve the synthesis conditions in order to
manipulate the morphology, dimensions and crystalline
preferential orientation of the synthesized nanomaterials
[11-17] which have a direct impact on the properties of
the products.

This work has been focused to analyze the effect of
different synthesis methods on the crystal structure and
morphology of TiO; in its anatase phase; specifically, the
sol-gel method, sol-gel method assisted by microwaves
and the hydrothermal method assisted by microwaves.
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2. Experimental Procedure

2.1. Synthesisthrough Sol-Gel Method

The synthesis of TiO, by the sol-gel method was carried
out using dissolution of titanium isopropoxide in isopro-
pyl alcohol under an inert nitrogen atmosphere and me-
chanical stirring to obtain a sol; then, deionized water
was added with continued stirring to obtain a suspension.
The powders obtained were filtered, dried at room tem-
perature, and then dried at 110°C for 18 hours in a fur-
nace and finally, calcinated at 550°C for 4 hours.

2.2. Synthesisthrough Sol-Gel Method Assisted
by Microwaves

The anatase synthes is by this method combines the sol-
gel method with micro waves radiation as follows: first,
develops the sol-gel method as mentioned above until the
stage in which the suspension was obtained. This sus-
pension was immediately put inside a microwave oven
Synthos 3000, and the chemical reaction started. The
energy required for the reactions was provided by the
microwaves which were inducted with potency of 600
kW from 5 to 20 minutes to obtain anatase powders, and
were subsequently dried at room temperature.

2.3. Synthesis through Hydrothermal Method
Assisted by Microwaves

Anatase obtained by this means was made from the reac-
tion of TiOCl,, which was obtained from TiCly. TiOCl,
was mixed with urea in a molar ratio of 5:1; this mixture
was exposed to the microwaves radiation using the mi-
crowave oven Synthos 3000 with a potency of 950 kW
for various reaction times from 2 to 9 minutes. The pow-
ders obtained were filtered and washed using double dis-
tilled water and finally dried in a furnace for 12 h.

2.4. Labeling of the Samples

According to anatase quality, samples for each method of
synthesis were selected and labeled as follows: sol-gel
method (SG1), sol-gel method assisted by microwaves
(SGMW1), (SGMW?2), and hydrothermal method as-
sisted by microwaves (MW6), (MW9).

2.5. Samples Characterization

All the samples obtained were characterized by means of
X-ray diffraction by powders (XRD) using a diffracto-
meter Bruker D8 Advance. For all the analyses, an ac-
celerating voltage of 30 kV was used to produce the CuK
o radiation of 1.5406 A. The XRD analyses were per-
formed in the 26 range from10 to 80 degrees.

The morphology and particle size of the powder was
observed by scanning electron microscopy (SEM) Philips
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model XL30ESEM. Besides, qualitative elemental mi-
croanalysis was performed by EDS. The samples were
previously glued with a double-faced graphite tape and
covered by a thin layer of Au deposited by sputtering.

3. Results and Discussion

The crystal structure of the samples obtained was ana-
lyzed using the technique of X-ray diffraction by pow-
ders. Diffractograms were obtained for each of the sam-
ples and they are portrayed in the figures from 1 through
5. In all cases, titanium oxide in the phase of anatase was
identified using de ICDD power diffraction file (PDF)
bank. The more relevant signals detected were at 25.3°,
48.2° and 37.8° in 26 related to the (101), (200) and (004)
crystal planes respectively.

Figure 1 displays the diffractogram obtained of the
sample made by the sol-gel method which presents sig-
nals well defined with a high intensity, a relatively flat
baseline and narrow XRD signals which are indicative of
small crystallites and a good crystalline quality. The de-
termination of the crystallite size was done by the
Scherrer formula. The Scherrer formula gives a corre-
spondence between the crystallite size LC and the full
width at half maximum FWHM

180 ke

LC .
T cos@-FWHM? — s>

M

e 180/m converts the FWHM from degree to radian;

o J is the wavelength of the radiation; it is expressed in
angstrom, LC is thus also in angstrom;

e [ is the Scherrer constant, a shape factor, the default
value is 0.89;

e §is the instrumental broadening; default is 0.

All the XRD results were analyzed by the Eva com-
puter program provided by Bruker to determine the av-
erage crystallite size. Calculation process of the average
crystallite size made using the Eva program showed an
average crystallite size of 26.53 nm.

The crystalline phase obtained was identified by com-
parison with the corresponding PDF 065-5714 anatase
phase of titanium oxide. A small amount of rutile was
also detected by the PDF 88-1953. The signals at 27.54°
and 36.106° correspond to this crystal phase.

Figures 2 and 3 depict the diffractograms recorded of
the samples made by the sol-gel method assisted by mi-
crowaves. The Figure 2 corresponds to SGMW1 and it
showed aminor crystalline quality compared with that
sample obtained by sol-gel. The intensity of the signals is
quite lower, the XRD signal is significantly broader and
the baseline is considerably irregular and tilted. This dif-
fractogram could be the result of the combination of a
crystalline phase with small crystallites and an amor-
phous phase. In the other hand, the diffractogram of
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Figure 1. X-ray diffractogram of the sample (SG1) synthesized by the sol-gel method.
SGMW1
700 3 5 5 7=z ; g
o ] o ] = = 3
= = “ =9 ) =08 =
& | | | n
500 i i P
] ' ; E -
400 4 : v .
z ] i H Do
E 3 : o HE
3 ] ! ! a [
5} ] ' ' . I
% 300 ] i ¥ .
£ 300 ol o P
= 1 o o .
200 3 :
100 3 P
0 . T T T T T T T T T T T r |I T LI
10 20 30 40 50 60 70 80

2-Theta - Scale

EASGMWI1 - File: SGMW 1.raw- Type: Locked Coupled - Start: 10.000° - End: 80.001° - Step: 0.009° - Step time: 62. s- Temp.: 25°C (Room). Time Started: 14 s - 2 - Theta: 10.000° - Theta: 5.000° - Chi: 0.00

[AP SGMWI — Left Angle: 23.874° - Right Angle: 27.955° - Left Int.: 6.62 Cps - Right Int.: 6.62 Cps - Obs. Max: 25.417° - d (Obs. Max): 3.50157 — Max Int.: 9.64 Cps — Net Height: 3.03 Cps - FWHM: 1.661° - Ch
Operations: Import

[M03-065-5714 (*) - Anatase. syn - TiO, — Y: 82.40% - d x by: 1.- WL: 1.5406 — Tetragonal- a 3.78500 — b 3.78500 — ¢ 9.51400 - alpha 90.000 — beta 90.000 0 gamma 90.000 - Body — centered — 141/amd (141)-4-

Figure 2. X-ray diffractogram of the sample (SGMW1) synthesized by the sol-gel method assisted by microwaves.
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Figure 3. X-ray diffractogram of the sample (SGMW?2) synthesized by the sol-gel method assisted by microwaves.

SGMW?2 presented high intensity signals with a better
definition, but the XRD signal were comparable to those
observed for SGMWI1. Although, the crystallite size is
similar in the samples SGMW1 and SGMW2, it was
possible to assume that the last one has a better crystal-
line quality. Using the Eva program was possible to de-
termine the average crystallite size for each sample, with
values of 2.53 nm for SGMW1 and 4.32 nm for SGMW2.
Again, the crystalline phase was identified by compari-
son obtained from PDF 065-5714 and PDF 075-2545
titanium oxide in its anatase phase, for SGMW1 and
SGMW?2 respectively.

In the case of SGMW?2, anatase PDF 075-2545 was
once more identified, and a small quantity of brookite
was identified with the PDF 65-2448. This crystalline
phase is clearly observed by its main signal at 30.75°.

In the diffractograms showed in the Figures 4 and 5,
the crystalline phases obtained for MW6 and MW9 sam-
ples using the hydrothermal method for microwaves as-
sisted were identified by the ICDD bank, and in the both
cases the PDF 075-2546 and PDF 075-2545 of anatase
was perceived. Besides, a quantity of brookite was also
detected according to the PDF 65-2448. The diffracto-
grams of both samples have a smoother background and
the baselines are flat and they are tilted at low angles in
260. The intensity of the signals is strong and thinner than
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those observed in SGMW1 and SGMW?2. The results of
the average crystallite size determination showed a value
of 5.37 nm; this average size is smaller than that obtained
for the sample made by the sol-gel method, but larger
compared to those obtained for the samples synthesized
by the sol-gel method assisted by microwaves. In gen-
eral, the diffractograms of samples MW6 and MW re-
veals that the crystalline quality is better compared to
that observed in all the previous samples. As a conse-
quence, it is possible to affirm that the sol-gel method
assisted by microwaves allowed the obtaining of the best
crystal quality.

Several secondary electron microscope micrographs
are portrayed in the Figures 6-9, and they allow observ-
ing the morphology, microstructure and topology of all
the materials synthesized through the three different
methods. The sample SG1 showed morphology of mi-
cro-blocks made of small agglutinated nanometer parti-
cles. The sample surface is quite irregular and indicates
that there is a large superficial area which is essential for
the photo-catalytic applications.

The morphology seen in the Figure 7 is rather similar
to that observed for SG1 sample, and this is evidence that
both method, sol-gel or sol-gel microwaves assisted, are
able to generate micro-aggregates constituted of particles;
however, the material produced by sol-gel shows greater
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Figure 4. X-ray diffractogram of the sample (MW6) synthesized by the hydrother mal method assisted by microwaves.
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Figure 5. X-ray diffractogram of the sample (MW9) synthesized by the hydrother mal method assisted by microwaves.
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Figure 8. SEM micrographs ofthe sample MW6 synthesized by the hydrothermal method assisted by microwaves fora reac-
tion time of six minutes.
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Figure 9. Four SEM micrographs of the sample MW9 synthesized by the hydrothermal method assisted by microwaves for a
reaction time of nine minutes.

uniformity in particle size. ples SG1, SGMW1 and SGMW?2; this type of surface is
In the Figures 8 and 9 the morphology of MW6 and not adequate for photo-catalytic applications. It could be
MW9 samples can be appreciated. The micrographs possible that the energy supplied by the microwave oven

show continuous matrix which is made of or contain during the synthesis process was considerably high and
small submicroscopic particles. The surface sample is consequently, the micro-particles joined to form the ob-
irregular, but is evener than those observed for the sam- served matrix.
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4. Conclusions

According to the results obtained, there is an effect of the
different synthesis method on the crystalline quality and
in the average crystallite size. The best crystalline quality
was obtained through the sol-gel method; nevertheless,
the hydrothermal method assisted by microwaves pro-
duces the best crystallite in size and homogeneity.

The results from this research work allow concluding
that anatase was obtained through all the used synthesis
methods. Most of the materials showed morphology of
micro-aggregates made of small nano-scale particles; and
in other samples, the morphology is a continuous matrix
containing small particles. All the synthesis routes gen-
erate crystallite with an average size smaller than 27 nm,
especially the sol-gel method assisted by microwaves and
the hydrothermal method assisted by microwaves.
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