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COMPARATIVE STUDY ON TiO2 NANOPARTICLES
OBTAINED BY PRECIPITATION AND SOL-GEL
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ENCULESCUS, Cristina BUSUIOC*

The purpose of the work is the synthesis and characterization of TiO,
nanoparticles. These were obtained by two different methods, precipitation and sol-
gel, starting from titanium(IV) isopropoxide and calcining at 500 °C for 2 h. The
compositional, structural, morphological and optical properties of the resulting
powders were investigated by energy dispersive X-ray spectroscopy, Fourier
transform infrared spectroscopy, X-ray diffraction, Raman spectroscopy, scanning
electron microscopy, reflectance spectroscopy and photoluminescence spectroscopy.
The thermally treated samples contain TiO2 as single phase with tetragonal structure,
known as anatase. SEM analysis showed quasi-spherical particles with a diameter of
few nanometres for the calcined samples, while the optical studies revealed band gap
values of 3.04 and 3.17 eV, as a function of the preparation route.
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1. Introduction

Over time, it has been demonstrated that titanium dioxide (TiO2) can be used
in a wide variety of fields, such as painting industry [1], pharmaceutical industry
[2], cosmetic industry [3], food industry [4], medicine [5]. In the last few years,
researchers’ attention has turned to materials with interesting properties and came
up with new approaches for widespread development, like TiOo; it is well-known
as a semiconductor [6] that has optical [7], electrical [8] and catalytic properties [9].
Thus, more studies show the applicability and properties of TiO> for different
applications, such as drug delivery and therapy [5, 10], antibacterial agents [11, 12]
environmental applications [13], cosmetic sunscreens [3, 14], sensors [15, 16].

There are several routes for preparing TiO2: hydrothermal [17, 18], sol-gel
[19, 20], precipitation [21, 22], electrochemical [3, 23]. Among these, the most used
approaches are precipitation and sol-gel, because of their simplicity and cost
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effectiveness [19, 24]. The main advantages of the sol-gel method are purity, high
homogeneity and stoichiometry control of the obtained material [25], and it also
provides flexibility to achieve TiO with different morphologies, like wires, tubes,
films etc. [19, 26, 27]. Nevertheless, the common problem is that it may generate
low-crystallinity or amorphous products [28]. By using the sol-gel route, the
particle size is easy to control [23], while the precipitation approach faces difficulty
in controlling the particle size [29]. However, the precipitation method for obtaining
TiO> is recognised as a simple and a low cost one [30].

TiO2 nanoparticles can have three crystalline phases: anatase, rutile and
brookite [31-33], and they can be synthesized from materials like chlorides [34],
sulphates [35] and alkoxides [36]. Still, titanium tetraisopropoxide
([Ti(OCH(CHs3)2), ]4) is the most used reagent in the preparation of TiO2[19, 32].

Spoiala et al. [37] integrated TiO2 nanoparticles prepared through the sol-
gel method in adsorbent composite membranes based on chitosan for the removal
of toxic pollutants; the oxide concentration was kept below 5 %, however good
photocatalytic and antimicrobial activities were attained, confirming the potential
of such materials in complex water purification processes (removal of heavy metal
ions, antibiotics and microorganisms). Jinga et al. [38] loaded 5 % TiO>
nanoparticles synthesized by the precipitation route on fibrous membranes of
polycaprolactone, a biodegradable polymer frequently employed in tissue
engineering; the biological evaluation performed on mesenchymal stem cells
demonstrated that this composite represents a support accepted by the cell cultures,
displaying significant cell proliferation. Moreover, glass-ceramic porous scaffolds
with TiO- crystalline domains were fabricated using bacterial cellulose as template
and thermally treating at temperatures above 1000 °C; their morphology was either
as a fluffy mass composed of micrograins and nanorods or as a well-interconnected
3D structure crossed by large pores, but all samples showed good biocompatibility
in relation to the same cell cultures as previously mentioned [39]. As well, sol-gel
approach was used for coating silica fume particles with TiO2 nanoparticles,
resulting in improved photocatalytic activity in the first hours; due to their good
pozzolanic activity, the composites were employed for 3 % substitution of Portland
cement for the preparation of self-cleaning mortars, which led to higher
compressive strengths compared to the reference [40].

In this work, the precipitation and sol-gel methods were used for the
synthesis of TiO2 nanoparticles. The novelty resides in the comparative
investigation of the dried intermediates and 500 °C calcinated powders in terms of
thermal, compositional, structural, morphological and optical properties, with
emphasis on the influence of the processing route on the final characteristics.
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2. Experimental procedure

Two types of titanium dioxide (TiO2) were prepared by two different
methods. The precipitation route involves the formation of a poorly soluble
compound called compound, occurred in a liquid medium. It has the advantages of
low manufacturing costs and lack of organic solvents. The sol-gel synthesis is an
approach that resides in the hydrolysis of the precursors to form a colloidal solution
(sol), which is followed by the polycondensation of —Ti—~OH groups and then the
formation of a network based on —Ti—O-Ti— bonds. As the network connectivity
increases, so does the viscosity, thus forming the gel; it is then subjected to
operations like drying and calcination or sintering. The main advantages are high
purity and homogeneity, low processing temperatures and reduced particle size.

The samples were processed as described below.

1. For the precipitation, 40 mL of titanium(lV) isopropoxide (Ti(O-i-Pr)s =
Ti[OCH(CHz)2]4, Mw = 284.22 g/mol, p = 97 %, p = 0.96 g/mL) and 120 mL
of isopropy! alcohol (i-PrOH = (CH3).CHOH, Mw = 60.10 g/mol, p > 98 %)
were mixed and 5 mL of distilled water were added, obtaining a white
precipitate (pH = 7), which was filtered, washed and dried at 80 °C for 24 h.

2. For the sol-gel, the same quantities of titanium(I1V) isopropoxide and isopropyl
alcohol were mixed and nitric acid was added to reach a pH of 2.5.
Approximately 2 min after the addition of 5 mL of distilled water, a gelation
process occurred, the gel being dried in similar conditions as previously
mentioned.

The thermal analysis was recorded from room temperature to 1000 °C, in
air, on a Shimadzu DTG-60 equipment. The chemical bonds were studied by
Fourier transform infrared (FTIR) spectroscopy, with a Thermo Scientific Nicolet
iS50 spectrophotometer, in the attenuated total reflection (ATR) mode, the
wavenumber ranging between 400 and 4000 cm™. The phase composition and
crystal structure were revealed by X-ray diffraction (XRD), with a Shimadzu XRD
6000 diffractometer, using Ni-filtered Cu Ka radiation (A = 1.54 A), 20 ranging
between 10 and 60 °. The morphology was visualised by scanning electron
microscopy (SEM), with a Quanta Inspect F microscope equipped with an energy-
dispersive X-ray spectroscopy (EDX) probe for evaluating the elemental
composition. The reflectance spectra were recorded with a Perkin Elmer Lambda
45 UV-Vis spectrophotometer equipped with an integrating sphere, while the
photoluminescence spectra with a FL 920 Edinburgh Instruments
spectrophotometer equipped with a Xe900 lamp.
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3. Results and discussion

Fig. 1 displays the thermal analyses of the dried precipitate and gel. In the
case of the precipitate, there are only two stages of weight loss on the DTG curve,
the first being more intense than the second: around 23 % mass loss between 20 and
180 °C, as against around 3 % mass loss between 180 and 250 °C. These are
generated by processes that take place simultaneously, starting with the evaporation
of residual water and ending up with the decomposition of hydroxides /
oxyhydroxides or the combustion of the organic part found in the system. Thus,
endothermic and exothermic processes are overlapped in the DTA curve.

In the case of the gel, there are three stages of weight loss on the DTG curve
in the temperature range 0-500 °C, after this threshold the loss being insignificant.
The first one takes place in the range 20-190 °C, is around 15 % and corresponds
to the elimination of the physically bound water (endothermic process). The second
one takes place in the range 190-300 °C, being around 6 %, while the third one
takes place in the range 300-500 °C, being around 3 %; these are associated with
endothermic and exothermic processes, such as removal of the chemically bound
water, burning of the organic part and other decomposition reactions.
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Fig. 1. Thermal analyses of the dried precipitate and gel.

The EDX spectra shown in Fig. 2a indicate the presence of Ti and O for
both methods. The precipitate and gel also contain C, that disappears with the
elimination of the reaction residues. Fig. 2b presents the FTIR spectra for the same
samples, in which a reduced number of vibrational bands are available; at low
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wavenumbers, Ti-O bonds are visible, while the uncalcined materials exhibit a
large vibrational band at high wavenumbers, typical of OH groups.
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Fig. 2. (a) EDX and (b) FTIR spectra of the dried precipitate and gel,
as well as powders calcined at 500 °C.

In terms of structure, the XRD patterns from Fig. 3a led to the identification
of TiO2 polycrystalline compound with tetragonal structure, known as anatase,
based on the sheet ICCD 00-084-1286 from the database and the diffraction peaks
located at 26 angle of 25, 38, 48, 54, 56, 63 and 69 °. The two small peaks present
in the upper XRD pattern and indicated by the star were also attributed to TiO> with
tetragonal structure, but with different cell parameters, known as rutile (ICCD 00-
084-1284). It can also be observed that an incipient crystallization is associated with
the gel, whereas the precipitate is completely amorphous.

The long-range ordering was also investigated through Raman
spectroscopy, the corresponding spectra being centralized in Fig. 3b. The transition
from precipitate and gel to calcined powders is marked by the emergence of
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vibrational bands with maxima at 140, 393, 512 and 637 cm™. The anatase-type
tetragonal structure is demonstrated by these active Raman modes, representing a
structural fingerprint easily identified and compatible with the data provided by the
X-ray diffraction.
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Fig. 3. (2) XRD patterns and (b) Raman spectra of the dried precipitate and gel,
as well as powders calcined at 500 °C.

Fig. 4 presents the morphological features of the uncalcined and calcined
samples. The dried precipitate is composed of micrometric entities that evolve
towards a fine powder with fluffy aggregates and quasi-spherical particles of
several nanometres’ diameter (500 °C). The dried gel has a more inhomogeneous
aspect, but also micrometric in size and with a discontinuous deposition on the
surface; after calcination at 500 °C, the powder becomes coarser and more rugged
at the level of the agglomerates, but nanometric at the level of individual particles.
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Fig. 4. SEM images of: (a) dried precipitate, (b) precipitate calcined at 500 °C,
(c) dried gel and (d) gel calcined at 500 °C.

The optical properties of TiO2 nanopowders calcined at 500 °C were also
investigated, Fig. 5a showing the associated reflection spectra. The band-to-band
transition in the semiconductor is highlighted by the pronounced decrease in
reflectance below 450 nm. To estimate the band gap values, Kubelka-Munk
functions (F(R)) were calculated and [F(R)-E]*? functions were plotted versus
photon energy (E) (Fig. 5b). Kubelka-Munk function is expressed as F(R)=(1-
R)?/(2-R), where R is the observed diffuse reflectance. The resulting band gap values
are 3.17 eV for the precipitation method and 3.04 eV for the sol-gel route, similar
or slightly lower compared to what other researchers obtained [9, 21, 41, 42]. A
slight decrease in the band gap is observed with the transition from the precipitation
approach to the sol-gel one, but this cannot be solely attributed to the phase
composition; the particle size and defects concentration in the crystalline network
are also important parameters. The scientific literature mentions a larger bandgap
energy for anatase compared to rutile (3.2 eV vs. 3.0 eV), this deriving from the
electronic configuration, atomic distance and mass density.

Photoluminescence (PL) emissions result from the recombination of free
charge carriers in a semiconductor, which means that a lower PL intensity indicates
lower charge recombination. In general, PL spectra are due to self-trapped excitons,
oxygen vacancies and surface states [43].



124 A.-E. Alecu , S.-A. Girjoaba , M-M. Enculescu, C. Busuioc

2
']
Q
[
3
%]
kY
=
[
74
0 1 1 1 1 L
250 300 350 400 450 500 550
Wavelength (nm)
o
m
X
e,
&
0 1 - 1 1 £ 21 1 1 1
2.6 28 3.0 3.2 3.4 3.6 3.8 4.0
Energy (eV)
(c) —pp
sg
3
=
>
=
7]
c
8
£
-
o

I 1 n 1 " 1 1 1 " 1 L 1 L
450 500 550 600 650 700 750 800
Wavelength (nm)

Fig. 5. (a) Reflectance spectra, (b) Kubelka-Munk functions and (c) PL spectra of TiO, powders.
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The PL spectra of the final samples were recorded, with excitation at 440
nm. In Fig. 5c, the sharp and intense emission band centred at around 470 nm is
assigned to the self-trapped excitons, whereas the broad and small one with
maximum at around 510 nm is due to oxygen vacancies [42]. The slight increase in
intensity from the precipitation route to the sol-gel one indicates that the
recombination process of electrons and holes is favoured, fact that is consistent with
the previous statements regarding the band gap energy. Anyway, no shift or
important intensity increase/decrease of the emission bands is visible, which
suggest that the low content of rutile in the sample processed by the sol-gel route
does not significantly influence the optical properties and subsequent catalytic
performances, that are known to be better in the case of anatase; unfortunately, no
consensus exists upon the reasons for this behaviour.

4. Conclusions

TiO2 nanopowders with anatase-like tetragonal crystalline structure were
successfully synthesized by the precipitation and sol-gel methods, with calcination
at 500 °C for 2 h. The thermal analysis evidenced a more complex transition, with
several weight loss stages and thermal processes in the case of the gel than in the
case of the precipitate. As well, an incipient crystallization was revealed only for
the gel, which also displayed a small amount of secondary phase with rutile-like
tetragonal crystalline structure after calcination, while the calcined precipitate was
a single-phase powder. The resulting quasi-spherical particles exhibit diameters
below 10 nm, slightly smaller in the case of the sol-gel route. Band gap values of
3.17 and 3.04 eV were determined for the precipitation and sol-gel approaches,
respectively, aspect correlated with slightly more intense emissions under 440 nm
excitation for the calcined gel. Such nanometric semiconducting powders prepared
by simple methods can be used for applications in the field of electronics, catalysis,
sensors, antibacterial agents etc.
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