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Abstract Titanium dioxide (TiO,) is used in a range of
applications such as photocatalysis and sensor devices.
In this work, TiO, nanoparticles (TiO,NPs) in the crys-
tallographic forms anatase and rutile were prepared by
the green route. The method involves dissolving titanium
oxysulfate (TiOSO,) powder in hydrogen peroxide (H,0,)
solution and subsequent thermal treatment of the resultant
amorphous precipitate. X-ray diffraction (XRD) was used
to follow the structural evolution of the amorphous precipi-
tate, and microstructure analysis was realized with Rietveld
refinement. In addition, the photocatalytic activity of the
synthesized TiO,NPs was evaluated by studying the degra-
dation of Rhodamine B (RhB) dye. The highest photocata-
lytic activity was observed for TiO, obtained at 600 °C in
the crystallographic form anatase.

1 Introduction

Recently, TiO,NPs have attracted attention due to their
potential applications in pigments, photocatalysis, solar
energy conversion, sensor devices, and antibacterial activi-
ties [1-5]. This wide range of applications is attributed to
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some distinct properties of TiO,, among which high redox
potential, high chemical stability, low cost, and no toxicity
stand out. These properties depend on many factors, such
as the crystal structure, crystallite size, particle shape, and
specific surface area, which are also strongly dependent on
the method of synthesis. In terms of its crystal structure,
TiO, exists as three important polymorphs: rutile (tetrag-
onal), anatase (tetragonal), and brookite (orthorhombic)
[6]. Rutile is the only stable phase; anatase and brookite
are metastable at all temperatures and can be converted to
rutile after heat treatment at high temperatures. Depend-
ent on structure and particle size, each crystalline phase
exhibits different physical properties best suited to differ-
ent applications. For example, the anatase phase has a band
gap of 3.2 eV, which means that it can be activated by UV
light illumination. This is one of the reasons why it is often
preferred for applications in photocatalysis [7-9]. The pho-
tocatalytic activity of TiO, originates from the presence
of photo-generated electrons (e”) in the conduction band
and holes (h") in the valence band under irradiation with
UV light. These holes have high oxidation power, thus
they can easily react with adsorbed hydroxide ions to pro-
duce hydroxyl radicals, the main oxidizing species that are
responsible for the photo-oxidation of organic compounds.
The photocatalytic performance of anatase is considered
superior to the more stable rutile (3.0 eV); this is attributed
to a higher density of localized states and slower charge
carrier recombination [10]. On the other hand, it has been
reported that the presence of a small fraction of the rutile
phase in intimate contact with anatase TiO, can improve its
photocatalytic performance [11-13].

Pure anatase phase can be synthesized by many meth-
ods, such as the hydrothermal method, the sol gel method,
the chemical method, and electrodeposition [14—19]. While
all these methods have their own important benefits, the
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chemical method is one of the simplest and offers many
advantages such as low cost, versatility, and the need for
only simple equipment. Gao et al. [20] used aqueous per-
oxo-titanate solution at room temperature to deposit amor-
phous and nanometer sized TiO, thin films. Recently,
Sankapal et al. reported large area deposition of TiO, on
various substrates through the oxidation of TiOSO, by the
H,0, method [21].

In this work, TiO, nanoparticles in the anatase and rutile
crystallographic forms were prepared by the aqueous route.
The method involves dissolving TiOSO, powder in H,0,
solution and subsequent thermal treatment of the resultant
amorphous precipitate. The structural properties of both as-
prepared and annealed TiO,NPs were determined by XRD,
and microstructure analysis was realized with Rietveld
refinement. The surface morphology of the TiO,NPs was
observed with a scanning electron microscope (SEM), and
the photocatalytic activity of the samples was evaluated by
monitoring the degradation of RhB in aqueous solution.
The degradation of the dye was induced upon exposure to
UV light in the presence of TiO,NPs.

2 Experimental procedure
2.1 Experimental section
2.1.1 Preparation

In the preparation of the titanium precursor, 0.02 mol L™
of TiOSO, was dissolved in 2.50 mL of water at 10 °C
under vigorous magnetic stirring, and then after 30 min,
0.007 mol L™! of H,0, was added to the solution. A yel-
low colored acidic solution with a yellow precipitate was
formed indicating the formation of peroxo-hydroxo tita-
nium complexes. After this, the solution was transferred to
a refrigerator and maintained at 5 °C for 48 h. To remove
impurities, e.g., SO,>~, the precipitate obtained was washed
three times with water by vacuum filtration and dried at
60 °C. Finally, the precipitate was annealed in air at dif-
ferent temperatures ranging from 400 to 1000 °C for 4 h to
obtain crystalline TiO,.

2.1.2 Materials characterization

The structures of the samples as-prepared as well as heat
treated were studied by XRD at room temperature with
a SHIMATZU XRD-6000 model, which provides Cu
K, radiation (A=1.544 10\). Measurements were taken in
0-20 configurations from 20° to 65°, with a step size of
0.2° min~!. Additionally, microstructure analysis, per-
centage of anatase and rutile, and average crystallite
sizes were realized with Rietveld refinement as already

described by our research group elsewhere [22, 23]. A
UV-Vis spectrophotometer (Varian Cary 100) with an
integrating sphere attachment DRA-CA-30I for diffuse
reflectance measurements was used to establish the opti-
cal band gap. Optical absorption was measured in the
200-800 nm range. SEM images were obtained with a
ZEISS model EVO LS15 with acceleration voltage of
0.1-20 kV coupled with an EDX analyzer for stoichiome-
try. The photocatalytic activity of the samples for the oxi-
dation of RhB was tested under UVC light illumination.
The powders were placed in beakers and immersed in
20 mL of RhB aqueous solution (2.5 mg L~"). The beak-
ers were placed in a photo-reactor at 25 °C and illumi-
nated by six UVC lamps (TUV Philips, 15 W, with maxi-
mum intensity at 254 nm). All the tests were performed
under vigorous stirring. The photocatalytic oxidation of
RhB was monitored by taking UV-Vis measurements at
various light exposure times.

3 Results and discussion

3.1 Thermal, stoichiometric, and morphological
analysis

Figure la shows the thermogravimetry (TG) curve of the
TiO, precursor after drying at 60 °C for 2 h. The TG curve
can roughly be divided into three stages. The first stage
is from room temperature to 130 °C where a mass loss of
about 13% is observed, which can be attributed to the evap-
oration of physically adsorbed water. A mass loss of about
10% occurs in the temperature range of 130-350 °C; this
is attributed to the thermal decomposition of the peroxo
titanium complex. The amorphous precursor obtained was
converted to the anatase phase as the temperature increased
from 350 to 650 °C. The anatase TiO, was transformed
to the rutile phase between 650 and 1000 °C. In order to
investigate the composition of the as-prepared TiO,, EDX
analysis was carried out on samples heated to 400, 600,
700, 800, 850, 900, and 1000 °C. The chemical composi-
tion spectrum of the sample annealed at 600 °C is shown in
Fig. 1b: only titanium and oxygen elements were detected,
and no impurities could be seen within the detection limits
of EDX. The same result was obtained for all other samples
including the as-prepared sample. The present composi-
tion of Ti and O guarantees the formation of stoichiometric
TiO,.

Representative SEM images of the TiO,NPs samples
are provided in Fig. 2. An overview of the powders at
low magnification shows that the samples contain pre-
dominantly spherical agglomerates with some rod-like
particles. Annealing at high temperatures did not cause
significant changes in morphology, although according to
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Fig. 2 The SEM micrographs of the morphology of TiO,NPs
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the XRD data (shown in Fig. 3), we started out with an
amorphous powder, obtaining pure anatase at 400 °C fol-
lowed by a anatase/rutile mixture at 800 °C; anatase was
fully converted into rutile at 1000 °C.

@ Springer

H WO = 100 mm

- -
Signel A = SE1
Photo No. = 6234

ENT = 20000V

Tl | 4
Date 21 Nov 2013
ZEISY)
WO = 100 s Time 164457 Mag= S00KX .

Signel A = SE1

Date 21 Nov 2013
ZEISS)
Photo No_ = 8227 Tieme 161012 Mag= S00KX .

3.2 Structure analysis

The powder XRD patterns of the as-prepared sample and
samples annealed at 400, 600, 700, 800, 850, 900, and
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Fig. 3 a XRD patterns of TiO, (a) (b)
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1000 °C for 4 h are shown in Fig. 3a. The position of the
peaks associated with anatase and rutile polymorphs was
taken from ICDD 00-021-1272 and ICDD 01-076-0317,
respectively. From the XRD pattern, it is observed that the
as-prepared sample is amorphous. However, for annealing
temperatures of 400 and 600 °C, the XRD pattern shows
only the anatase phase; on the other hand, for 700 °C, the
main content is the anatase phase with a modest amount
of rutile (9%). With increase in annealing temperature, the
most intense peak is observed at 27.5°; this is indicative of
the presence of rutile phase. For the samples annealed at
850 and 900 °C, a small amount of remaining anatase is
observed (30 and 10%, respectively); however at 1000 °C,
only rutile phase is present. The full width at half maxi-
mum (FWHM) of the 101 diffraction peak of pure-phase
anatase decreased with increasing annealing tempera-
ture suggesting that the average crystallite size increased
through thermal treatment. In fact, the crystallite size esti-
mated by Rietveld refinement for the samples annealed at
400 and 600 °C were 17 and 30 nm, respectively. For the
pure-phase rutile obtained at 1000 °C, the average crys-
tallite size was 57 nm. Figure 3b shows the variation in
the proportion of anatase phase and the stress in the TiO,
samples at different annealing temperatures obtained by
Rietveld refinement. The TiO, sample obtained at 700 °C
exhibits the highest stress whereas the sample obtained at
1000 °C has the lowest. The stress in the samples can be
associated with the presence of oxygen defects at the grain
boundary. In the sample treated at 700 °C, oxygen ions can
be removed through the breaking of Ti—O bonds during the

1 v L] v L] M L] hd 1
55 60 65 400 500 600 700 800 900 1000

Annealing Temperature (°C)

processes of phase conversion from anatase to rutile, thus
increasing the number of oxygen vacancies. However, some
of these defects are removed with increasing temperature,
which leads to a reduction of stress in the samples [24, 25].

3.3 UV-Vis spectra

In order to study the optical properties of the synthesized
TiO,NPs, their band gaps were investigated via UV-Vis
diffuse reflectance spectra. Plots of (ahv)®> versus E, from
UV-Vis spectrum data of the samples annealed at 600,
700, and 1000 °C are illustrated in Fig. 4. The bandgap
energies E, of the anatase and rutile phases were obtained
by extrapolating the absorption edges to a=0. The results
obtained were 3.21 and 2.95 eV for the pure-phase anatase
and rutile, respectively (see Fig. 4a). When the calcination
temperature increases, the band gap decreases; these values
are consistent with those obtained by Landmann et al. [26].
Compared to the pure-phase samples, the sample annealed
at 700 °C presents two bandgap energies, 3.10 and 2.98 eV
(see Fig. 4b). This occurs because the rutile phase does not
exist as an overlayer on the surface of anatase particles, but
exists separately from them [11].

3.4 Photocatalytic activity of TiO, particles
The effect of calcination temperature on the photocatalytic
activity of TiO, was evaluated by RhB photodegradation.

The analyses were performed on the samples annealed at 600,
700, and 1000 °C. In all cases, the samples were compared.
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Fig. 4 Plots of (ahv)®? versus (a)
photon energy (hv): a sam-
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Fig. 5 Photodegradation profiles of the RhB solution, using TiO,NPs
with UVC light illumination. a Relationship between C/C, versus
time irradiation b Relationship between In C/C, versus time irradia-
tion

The photocatalytic performance of TiO,NPs is presented
in Fig. 5a for the photo-oxidation of RhB. From the photo-
catalytic efficiency plots of the different samples, the pseudo
rate order of the photodegradation reaction was calculated
in Fig. 5b. The reaction should be of pseudo first-order with
respect to RhB, and must obey Eq. (1):

= k[RhB][AS] (1)

_d[RhB]
dt
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where [AS] represents the photocatalyst’s active sites on
the catalyst’s surface. As the same weight of catalysts was
used in all the photocatalytic measurements, [AS] is con-
sidered constant over time and could be incorporated in the
kinetic constant. By substituting k'=k [AS] into Eq. (1) and
integrating, we get Eq. (2), which could be useful for deter-
mining the kinetic constant:

[RhB]
"Bl N @)

A plot of In C/C, ([RhBJ/[RhB],) as a function of
t forms a straight line whose slope is k', confirming the
pseudo first-order reaction.

RhB photocatalytic degradation under UV-C illumi-
nation for TiO, synthesized materials presents similar
behavior to other TiO, materials synthesized by different
methods [27-30]. The photocatalytic degradation mecha-
nism of RhB is influenced by a dye-sensitizing mecha-
nism due to the color aspect of RhB, and this could gen-
erally increase effective degradation: as such its £’ values
are expected to be higher.

The results for the samples obtained at calcination
temperatures of 600, 700, and 1000 °C indicate that
with higher temperatures, photocatalytic activity (p.a.)
becomes less effective; this is shown in Figs. 5 and 6,
where the k' results are presented as column graphs.

The differences in p.a. performance of these sam-
ples are certainly influenced by changes in the num-
ber of active sites during the heat treatment. The num-
ber of active sites increases with the removal of organic
residues from the surface and therefore the calcination
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Fig. 6 Column graph of k' values under UVC illumination for RhB
and with the addition of the TiO,NPs annealed at 600, 700, and
1000 °C

Table 1 Influence of calcination temperature on the crystalline struc-
ture and value kinetic constant of TiO, NPs

T (°C) Crystallographic A (%) K (107
phase* min~!)#*

400 A 100 -

600 A 100 3.60

700 AR 91 3.29

800 AR 88 -

850 AR 30 -

900 AR 10 -

1000 R 0 0.12

*A and R denote the anatase and rutile, respectively

**Measured value of kinetic constant (k") of RhB pure (0.15X% 107%
-1
min~")

temperature influences these sites. The number of active
sites is also influenced by the phase composition of TiO,.
The calcination temperature changes the phase composi-
tion, especially the percentage of anatase, as previously
presented by the XRD results (Fig. 3a). Anatase is the
most studied TiO, phase, and it is well known for its
superior catalytic activity when compared to rutile TiO,
[10]. The p.a. of the sample annealed at 600 °C presents
a superior value to the others, confirming that the prin-
cipal influence of calcination temperature on the p.a. of
the samples is mainly related to phase composition. The
sample annealed at 700 °C presents p.a. similar to the
sample annealed at 600 °C due to its phase composition
being 91% anatase TiO,. However, the sample annealed
at 1000 °C does not present p.a. as its behavior is very
close to the photolysis of RhB without any catalysts as
shown in Fig. 5. The same sample is composed only of
rutile TiO,, confirming that this TiO, crystallographic

phase should not present p.a. As the crystal phase of the
samples is modified by temperature, changes occur in the
band gap value, these changes affect p.a. A summary of
the results is shown in Table 1.

4 Conclusion

We conclude that the chemical route developed in this
work is a promising low cost alternative for the prepara-
tion of phase pure anatase and rutile. XRD analysis showed
that annealing at temperatures higher than 600 °C resulted
in evident transformation of the anatase phase into rutile
phase. The anatase phase decreases with an increase in the
annealing temperature. Pure rutile phase was obtained by
annealing nanostructured anatase at 1000 °C. The crystal-
lite size increased from 17 to 57 nm with increase in the
annealing temperature from 400 to 1000 °C. At the same
time, the band gap values decreased from 3.21 to 2.93 eV.
The photocatalytic degradation of RhB on these different
phases was investigated. The highest photocatalytic activity
was observed for TiO,NPs obtained at 600 °C, and the low-
est was obtained for the sample obtained at 1000 °C.
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