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Abstract
In this paper we describe the effect of calcination temperature on the structural, morphological, optical and photocata-
lytic properties of  TiO2 nanoparticles. The titanium dioxide powders were produced by the sol–gel method starting from 
titanium tetraisopropoxide (TTIP) in neutral aqueous medium (pH 5.5). After that, the  TiO2 nanoparticles were treated 
at three different calcination temperatures for 4 h: 100, 450 and 800 °C. Then, the powders were characterized by XRD, 
Raman and photoluminescence techniques. We observed the anatase phase for the powders treated at 100 and 450 °C 
and rutile for that treated at 800 °C. The photocatalytic activity of the  TiO2 powders was investigated using Methylene 
Blue test and showed a strong correlation with the temperature (i.e.  TiO2 phase). The better photocatalysis exhibited by 
the nanoparticles treated at 100 and 450 °C compared to the powder at 800 °C was due to the higher recombination of 
photo-generated electrons and holes of rutile with respect to anatase.
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1 Introduction

Titanium dioxide is a well known wide-bandgap semi-
conductor and when irradiated by light of a wavelength 
equal to or greater than the energy band gap, generates 
electron–hole pairs, capable of inducing oxide-reduction 
reactions that underlie the processes of photocatalysis. 
Since the discovery of electrochemical photolysis of 
water mediated by a  TiO2 electrode in 1972 by Fujishima 
and Honda [1], the interest in this material has grown 
enormously [2]. It is an extremely versatile material; it 
can in fact be synthesized in different modes (nanopar-
ticles, film, nanorod, nanopore arrays, bulk) by chemical 
or physical processes, at low temperature and with low 
production costs. By virtue of its characteristics, it has 
found applications in various fields, from the energy one 
for the production of solar cells [3] to the environmen-
tal one, in particular in the degradation of organic pol-
lutants [4]. It is also used in the production of coatings 
with antibacterial properties [5–8] or with self-cleaning 
capabilities [9].

It is possible to modify the characteristics of this mate-
rial by acting on the temperature [10–12]: this induces 
modifications in terms of crystalline phase composition, 
optical properties, state of aggregation and nanoparticle 
size. All these aspects are of fundamental importance 
because affect the photocatalytic properties [5, 9, 10, 
13–15] of the  TiO2 surface.

This work takes in consideration simultaneously the 
effect of temperature on the phase composition, degree 
of crystallinity, dimension of nanoparticles, optical prop-
erties and photocatalytic activity of  TiO2 nanoparticles 
produced by sol–gel method. The obtained powders 
were thermally treated at three different temperatures 
of 100, 450 and 800 °C and then characterized by XRD, 
Raman and photoluminescence (PL) techniques. The 
photocatalytic activity of the  TiO2 powders, evaluated 
using methylene blue as a model dye, showed also a 
strong correlation with the  TiO2 phase.

2  Materials and methods

2.1  Synthesis

The  TiO2 nanoparticles were synthesized by the sol–gel 
method starting from a volume of 3  mL of titanium 
tetraisopropoxide (≥ 97%, TTIP) dissolved in 20 mL of 
ultrapure water milliQ grade. In these conditions, the 
pH of the sol resulted 5.5. All the chemicals used were 
procured from Sigma-Aldrich. Then, the reagents were 

magnetically stirred for 1 h and then left for the aging 
process in dark for 24 h. The sols were transformed into 
gels and the deposits obtained at the bottom of the 
containers were washed and collected two times with 
ethanol (≥ 99.8%) and other two times with ultrapure 
water, in an orbital shaker. After that, the products were 
dried oven for 3 h at 70 °C, to get a fine powder. The 
obtained powders were then calcined for 4 h at three dif-
ferent calcination temperatures T = 100, 450 and 800 °C 
in a muffle furnace.

2.2  Characterization

The crystalline phase composition, the chemical-structure 
characteristics and the optical properties of the titania 
powders were assessed by XRD, Raman and photolumines-
cence techniques, respectively. The samples to be charac-
terized were prepared as  TiO2 pellets starting from 200 mg 
of powder and pressed in a 13 mm Evacuable Pellet Die 
under a load of 10 tons using a manual hydraulic press.

The XRD investigation was performed by a Rigaku Mini-
flex diffractometer, in step-scan mode over the 2θ range 
of 10°–80° (0.010° step size and scan speed of 0.25°  min−1) 
using Cu-Kα radiation (λ = 0.154 nm) at 30 kV and 100 mA.

The Raman measurements were carried out at room 
temperature using an InVia spectrometer type Renishaw 
PLC, Gloucestershire, UK equipped with an optical Leica 
microscope. The spectra were collected using an  Ar+ ions 
laser (514.5 nm exciting line) working at a maximum out-
put power of 25 mW and recorded with a resolution of 
1.5 cm−1 in spectral range 100–1000 cm−1.

The photoluminescence spectra were obtained in back-
scattering configuration, at room temperature and in air 
using as excitation source a monochromic light from a 
375 nm 70 mW Spectra-Physics laser (the corresponding 
photon energy is 3.31 eV). The PL light was collected by a 
thin lens (5 cm of focal length) on a computer-controlled 
monochromator type TRIAX 320 equipped with two dif-
fraction gratings with 1200 and 1800 grooves. As CCD 
detector, a liquid nitrogen cooled Symphony Detection 
System (2048 element linear CCD array) was used. An opti-
cal longpass filter was also utilized to reduce the laser light 
and to collect only the laser-induced luminescence.

In order to evaluate the photocatalytic activity of tita-
nium dioxide powders, methylene blue (MB) degradation 
tests were conducted under UV light. Experiment was 
carried out in quartz cuvettes: 1 mg of  TiO2 powder was 
added to the cuvettes containing 3 mL of a solution of 
methylene blue (1 mg/L). The solution was sonicated for 
1 min, centrifuged and the initial absorbance  (A0) was 
measured in air (T80 UV/VIS Spectrometer, PG Instruments 
Ltd) at 20 min intervals until a stable value was reached. 
Subsequently the samples were irradiated with an UV 
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lamp (Helios Quartz 36 W TRIWOOD mod.6/36) placed 
10 cm above them and compared with the control (MB 
without  TiO2 powder). At 20 min intervals the solution was 
taken, centrifuged and the absorbance (A) measured. The 
results were normalized to the initial value  A0.

3  Results and discussion

Figure  1 shows the XRD patterns of the  TiO2 powders 
treated at different calcination temperatures. The attribu-
tion of the peak positions was made in accordance to the 
JCPDS cards No. 21-1272 and 21-1276 for anatase (A) and 
rutile (R), respectively. The spectra of the powder treated 
at T = 100 °C show the presence of broad peaks (low struc-
tural order) attributed to anatase phase. At T = 450 °C the 
peaks appear better defined and narrower (the increase 
of temperature improves the crystallization), and we con-
tinue to observe the dominance of anatase phase.

At highest temperature T = 800 °C the situation radi-
cally changed and we observe the anatase to rutile phase 
transformation, since T acts on the chemical and structural 
properties of  TiO2.

The trend of the phase content as a function of the cal-
cinated temperature was calculated using the Spurr equa-
tion [16], considering the integrated intensities of the dif-
fraction peaks of anatase (101) and rutile (110) at 2theta 
of 25.5 and 27.6 degree, respectively:

where WA is the weight fraction in percentage of anatase 
in the  TiO2 powder.

(1)
WA =

1

1 + 1.26
IR(110)

IA(101)

× 100

Figure 2 shows the trend of WA as a function of the cal-
cination temperature. It is easy to observe that the rutile 
phase starts to dominate at temperatures higher than 
600 °C, in accordance with what is usually observed and 
reported in literature [17].

Figure 3 reports the Raman spectra of the powders 
treated at different calcination temperatures. In accord-
ance with XRD analyses, the spectra related to the powders 
treated at 100 and 450 °C show four characteristic active 
modes of the anatase phase. These are observed at 151, 
403, 518, 639 cm−1 for the powder treated at 100 °C and at 
144, 397, 516, 636 cm−1 for that at 450 °C, and are attrib-
uted [18] to the vibration symmetries  Eg,  B1g,  A1g/B1g and 
 Eg, respectively.

On the contrary, the Raman spectrum of the powder 
calcinated at 800 °C shows three optical phonon peaks 
of the rutile phase: a very low-intensity mode centred 
at 143 cm−1 and two high-intensity modes at 446 and 

Fig. 1  XRD spectra recorded for the  TiO2 powders treated at the 
calcination temperatures of 100, 450 and 800 °C. The letters A and R 
indicate the anatase and rutile phases, respectively

Fig. 2  Trend of weight fraction in percentage (WA) of anatase for 
the  TiO2 powders as a function of the calcination temperature (T)

Fig. 3  Raman spectra of  TiO2 powders for different calcination tem-
peratures of 100, 450 and 800  °C. The letters A and R indicate the 
anatase and rutile phases, respectively
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609  cm−1, related to the  B1g,  Eg and  A1g symmetries, 
respectively. The band observed around 235 cm−1 is gener-
ally attributed to the two-photon scattering [19]. In Fig. 3, 
it is possible to observe the shift of the  Eg symmetry of 
the anatase powders, from 151 to 144 cm−1 at the rise of 
the temperature. The position of this peak depends on 
the stoichiometric ratio O/Ti [20] and is correlated to the 
crystalline size and the micro-strains [21] of the  TiO2 nano-
particles. A wavenumber shift could be correlated with a 
crystallite size modification, a change of micro-strain and 
defects [22].

The Williamson–Hall method [23] was used to determi-
nate the size of the  TiO2 nanoparticles by XRD spectra. The 
total broadening β of a diffraction peak is given by the 
well-known equation

where θ is the Bragg angle, k the Scherrer constant (related 
to the grains shape), λ = 0.154 nm the X-ray wavelength 
and ε the strain. The diameter D was determined by the 
plot of �cos� versus 4sin� . Figure 4 reports the values of 
the average D (expressed in nm) calculated for the  TiO2 
powders treated at different calcination temperature T.

It is evident that the particle size depends strongly by 
the calcination temperature and increases at the rise of 
the calcination temperature. The temperature increase 
induces the anatase-to-rutile phase transformation (as 
shown in Fig. 2) and it is often accompanied by a growth 
of the nanoparticle grain size [24, 25].

The photoluminescence spectra of the  TiO2 powders 
obtained at room temperature (excitation λ = 375 nm i.e. 
3.31 eV) are shown in Fig. 5. The PL processes are known 
to be strongly affected by different factors such as bulk 
and surface defects, particle size, calcination temperature, 
excitation wavelength and so on. Moreover, the indirect 
transition nature of this material [26] makes difficult to 

(2)�cos� =
k�

D
+ 4�sin�

observe the PL emission at room temperature of the  TiO2; 
indeed the signal quality is not optimal for our spectra.

All the spectra show a broad band centred around 
2.8 eV. The spectra related to the anatase powders (T = 100 
and 400 °C) are very similar whereas the spectrum of the 
powder treated at 800 °C shows a larger band, due to its 
different crystalline phase, that is rutile. In particular, we 
observed for the rutile powder a higher emission in the 
spectral range of 2.4–2.6 eV, attributed in other papers 
[27] to PL from  TiO2 surface states. To better known the 
involved transitions, we made a spectrum deconvolution 
using Origin software. The red line represents the best-fit 
whereas the green curves are the deconvoluted peaks. We 
found five and four peaks for the spectra at 100 and 400 °C, 
respectively, and seven peaks for the spectrum at 800 °C.

The PL emission bands with tentative assignments, 
reported in the following discussion, are based on calcu-
lations by Daude et al. [28].

For the anatase samples we observed the shallow trap 
levels corresponding to energies of 2.80 and 2.70 eV. The 
trap level at 2.60 eV is present only in the sample treated 
at 100  °C. The PL peak at 2.91  eV corresponds to the 

Fig. 4  Average diameters (D) of  TiO2 nanoparticle as a function of 
the calcination temperature (T)

Fig. 5  Photoluminescence (PL) spectra of  TiO2 powders treated at 
different calcination temperature. The red line represents the best 
fit, the green curves are the peaks obtained by deconvolution
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lowest indirect transition (due to the recombination of 
self-trapped or free excitons [29, 30]) and was observed 
in the samples treated at 450 °C. The peaks at 2.86 (only 
at T = 100 °C) and 2.97 eV could be attributed to phonon 
replica of free excitions [30].

The deconvoluted peaks related to the sample treated 
at the highest temperature of 800 °C revealed four peaks 
due to the shallow trap levels, three at 2.79, 2.71 and 
2.63 eV (similar energies were found in anatase powders) 
and another peak at 2.50 eV. As observed in anatase pow-
ders, the peaks at 2.86, 2.96 and 2.98 eV are probably due 
to phonon replicas of free excitons [30].

Table 1 reports the values of the relative absorbance 
A/A0 (measured during the MB degradation tests) as a 
function of the UV-radiation exposure time (20 min inter-
vals) for the  TiO2 powders treated at different calcination 
temperatures.

Figure 6 shows the curves related to the photocata-
lytic degradation of methylene blue for the  TiO2 powders, 

obtained by the values reported in Table 1. The control test 
shows no obvious degradation of MB under UV irradia-
tion. The trends of the two anatase powders (T = 100 and 
450 °C) show a better photocatalytic activity with respect 
the rutile one (T = 800 °C). This result confirms what is gen-
erally reported in the literature: the increase of the calcina-
tion temperature induces the transformation phase from 
anatase to rutile (the most stable phase of  TiO2) but causes 
a significant reduction in photocatalytic activity [31–33]. 
The electron–hole recombination is known to be faster in 
rutile with a low electron mobility [34, 35]: as result, the 
photocatalytic activity of anatase is better with respect 
rutile.

The comparison between the two anatase powders 
evidences a better relative absorbance for that treated at 
450 °C. Despite the larger average size of the nanoparticles 
which decreases the active surface area to volume ratio, 
the  TiO2 powder treated a 450 °C shows a better photocat-
alytic activity. As observed by Baiju et al. [36], this behav-
iour could be associated to the existence of a critical size of 
titania nanoparticles (D ~ 15 nm), below and above which 
the photocatalytic activity is observed to be reduced.

4  Conclusions

In conclusion, this work has shown how the calcination 
temperature influences the phase composition, the degree 
of crystallinity, the nanoparticle dimension, the optical 
properties and the photocatalytic activity of  TiO2 pow-
ders produced by sol–gel method. The obtained results 
have shown that the increase of temperature induces the 
rise of the grain size of  TiO2 nanoparticles and causes the 
phase transformation from anatase to rutile. Moreover, 
it is interesting to notice how rutile (obtained at 800 °C) 
even thought is known to be the most stable phase of  TiO2, 
exhibits the lowest photocatalysis compared to anatase 
powders (100 and 450 °C), due to the higher recombina-
tion of photo-generated electrons and holes of rutile with 
respect to anatase.
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