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OPTICAL PROPERTIES OF PYROSOL SYNTHESIZED TiO2 
NANOSTRUCTURES 

Otilia – Ruxandra VASILE1, Ecaterina ANDRONESCU2, Roxana TRUSCA3, 
Ovidiu OPREA4, Eugeniu VASILE5, Bogdan Stefan VASILE6* 

The aim of the current study was the synthesis and characterization of TiO2 
nanostructured powders by pyrosol method, together with characterization and 
optical properties characterization. A diluted solution of TiCl3 0.1 M was used as 
starting precursor and the synthesis temperatures used were in range of 400 – 
600°C. The obtained nanostructured powders were characterized by X-ray 
diffraction, Scanning and transmission electron microscopy. The results showed that 
the synthesized TiO2 nanostructured particles exhibit strong luminescence under 320 
nm excitation, a high absorbance in UV region and almost no photocatalytic 
activity. Such nanostructured particles are the best candidates for textile industry or 
cosmetic industry, where the usual photocatalytic activity of TiO2 is a major 
drawback. 
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1. Introduction 

Due to its high activity, TiO2 nanoparticles are the most used materials for 
photocatalytic applications [1, 2]. TiO2 is capable of a wide variety of applications 
in industry, medicine and life sciences, due to its properties, such as high chemical 
stability, non-toxicity and low cost in addition to high activity [3, 4, 5] as well. 
TiO2 is stable from the chemical point of view and is considered relatively 
nontoxic [6].  

TiO2 is important in a wide range of applications, such as paints and 
cosmetics due to its strong white colour, and also in photochromism, solar 
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applications [7, 8, 9], self-cleaning [10, 11], micro chemical systems, gas sensors 
[12], anti-fogging, water splitting, water purification [13], air purification [14], 
lithography, sterilisation, degradation of organic compounds, artificial 
photosynthesis, and metal corrosion prevention.  

TiO2 nanoparticles are also used in textiles industry as a UV blocking filter 
to protect the fabric from the harmful radiation. One problem that limits this 
application is the photocatalytic activity of TiO2, which is high enough to degrade 
overtime the same fabric that was meant to protect. Another side effect that appear 
by wearing such treated cloths or by using cosmetics which contains TiO2 is the 
possible uptake of nanoparticles through skin cells [15]. 

Titanium dioxide occurs in nature in different crystalline forms: anatase, 
rutile and brookite [16]. Anatase is the most photoactive phase and rutile is 
thermodynamically the most stable. Anatase and rutile crystal lattices are 
composed of chains of octahedral TiO2, with different connectivity [17]. The 
stability of various TiO2 crystalline forms are also size dependent [18]. To 
improve the photocatalytic activity, combining TiO2 with various materials can be 
used in order to obtain composites with better photocatalytic efficiency [4]. 

Due to the expression of relatively low energy surfaces, anatase is actually 
the most stable TiO2 structure for nanometric sizes and can be prepared using 
various low temperature syntheses methods [19]. Experimental conditions 
variation gave rise to a multitude types of nanoparticles morphologies, starting 
from rods, classical truncated square bipyramids, needles, cubes, squares plates, 
belts, etc. A clear correlation between particles morphology and photocatalytic 
efficiency is not completely understood.  

Pyrosol synthesis method has been chosen for TiO2 synthesis in order to 
achieve fine TiO2 nanostructured materials and homogeneous dispersion at the 
nanometer level [20, 21, 22].  
 The aim of the present study is to provide a detailed correlation between 
the photocatalytic efficiency of different TiO2 nanostructures on the same 
photocatalytic test and their synthesis temperature. Pyrosol syntheses [23, 24, 285, 
26, 27] were used to prepare TiO2 nanoparticles in synthesis temperatures in range 
of 400°C and 600°C. The main focus was on synthesis and complete 
characterization of pyrosol synthesized TiO2 nanostructures in mentioned 
synthesis temperatures range, as well as photocatalytic properties determination. 

In order to elucidate the real impact of synthesis temperature on 
photocatalytic activity, a fine characterization of TiO2 nanostructured particles 
was achieved using high-resolution transmission electron microscopy analysis. 
The photocatalytic efficiencies of the selected samples for the degradation of the 
rhodamine B dye under UV light are presented [28]. 

In this paper we report for the first time to our knowledge the synthesis of 
TiO2 nanostructured particles, anatase phase, with negligible photocatalytic 
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activity, but with high UV absorbance, properties that makes them suitable as UV 
shields in various applications. 

2. Experimental procedure 

2.1 Synthesis of TiO2 powders 

 TiO2 powders have been synthesized using pyrosol method, according to 
previously reported studies [20, 29, 30, 31, 32]. Through this method, we can 
easily obtain dense and round nanostructured particles, with dimensions in range 
of 10 – 1000 nm.  

TiO2 powders synthesis has been done starting from a diluted precursor 
solution of TiCl3 (Sigma Aldrich) with a concentration of 0.1 M and the synthesis 
temperatures of 400°C, 500°C and 600°C respectively.  

2.2 Characterization of TiO2 nanoparticles 

The synthesized nanostructured powders have been characterized from the 
compositional, morphological and structural point of view by using analysis such 
as X-ray diffraction analysis (XRD), scanning electron microscopy (SEM) and 
transmission electron microscopy (TEM), and optical properties respectively.  

XRD analysis was carried out on Panalytical X’Pert Pro MPD equipment, 
with a Cu Ka radiation. The SEM analysis was carried out by using a Quanta 
Inspect F microscope from FEI Company with field emission gun (FEG) and a 1.2 
nm resolution. The Bright Field and HIGH Resolution Images Coupled with 
SAED were obtained using a Tecnai G2 F30 S-TWIN transmission electron 
microscope.  

Absorption spectra were recorded with a JASCOV560 spectrophotometer 
with solid sample accessory, in the range of 200– 850 nm, with a speed of 200 nm 
min−1. 

The photoluminescence spectrum (PL) of the TiO2 samples (in solid state) 
were recorded with a Perkin Elmer P55 spectrometer using a Xe lamp as a UV 
light source at ambient temperature, in the range 200-800 nm. An excitation 
wavelength of 320 nm was used. 

Photocatalytic activity was measured against methylene blue (MB) 
solution, 10-4%, by irradiation with an Hg fluorescence lamp. Samples of TiO2 
nanopowder (0.0220 g) were introduced in 20 mL solution of MB. At defined 
intervals of time (of 1-4 h) a 2 mL of sample of were taken out and its UV-Vis 
spectra was recorded. The maximum absorption of MB solutions, 664 nm, was 
used for data interpretation. 
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3. Results and discussion 

3.1 X-ray diffraction characterization 

TiO2 nanostructured powders synthesized through pyrosol at synthesis 
temperatures in range of 400 – 600°C have been characterized from the phase 
composition point of view by using X-ray diffraction analysis, the obtained 
spectra being presented in Fig. 1.  
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Fig. 1. XRD patterns for TiO2 nanostructured powders synthesized through pyrosol method at 

400°C, 500°C, 600°C 
 
By analysing XRD spectra obtained on TiO2 powders synthesized through 

pyrosol method, it could be seen that for all synthesis temperatures we can 
identify the anatase polymorph phase of TiO2 [ASTM 01-070-6826] [33].  

In table 1 is presented the average crystallite size variation against the 
synthesis temperature, for pyrosol synthesized TiO2 powders.  

Table 1  
Average crystallite size variation with synthesis temperature obtained on TiO2 powders 

synthesized through pyrosol method 
Temperature (°C) Average crystallite size (nm) 

Pyrosol synthesis 
400 3.8 
500 4.6 
600 6.0 
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All crystallite size values have been obtained by using Scherer’s formula 
and varies in range of 3.8 – 6 nm.  

3.2 Scanning electron microscopy analysis 

SEM images obtained for TiO2 powders synthesized through pyrosol 
method at 400°C, 500°C and 600°C, are presented in Fig. 2.a-c. 

 

  
a) b) c) 

Fig. 2. SEM images for TiO2 powders synthesized through pyrosol method at 400°C, a), 500°C, b) 
and 600°C, c), starting from precursor solution of 0.1 M  

 
SEM images for TiO2 powders synthesized through pyrosol method at 

400°C, 500°C, and 600°C, starting from a precursor solution of 0.1 M, presents 
powders with spherical morphology and homogeneous from dimensional point of 
view. The size of the particles varies between 0.4 µm to 1 µm for all three used 
synthesis temperatures. 

At 400°C, it could be seen that powder is not so well formed, presenting 
some irregularities on the surfaces. 

3. 3 Transmission electron microscopy analysis 

Transmission electron microscopy images in bright field, as well as high-
resolution transmission electron microscopy obtained on TiO2 powders 
synthesized through pyrosol method at synthesis temperatures in range of 400°C - 
600°C, are presented in Fig. 3. 
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a) b) 

 
c) d) 

 
e) f) 

Fig. 3. BF-TEM images for TiO2 powders synthesized through pyrosol method at 400°C, a), 
500°C, c) and 600°C, e), respectively HRTEM corresponding images (b, d, f) starting from 0.1 M 

precursor concentration of solution 
 

 Bright field transmission electron microscopy images obtained on TiO2 
nanostructures presents round particles that in fact are agglomerates of 
nanocrystallites. The crystallites that are inside the agglomerates have dimensions 
in the range of 3 to 5 nm, this being evidenced in HRTEM images.  
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 HRTEM images are presenting polycrystalline nanostructures, well 
crystallized for all synthesis temperatures, from which could be distinguished 
structures with atomic planes families that have Miller indices orientations (101), 
(004) and (204), corresponding to interplanar distances of d = 3,50 Å, d = 2,35 Å 
and d = 1,47 Å of anatase phase of TiO2. The values obtained from the measuring 
crystallites from TEM are almost the same with the ones calculated from XRD 
data.  

4. Optical properties 

4.1 Photoluminescence spectroscopy 

Photoluminescence spectra corresponding to powders synthesized through 
pyrosol method (Fig. 4), are indicating a significant decrease of blue-green 
emission, as synthesis temperature is increasing (intensity of emission bands is 
decreasing to half by increasing the synthesis temperature from 400°C to 600°C). 

This behavior can have two possible causes. The first explanation is based 
on possible presence of HO- groups on surface of the synthesized nanostructured 
particles at lower temperature. The presence of HO- groups on surface of the 
nanostructured particles is enhancing the fluorescent emission [34, 35, 36], by 
blocking of the nonradiative recombination centers on the surface and the 
nonradiative transition paths. While these groups are eliminated by increasing 
synthesis temperature, intensity of fluorescent emission is decreasing. 

A second explanation for fluorescent emission intensity decreasing is that 
the nanostructures obtained at 500oC and 600oC have a higher density of defects 
generated by the increased temperature. This multitude of the defects and type of 
defects represents new recombination centers for the electrons or holes, inducing 
the quenching of fluorescent emission. 
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Fig. 4. Emission spectra for TiO2 nanostructures obtained through pyrosol method 
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4.2 UV-Vis spectroscopy 

 UV-Vis spectra for TiO2 nanostructures synthesized through pyrosol 
method at synthesis temperatures of 400°C, 500°C and 600°C is presented in Fig. 
5,while the determination of the band-gap energy by Tauc method is presented in 
Fig. 6.  

The electronic spectra present a shift of absorption maxima from 334 nm 
(400oC) to 358 nm (600°C) (Fig. 5). In visible range, it can be seen the existence 
of an extended absorption band for entire range, while the intensity is increasing 
with the increase of synthesis temperature. This confirms our earlier supposition 
that for the lower temperatures samples there is still a fair amount of HO- groups 
on the surface. 
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Fig. 5. Electronic spectra for TiO2 nanostructures obtained through pyrosol method 
 

For TiO2 nanostructure synthesized through pyrosol method at 400°C, the 
calculated bad-gap energy of 3.26 eV is very close to the theoretical value of 3.2 
eV.  

For TiO2 nanostructures synthesized through pyrosol method at 500°C and 
600oC, the calculated band-gap energy is lower. One explanation is that small 
quantities of rutile is formed at higher temperatures, but are quantitatively 
insufficient for XRD detection. These rutile impurities are generating new, 
intermediary electronic levels, leading to a small decrease of the band-gap values. 

A second explanation is the generation of intermediary electronic levels by 
network defects. As nanoparticles synthesis is done at higher temperature, in a 
very short time (specific to this synthesis method), the presence of a multitude of 
network defects is generating intermediary electronic levels in forbidden band. 
While synthesis temperature is increasing, the reaction for TiO2 synthesis is more 
violent, and the possibility of inducing network defects increases. 
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The tail which appears in visible range of the electronic spectra (Fig. 5) 
could be seen as an extended absorption band which becomes more intense as 
synthesis temperature increases. This extended band in visible range can be easily 
explained through acceptance of more types of defects in crystalline network. The 
defects induce possibility of existence for more types of electronic transitions, and 
finally to the presence of an extended absorption band. 
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Fig. 6. Tauc graph of modified Kubelka Munk function versus photon energy, for forbidden band 

energy determination for TiO2 nanostructures synthesized through pyrosol method for all synthesis 
temperatures 

4.3 Photocatalytic activity 

 The photocatalytic determinations for all three samples obtained at 
temperatures between 400 - 600oC indicate that the TiO2 nanopowders, despite 
anatase structure, present no activity (Fig. 7). To our knowledge is the first time 
such behavior is reported. 
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Fig. 7. Photocatalytic activity for the TiO2 nanostructures obtained through pyrosol method 
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We attributed this behaviour to the solid spherical morphology obtained 
during the synthesis. This unique solid nanostructure, with hundreds of crystallite 
on each particle, results in lower separation efficiency of photogenerated electrons 
and holes in the TiO2 nanocrystals and such to a very low photocatalytical 
activity. 

5. Conclusions 

In conclusion we have prepared and characterized TiO2 nanopowders by 
pyrosol method in the temperature range of 400 - 600oC. The nanoparticles have a 
solid spherical morphology, with the diameter of about 500 nm but with crystallite 
size of ~4 nm. The optical properties indicate a good absorbance in UV-Vis 
domains and high luminescence emission. We report here for the first time to our 
knowledge the obtaining of TiO2 nanoparticles, anatase phase, with negligible 
photocatalytic activity that makes them suitable as UV shield in various 
applications as textile coating or cosmetic industry. 
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