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Abstract: In this work optical properties of titanium dioxide nanoparticles were studied. Titanium dioxide nanoparticles 

were synthesized by the sol-gel method followed by a hydrothermal treatment using tetraisopropyl orthotitanate (TIOT) 

and 2-propanol. The synthesized samples were characterized by X-ray diffraction (XRD), UV-Vis diffuse reflectance 

spectroscopy (UV/DRS) and nitrogen adsorption-desorption methods. The bandgap energy was obtained using the 

Kubelka-Munk reemission function. The catalyst synthesized with a molar ratio of R1 (water/TIOT) = 3.5 and R2 (2-propanol/TIOT) 

= 15 has a predominately anatase phase. It also has a high photo degradation of methyl orange compared to TiO2 Degussa 

P-25. A shift band gap energy of 3.27 was observed. 

Keywords: Titanium dioxide, hydrothermal treatment, sol-gel method, band gap. 

1. INTRODUCTION 

 Titanium oxide (TiO2) is a material with wide application 
due to its optical and electronic properties. It is used as an 
ingredient in sunscreen lotions and food products, as a 
pigment in paints and as semiconductors in the 
photocatalytic degradation of organic compounds [1]. In 
TiO2, the crystalline phase, the composition and the surface 
states strongly affect the electronic structure and the charge 
properties [2]. The photocatalytic activity of TiO2 depends 
on its present phase. There are three crystalline forms of 
TiO2: anatase, rutile and brookite. Anatase phase is 
metastable and has the greater photocatalytic activity; rutile 
has a high chemical stability but is less active [3,4]. Besides, 
some TiO2 with a large quantity of anatase and a small 
quantity of rutile exhibits a higher photocatalitic activity than 
in the pure anatase or rutile phases [2,5]. The absorption 
spectrum of a semiconductor defines its possible uses. The 
useful semiconductors for photocatalysis have a bandgap 
comparable to the energy of the photons of visible or 
ultraviolet light, having a value of Eg < 3.5 eV. The majority 
of authors have determined that in TiO2 the rutile has a direct 
band gap of 3.06 eV and an indirect one of 3.10 eV and the 
anatase has only an indirect band gap of 3.23 eV [6,7]. 
However, Reddy’s work [1] shows that a bandgap of anatase 
phase from the plot for indirect transition are quite low (2.95 
– 2.98 eV), which led them, contrary to the other authors, to 
conclude that the direct transition is more favorable for TiO2 

nanoparticles with anatase phase. There have been reported 
values in the literature from 2.86 to 3.34 eV for the anatase 
phase, the differences being attributed to variations in the 
stoichiometric of the synthesis, the impurities content, the 
crystalline size and the type of electronic transition [8,9]. In 
this work the optical properties are evaluated in context of 
the bandgap of the synthesized TiO2 samples with the sol-gel  
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method and the hydrothermal treatment, using a 
crystallization temperature of 200ºC for 2 hours, and TIOT 
as precursor [8,10-14]. The bandgap was calculated by 
means of the reflectance diffusion technique, which shows 
an abrupt increase in the absorbance of the longitude or the 
wave corresponding to the energy of the prohibited band. 

2. MATERIALS AND METHODS 

2.1. Reactives 

 Teraisopropyl orthotitanate (TIOT), 2-propanol and 
hydrochloric acid are from Merck, methyl orange from Carlo 
Erba, titanium dioxide P-25 Degussa and Milli-q water. 

2.2. Preparation of the Samples 

 The titanium precursor TIOT and water were added 
dropwise into the 2-propanol solvent, continuously stirring 
for 2 hours, after that 3 drops of HCl 3M was added. For the 
crystallization under autogenous pressure the solution 
obtained was put in a steel-teflon reactor and heated to 
200ºC for 2 hours, after which the sample was filtered and 
washed with 30 mL of 2-propanol and was dried at 100ºC for 
1 hour. In order to study the effect of some variables on the 
synthesis of TiO2 a 3

2
 factorial design was used, with R1 

(water/TIOT) and R2 (water/TIOT) as factors with the levels 2.85, 3.5, 
60 and 10, 15, 20, respectively (Table 1). 

2.3. Characterization 

 XRD analysis was performed using an x-ray 
diffractometer (Rigaku Miniflex) with Cu-K  radiation in 2  
range from 10º to 60º; the reflectance diffusion spectrum 
UV-Vis (UV/DRS) was obtained using a UV-Vis Evolution 
600 spectrometer, a thermo Electron Corporation with a 
reflectance diffuse accessory; the superficial area of 
Brunauer-Emmett-Teller was determined using a Gemini V 
Miromerities. 

2.4. Photocatalytic Activity Measurements 

 In order to evaluate the photocatalytic activity of each of 
the synthesized TiO2, 37.5 mg of TiO2 was added in 250 mL 
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of methyl orange solution with initial concentration of 20 
ppm for a TiO2 amount of 0.15 g/L. A test of photolysis for 
one hour showed no degradation. The photocatalytic 
experiments were began after the adsorption equilibrium was 
obtained, in one hour. After that the lamps were turned on 
for 7 hours, samples were withdrawn each hour and analyzed 
by UV-Vis spectrometer using a wavelength of 464 nm. A 
BLB lamp of 25 W/cm

2
 with emissions between 300 and 400 

nm with a maximum at 360 nm was used as irradiation 
supply. All experiments were carried out with an aeration 
system in order to maintain the reaction system saturated 
with oxygen. 

Table 1. 3
2
 Factorial Designs for the TiO2 Synthesis by Sol-

Gel Method and Hydrothermal Technique at 200ºC 

for 2 Hours, Using TIOT as Precursor 

 

Experiment R1(water/TIOT) R2(2-propanol/TIOT) 

M1 2.85 10.0 

M2 2.85 15.0 

M3 2.85 20.0 

M4 3.50 10.0 

M5 3.50 15.0 

M6 3.50 20.0 

M7 6.00 10.0 

M8 6.00 15.0 

M9 6.00 20.0 

3. RESULTS AND DISCUSSION 

 Fig. (1) shows XRD spectrums of the synthesized TiO2 

samples, four characteristic peaks of TiO2 are detected 
corresponding to the anatase phase [4,15]. As can be 
observed in Fig. (1), formation of the anatase phase and its 
crystallinity indicates a high dependence on the molar ratio 
water/TIOT; sample M5 with a quantity of water close to the 
stoichiometric ratio (R1(water/TIOT)= 3.5 and R2(2-propanol/TIOT)= 
15) shows the characteristic peak of the anatase phase with 
higher intensity and narrower. Upon augmenting the quantity 
of water above the stoichiometric ratio with R1(water/TIOT) = 6 
and varying the molar ratio 2-propanol/TIOT with R2(2-

propanol/TIOT) = 10, 15, 20 materials were obtained with a less 
intense peak in the anatase phase, see Fig. (1) for M7, M8 
and M9; this is due to the strong reactions of hydrolysis. In 
Fig. (2), a decreasing of the peak intensity of the anatase 
phase in materials with quantities of water below the 
stoichiometric ratio (R1(water/TIOT)= 0.17 and R2(2-propanol/TIOT)= 
10) was observed and an amorphous material was obtained 
due to limited hydrolysis of the TIOT precursor [3,16]. 

 For the study of the optical properties of the synthesized 
TiO2 nanoparticles, the bandgap and the type of electronic 
transition were determined, which were calculated by means 
of the optic absorption spectrum [17]. When a semicon-
ductor absorbs photons of energy larger than the gap of the 
semiconductor, an electron is transferred from the valence 
band to the conduction band where there occurs an abrupt 
increase in the absorbency of the material to the wavelength 
corresponding to the band gap energy. The relation of the 
 

 

Fig. (1). XRD patterns of the TiO2 dioxides synthesized by sol-gel method and the hydrothermal treatment at different molar ratios of R1 

(water/TIOT) and R2 (2-propanol/TIOT). 
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Fig. (2). XRD patterns of amorphous TiO2 at R1(water/TIOT)= 0.17, 

synthesized by sol-gel method and hydrothermal technique at 200ºC 

for 2 hours. 

absorption coefficient ( ) to the incidental photon energy 
depends on the type of electronic transition. When, in this 
transition, the electron momentum is conserved, the 
transition is direct, but if the momentum does not conserve 
this transition it must be attended by a photon, this is an 
indirect transition [18,19]. To analyze the electronic 
properties of the TiO2 synthesized, the remission function of 
Kubelka-Munk was used F(R’ ) [20-24]: 

          (2) 

where: 

           (3) 

 R  (1/10) is the diffused reflectance of a given 
wavelength, of a dense layer of non transparent infinite 
material,  is the absorption coefficient (cm

-1
) and S is the 

dispersion factor, which is independent of the wavelength for 
particles larger than 5 m.  is related to the incidental 
photon energy by means of the following equation [25]: 

          (4) 

where: A is a constant that depends on the properties of the 
material, E is the photon energy, Eg is the bandgap and  is a 
constant that can take different values depending on the type 
of electronic transition, for a permitted direct transition  = 
1
/2, a prohibited direct transition  

3
/2, a permitted indirect 

transition  = 2 and for a prohibited indirect transition  = 3 
[26,27]. Therefore: 

          (5) 

          (6) 

h is the Planck constant and C is the light velocity. For a 
direct transition the equation is: 

         (7) 

 For an indirect transition the equation is: 

.         (8) 

 Figs. (3, 4) shows the F(R’ )
2
 vs E (eV) and F(R’ )  vs 

E (eV) plots for the direct and indirect transitions, 
respectively, for the synthesized TiO2 samples, where the 
value of the band gap (Eg) is obtained by extrapolating the 
linear part of the graphics to the axis of the abscissa. The 
TiO2 is activated with photons of energy of a longitude close 
to 400 nm which involves a band gap of 3.2 eV; the 
literature reports a 3.23 eV value for anatase phase [28]. For 
the synthesized TiO2 samples the direct transition (Fig. 3) 
shows unrealistic bandgap values above 3.4 eV reaching 
values of 3,63 eV, which were not expected for anatasa 
phase. The indirect type transition (Fig. 4) showing band gap 
values of between 3.13 to 3.27 eV, where sample M5 
(R1(water/TIOT)= 3.5 and R2(2-propanol/TIOT= 15) has a value of 3.24 
eV as can be seen in Table 2. Therefore the TiO2 samples 
with anatase phase synthesized by the sol-gel method and a 
hydrothermal treatment follow an indirect type transition [7]. 
For the amorphous material (R1(water/TIOT)= 0.17 and R2(2-

propanol/TIOT)=10) the bandgap values obtained were 3.75 eV 
and 3.4 eV for the direct and indirect transitions, respectively 
(Fig. 5). These bandgap values for the direct transition as 
well as for the indirect are quite high compared to the 
bandgap values for the crystalline phase. These results are in 
agreement with the work of Welte and co-workers [6] who 
used the sol-gel method at temperatures of 25ºC, 200ºC and 
500ºC to synthesize TiO2, obtaining amorphous, amorphous-
crystalline and crystalline materials, respectively. For all of 
the TiO2 samples, the values of the direct transition were 
found to be above 3.5 eV. For crystalline material the direct 
transition showed a bandgap value of 3.23 eV. For 
amorphous material the indirect transition showed unrealistic 
bandgap value above 3.5 eV. This behavior suggests that the 
optical absorption technique is able to determine the type of 
morphology of the TiO2 materials [6]. Therefore, optical 
absorption measurements around 3 eV to 4 eV with plotting 
the direct transition and the indirect transition perform like 
an electronic fingerprint and determined if the materials are 
crystalline or amorphous. For amorphous materials the 
values of the bandgap are above 3.4eV independent of the 
transition type, which is in agreement with the XRD. The 
differences in bandgap values (Table 2), can be attributed to 
the crystalline size of the catalysts [8] which are in 
agreement with the diffractograms of the XRD analysis and 
are influenced by the molar ratio water/TIOT. When the 
hydrolysis reaction Ti(OR)4 + 4H2O  Ti(OH)4 + 4R(OH) is 
worked with molar ratios lower than those required for the 
stoichiometric ratio, water/TIOT<4, the hydrolysis between 
alkoxide and water is incomplete leaving a large quantity of 
non hydrolyzed alkoxy anions (OR

-
) that are absorbed onto 

the surface of the TiO2. These OR
-
 influence the rate of TiO2 

which favored the formation of a less crystalline anatase 
phase, the formation of particles with irregular shapes, 
distribution of large sizes, and low surface areas. An increase 
of water quantity above the stoichiometric ratio, 
water/TIOT>4, involves a strong reaction of nucleophilic 
replacement between water and the alkoxide molecules and 
more alkoxy (OR

-
) of the alkoxide precursor, these being 

substituted by hydroxyl groups of water involved in a 
reduction of the non hydrolyzed OR

-
 diminishing the steric  
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Fig. (3). Absorbance spectra for the direct electronic transition, 

F(R)
2
 vs E (eV) of the synthesized TiO2 samples with different 

molar ratios R1 (water/TIOT) and R2 (2-propanol/TIOT). 

impediment, which reduces the anatase phase crystallization 
velocity or the formation of a high crystalline size and an 
increase of the surface area due to the empty spaces formed 
in the net structure [3,13,29]. As can be seen in Table 3, the 
increase in surface area (SBET) observed in the synthesized 
samples with more than 159.48 to 226.26 m

2
.g

-1
 upon 

augmenting the water/TIOT molar ratio this is in agreement 
with previous works [30,31]. Fig. (6) shows diffused 
reflectance spectrums for the synthesized TiO2 samples and 
for Degussa P-25. The synthesized materials present 
absorption like that of the TiO2 Degussa P-25 with similar 
maximum wavelength. Thus, in this study the TiO2 
preparation by means of sol-gel method and a hydrothermal 
treatment does not permit modification of the absorption 
spectrums toward the visible upon variation of the molar 
ration water/TIOT in the experiment design. The 
photocatalytic activity of the synthesized TiO2 samples and  
 

TiO2 Degussa P-25 in the degradation of methyl orange is 
shown in Table 4. An increase in percentage of methyl 
orange degradation was observed upon increasing molar 
ratio water/TIOT up to a molar ratio R1(water/TIOT) = 3.5 and 
R2(2-propanol/TIOT) = 15 (sample M5), for molar ratios of 
water/TIOT lower than R1(water/TIOT) = 3.5 there is a decrease 
in the photocatalytic activity; this agrees with the XRD 
analysis when sample M5 has a peak with major intensity in 
the anatase phase, besides having an indirect bandgap of 
3.24 eV. 

 

 

Fig. (4). Absorbance spectra for the indirect electronic transition 

F(R)
1/2

 vs E (eV) of the synthesized TiO2 samples with different 

molar ratios R1 (water/TIOT) and R2 (2-Propanol/TIOT). 

4. CONCLUSIONS 

 The sol-gel method with a hydrothermal treatment at a 
temperature of 200ºC for two hours using TIOT as a 
precursor and 2-propanol as solvent permitted titanium 
dioxide nanoparticles to be synthesized in the anatase phase, 
as well as high surface areas, which show a gradual increase  
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(a) 

 

(b) 

 

Fig. (5). Absorbance spectra for amorphous TiO2 samples at 

R1(water/TIOT) = 0.17: a) direct electronic transition type and b) 

Indirect transition type. 

 

Fig. (6). Diffusion reflectance spectrums of the synthesized TiO2 

samples. 

 

of over 159.48 to 226.26 m
2.

g
-1

. These materials show an 
indirect type band gap close to those reported in the 
bibliography of 3.23 eV for the anatase phase. Besides, 
found optical absorption shows that the direct bandgap 
verses indirect bandgap permits the determination of the 
crystillinity of a material; for an amorphous material the 
band gap is greater than 3.4 eV independent of the transition 
types. All the properties of the synthesized materials  
 

Table 2. Direct and Indirect Bandgap Transitions for 

Synthesized TiO2 Samples 

 

Bandgap (eV) 
Sample 

Direct Indirect 

M1 3.40 3.15 

M2 3.43 3.13 

M3 3.47 3.18 

M4 3.63 3.25 

M5 3.58 3.24 

M6 3.60 3.27 

M7 3.62 3.22 

M8 3.63 3.19 

M9 3.58 3.14 

 

Table 3. Superficial Area of TiO2 Samples Synthesized the 

Sol-Gel Method and the Hydrothermal Treatment 

 

Muestra SBET (m
2
.g

-1
) 

M1 159.48 

M2 162.30 

M3 169.11 

M4 175.09 

M5 177.65 

M6 179.11 

M7 203.33 

M8 219.86 

M9 
Degussa 

226.26 
48.90 

 

Table 4. Photocatalytic Degradation of a Methyl Orange 

Solution (20ppm) with the Synthesized TiO2 Samples 

(150 pm of TiO2), Adsorption Time 1 Hour, 

Degradation 7 Hours 

 

Sample % Degradation  

M1 60.86 

M2 62.43 

M3 60.69 

M4 79.89 

M5 100.0 

M6 81.11 

M7 75.16 

M8 61.55 

M9 
Degussa 

58.83 
100.0  
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depended on the R1(water/TIOT) molar ratio where the catalyst 
with the greater photocatalytic activity has the molar ratios: 
R1(water/TIOT)=3.5 and R2(2-propanol/TIOT)= 15. 
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