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Abstract
In this work, it is reported the physicochemical characterization and photocatalytic activity evaluation of TiO2

chemical composition as well as the chemical environment of the elements present were determined by X-ray photoelec-
-

the O2
•
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1 Introduction

researchers worldwide due to the necessity to obtain clean 
-

pogenic activities [
proved to be a good option to address this issue through 
the degradation of organic pollutants, such as dyes and 

among other parameters, which ideally should be active 
under sunlight irradiation and able to degrade the organic 
molecules towards their complete mineralization transform-

2 2
been investigated seeking to increase their photocatalytic 

carried out to understand how the photocatalysts work to 
degrade organic pollutants and to study the role of the reac-
tive species using scavenger molecules [2– 2 in 
its anatase crystalline phase is widely used as photocatalyst, 
due to its low cost, non-toxicity, stability and without any 
risk to the environment and living beings; nevertheless, its 

drawback [
studied in powder form; however, in some applications, the 
use of powders could present additional problems among 
which can be mentioned the recovering of the powder from 
the photocatalytic reaction system; another problem is the 
agglomeration of the suspended particles which increases 
at high concentrations of photocatalyst, increasing the dis-
persion of the light used to activate the photocatalyst and 

-
mulations, sensitive under visible light and preserving their 
photocatalytic activity have been investigated; among the 
proposed solutions, the narrowing of the band gap energy 
of the TiO2 by its doping with transition metals, the cou-
pling of semiconductors and the metal incorporation in the 
titania lattice have been reported [ –
important to identify the role of the reactive species gen-

•

(O2
• +

2, with the purpose of studying its 

because it is a low-cost element abundant in Mexico and 
it is found in several compounds, for example as sodium 
bismuth, bismuthine and bismuth subsalicylates amongst 

the metal incorporated in the titania on the role of the reac-
tive species responsible for the degradation of the Malachite 
Green dye and diclofenac drug was investigated, for this 
purpose, scavenger molecules were added separately to the 

2 Experimental

2.1 Synthesis of TiO2 Thin Films with Incorporation 

of Eu, Pd, Fe, and Bi

To obtain the TiO2

2

2 2

2

2

2 -

2O
2

2O  in the TiO2 

Eu2O  in the TiO2

-
perature was chosen to obtain Eu2O  according to the ther-

2O (not 

-

was prepared using the same procedure described before 
but with the amount of the corresponding salt calculated to 

the TiO2
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2.2 Thin Films Characterization

-

in the photoelectron spectrum were used to determine the 
chemical state of the elements present, and the full width at 

-

adjust the photoelectron energy due to charge correction for 

-

-
-

2.3 Photocatalytic Degradation Activity

was evaluated following the degradation reaction of the 

pollution by dyes is an important problem around the world; 

–
The photocatalytic reaction system was prepared by intro-

2

-
alyst was activated by illuminating it with the light emitted 

2 -
tion degree of the MG dye was followed by the decrease 

the absorbance spectra by plotting the MG concentration 

curve of absorbance of the MG dye solution as a function 
-

rithm of MG concentration versus reaction time was plotted 

-
ments were performed to assess the extent of mineraliza-

wastewater was photodegraded in the same reaction system 
-

vate the photocatalyst, this wavelength was chosen due to 
-

order model was obtained from natural logarithm of absor-

In order to determine the preferential reaction route in the 
degradation of the investigated organic molecules, several 
scavenger-type molecules were employed: for the MG dye, 

2• 

(h+

•

–

3 Results and Discussion

3.1 Thin Films Characterization

3.1.1 XPS Characterization

 and 
2
and O agrees well with the stoichiometric values of TiO2

-
rated into the TiO2 varies depending on the load of the cor-
responding salt used in the synthesis as was described in the 
experimental section, whereas for series 2, only one value 

2
whereas x and y indicate the respective atomic percent cor-

determine the chemical environment of the elements pres-

shapes to resolve overlapping peaks and assigning them to 
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2 [ , ], the 
-

cient TiO2 [
] that probably were adsorbed due to air 

2
2

bonds of TiO2
to Ti 2 (TiO 2b shows 

 [ ] whereas 

a shows the Ti 2p region of the pure TiO2
the deconvolution of the experimental spectrum reveals a 

2p  and 2p
distance, and intensity ratio of spin-orbit splitting were in 

-
teristics of Ti–O bonds in TiO2 , -

b was deconvoluted 

are assigned in order of intensity as follows: the main peak 

Table 1

2 2 2 2

Ti O Ti O Ti O Ti O Eu

2 2 2 2

Ti O Ti O Ti O Ti O Eu

Table 2

2 2 2 2

Ti O Ti O Ti O Ti O Eu

2 2 2 2

Ti O Ti O Ti O Ti O Eu

Fig. 1 2 a Ti 2p region, b
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to the O-Ti bond in the TiO2

2 

observed in the previous samples, the main doublet attrib-
uted to Ti-O bonds of TiO2 and the second one due to Ti  
[ -

 suggesting that Eu is 
dispersed as Eu2O  outside of the TiO2 structure [

2+

-

 ions as 
before [
Ti–O in TiO2 [

2 
a display two 

doublets: the main due to the Ti–O bond in the Ti  oxida-
tion state in TiO2, the second one due to O  ions [

 and 2p  orbit-
-

2O ; the 

2
2

to the O 2 [ ], the second 
2; 

the environment [

TiO2 -

a 

is attributed to the Ti-O bonds in the TiO2 in its anatase 

O 2 [
 

-

 [22, 

 ions in oxygen 
2 [

Fig. 2 2 a Ti 2p region, b c
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Fig. 4 2 a Ti 2p region, b c

 

Fig. 3 2 a Ti 2p region, b c
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anatase phase to new crystalline phases of bismuth titanates, 

TiO
2 and 

2 -

c, 

o, characteristics of 

-

3.1.3 Raman Spectroscopy Characterization

-

 revealing that TiO2 in the ana-
tase phase [
matter the metal used to modify the TiO2 the main vibrational 

 presents shifts suggesting the 

to the O  ions and TiO2 respectively, whereas the third can 

3.1.2 XRD Characterization

2
-

lines attributed to palladium, or any compound of this ele-

2 lattice does not cause changes to its crystal-

b shows 
2 2 thin 

-

Fig. 5 2 a Ti 2p region, b c
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structure of TiO2
such as charge carrier dynamics, surface reactivity or light 

2

2

energy band gap values were estimated and are reported in 
Table 2

2

3.2 Photocatalytic Activity of the Malachite Green 

(MG) dye

 shows the MG degradation degrees reached using 

-

the degradation degree reached by the photolysis process 
2 and the 

2 photocatalysts reach the higher degradation 

2
to the higher thermal treatment temperature used for this 

 revealing as expected that the anatase phase 

 shifts its maximum suggesting the introduction 

3.1.4 UV-Vis Characterization

spectra using the Tauc Model [ ], are shown in Table  for 
-

porated in the TiO2 the band gap energy decreases to val-

2 2 remains close to 
2

and europium incorporation does not change the electronic 

Fig. 6 a 2, b 2 c 2
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Table 3 Optical band gap energy (Eg
Eg Eg Eg Eg

– – – –

Fig. 8 a 2, b

 

Fig. 7 a 2, b 2, c 2, and d 2
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The degradation reactions were carried out at the same 

to gain insight about the preferential reaction pathways fol-

participation of O2
•

• radicals was determined 

the degradation due to h+ was revealed by adding trietha-
 shows 

-

is clearly observed that the degradation reaction increases 
+

the availability of electrons (e 2 to form 
superoxide radicals, therefore the increase in the photocata-

the superoxide radicals are responsible of the degradation 

constants decreases compared to the system without scaven-
• radicals to the 

degradation reaction [2–

3.3 Photodegradation of the Diclofenac (DCF) drug

2 photocatalyst shows a con-

measurements were performed at the end of the photo-
 shows the comparison of the 

are very close, suggesting that the prepared photocatalysts 

degradation degrees obtained from the absorbance measure-

that a little fraction of the MG molecule does not reach the 

2 

2 > Eu–TiO2 > TiO2 2 -
2

the photocatalytic response of TiO2
respectively and more important improves the mineraliza-

Table 4 Optical band gap energy (Eg
Eg

TiO2

2

2

2

Fig. 9 MG degradation degree 
using the TiO2 2 2, 
Eu–TiO2 2 photocatalysts 

included as reference
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insight about the role that play each reactive specie, the 
degradation reactions were carried out at the same condi-

The participation of superoxide radicals O2
• was determined 

scavenger molecule with similar reactivity such as the ben-
• radicals was determined 

2 photocatalyst reaches 

TiO2 2 -
2 photocatalyst has the lower 

2 
2 and 

Fig. 11 MG degradation kinetic rate constants using 
2 2, Eu–

TiO2 2

 

Fig. 10 Mineralization degree of MG 

and absorbance measurements using 
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2 2 photocatalysts 
referred to the process without scavenger, there is seen that 

• radicals contribute in a low proportion to the degrada-

The photocatalytic results can be correlated with the 
physicochemical characterization as follows: in general 
terms structural and optical properties remain without 
important changes due to the metal incorporation in the tita-
nia; however, the chemical state of Ti and O changes due to 

to Ti 2 (TiO

-
tribution to the degradation due to h+ was revealed by adding 

 
-

-
+, that 

favors electrons availability for the degradation, observed in 

besides the previous one reveals that diclofenac degrada-
tion is driven by the superoxide radicals O2

• -

Fig. 13 

Fig. 12 2 2, 
2 2 photocatalysts of series 2
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-

-

Publisher’s Note -

exclusive rights to this article under a publishing agreement with the 

manuscript version of this article is solely governed by the terms of 

optical absorption [ ]; the intensity of the signal corre-
sponding to Ti -
lows: TiO2 2 2 2, 

-
sponding to O 2 
lattice promoted by the presence of Ti  can be related to 
oxygen vacancies that favor the transfer of photogenerated 
electrons diminishing the electron-hole recombination 
[ ]; in this case the intensity of the signal corresponding 
to O  ions increases following the same tendency, in good 
agreement with the observed for the Ti

2 sample lies out of this behavior probably 
due to the presence of Eu2O  outside of the TiO2

4 Conclusions

2
form were obtained depositing sol solutions by the spin coat-

photocatalytic activity for the degradation of malachite 

2 photocatalysts showed the best photocat-
alytic performance reaching MG degradation degrees close 

the preferential reaction pathway indicates that the MG deg-
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