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Abstract 

 

Given a spatial point pattern, we propose a graphical 

interface is developed to analyze the spatial and angular 

characteristics based on Voronoi polygons and Delanuay 

triangles to extract information of the spatial point 

distribution of industrial tools, using Voronoi polygon and 

Delanuay triangulation (IVDI). This interface generate 

TXT files frequencies on Voronoi polygons, it generate  

graph which connects neighbors points in each Voronoi 

polygon selected by the user (Ulam tree modified) and it 

calculate the distances to each neighbor  point and the 

internal angles. The interface obtain measures internal 

angles of Delanuay triangles, obtain measures neighbors   

nearest distance throughout the tesselation, obtain 

measures distance between selected points by the user, 

calculates the average of mean distances between points, 

evaluate polygonality and polygonality index, average 

angular differences, variation index of angle differences, 

mean-square deviation of angles, and circle radius 

circumscribing each Delanuay triangle. 

 

Voronoi polygon, Delanuay trinangulation, Industries 

tools  

 

 

Resumen 

 

Dado un patrón de puntos  espaciales, proponemos una 

interfaz gráfica para analizar las características espaciales 

y angulares basadas en polígonos de Voronoi y triángulos 

de Delanuay (IVDI) para extraer información de la 

distribución de puntos  espaciales en herramientas de uso 

industrial, empleando polígonos de Voronoi y 

triangulación Delanuay. Esta interfaz genera archivos 

TXT de frecuencias de polígonos Voronoi, genera  

gráficos que conecta puntos vecinos  en cada polígono 

Voronoi seleccionado por el usuario (árbol Ulam 

modificado) y calcula las distancias a cada punto vecino  y 

grafico de ángulos internos. Mide los ángulos internos de 

los triángulos de Delanuay, mide la distancia más cercana 

a lo largo de la distribución de puntos, mide la distancia 

entre los puntos  seleccionados por el usuario, calcula el 

promedio de las distancias medias, evalúa el índice de 

poligonalidad, media de diferencias angulares, índice de 

variación de las diferencias angulares, desviación 

cuadrática media de ángulos y radio del círculo que 

circunscribe cada triángulo de Delanuay. 

 

Polígonos de Voronoi, Triangulación Delaunay, Diseño 

de herramienta industrial
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Introdution 

 

Many applications in science, engineering, 

statistics, and mathematics require structures 

Voronoi diagrams, and Delaunay tessellations 

(J. Sudbø, 2000). These functions enable to 

geometrically analyze data sets in any 

dimension. Voronoi diagrams are a closest-point 

plotting technique related to Delaunay 

triangulation , which is useful by itself to create 

a triangular grid for scattered data points. 

Voronoi diagrams define a “natural mesh” for 

scattered data without explicit point connectivity 

(Luciano da Fontoura Costa, 2006, 

NoppadonKhiripe, 2012). Polygon mesh models 

are typically defined in terms of (a) geometry-

the coordinate values of vertices of the meshes 

making up the model, (b) connectivity-the 

relationship among the vertices which defines 

the polygonal faces of the mesh (Iosif Pinelis, 

2007). An interface with technology based in 

Voronoi polygons and Delaunay triangles is 

presented here to improve spaces setting 

industrial machines tools (IVDI). Given points 

grouped as a cloud, represent the tools, this 

interface is able to develop several graphics of 

proximity respect to the group of points already 

shown, this interface allows to obtain display 

and store   from the optimization diagrams 

through the breaking down from the map in 

sections of tools.    

 

 Numerous researchers in various fields 

concern themselves with characterizing spatial 

distributions of objects. In these research fields, 

the point process theory undoubtedly helps 

dealing with these questions. Exploratory 

statistics of point patterns widely rely on 

Ripley’s seminal work (Ripley 1976, 1977), 

namely the K function. A recent review of 

similar methods is given by Marcon and Puech 

(2014) who called them distance-based 

measures of spatial concentration. We will refer 

to them here as spatial structures since both 

dispersion and concentration points can be 

characterized. 

 

 The basic purpose of our interface (IVDI) 

is to test the observed point pattern against 

complete spatial randomness (CSR), i.e., a 

homogeneous Poisson process, to detect 

dependence between point locations (the null 

hypothesis supposes independent points) 

assuming homogeneity (i.e., the probability to 

find a point is the same everywhere). 

 

 

        Similar Ripley-like functions, available 

in the proposed R (R Core Team 2015) dbmss 

package (Marcon, Lang, Traissac, and Puech 

2015), can be classified in three families: 

 

 Topographic measures such as K take 

space as their reference (Fortin and Dale 

2005). 

 

 Relative measuressuchas M (Marcon and 

Puech 2010) compare the structure of a 

point type to that of another type (they 

can be considered as cases and controls). 

 

 Absolute functions such as Kd (Duranton 

and Overman 2005) have no reference at 

all but their value can be compared to the 

appropriate null hypothesis to test it. 

 

Methodology 

Statistical background 

We consider a map of points which often 

represents sections of tools. We want to apply to 

this point pattern a variety of exploratory 

statistics which are functions of distance 

between points and to test the null hypothesis of 

independence between point locations. These 

functions are either topographic, absolute or 

relative.  

 

 They can be interpreted as the ratio 

between the observed number of neighbors and 

the expected number of neighbors if points were 

located independently from each other. If 

reference and neighbor points are of the same 

type, the functions are univariate and allow to 

study concentration or dispersion. 

 

Relative functions 
 

Choosing reference and neighbor point types 

allows defining univariate or bivariate functions, 

counting neighbors up to or at a distance defines 

cumulative, using neighbors points of polygon 

Voronoi and Delanuay triangulation. Reference 

points are denoted 𝑥𝑖, neighbor points are 𝑥𝑗. For 

density functions, neighbors of 𝑥𝑖, are counted at 

a chosen distance r: 

 

𝑛(𝑥𝑖, 𝑟) = ∑ 𝑘(‖𝑥𝑖 − 𝑥𝑗‖, 𝑟)𝑐(𝑖, 𝑗)𝑗,𝑖≠𝑗          (1) 
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 𝑘(‖𝑥𝑖 − 𝑥𝑗‖, 𝑟), is a kernel estimator, 

necessary to evaluate the number of neighbors at 

distance r, 𝑐(𝑖, 𝑗) is an edge-effect correction 

(points located close to boundaries have less 

neighbors because of the lack of knowledge 

outside the observation window). In cumulative 

functions such as M, neighbors are counted up to 

r: 

 

𝑛(𝑥𝑖, 𝑟) = ∑ 1(‖𝑥𝑖 − 𝑥𝑗‖ ≤ 𝑟)𝑤(𝑥𝑗)𝑥𝐽∈𝑁,𝑖≠   (2) 

 

 The number of neighbors is then 

averaged n is the number of reference points: 

 

�̅�(𝑟) =
1

𝑛
 ∑ 𝑛(𝑥𝑖 , 𝑟)𝑛

𝑖=1               (3) 

 

Software description  

 

Using �̅�(𝑟),  we suggest development of an 

integrated platform based on computational 

geometry to study concentration or dispersion of 

points on tools, which in turn use both Voronoi 

tesselation and Delaunay triangulation, for the 

purpose to measure the distance, internal angles, 

radius of circumscribed circle, amid nearby 

points mean distances average, angular 

polygonality, polygonality index, mean-square 

deviation of angles, and variation index angle of 

differences.  The platform holds two options, 

either being performed by a user or operating 

with an automatic formulations. This software 

allows to create Voronoi polygons and Delaunay 

triangles from a set of XY coordinates, or 

generated by selecting in an imported image. It 

locates XY coordinates, using an auxiliary 

window S, Fig. 1.  
 

 
 

Figure 1  Platform based on computational geometry 

using Voronoi polygons and Delaunay triangles (IVDI).  

Source: self made 

 

 

 

 

 

Voronoi Frequency 

 

This function displays graphics of frequency 

respecting to the number of sides in Voronoi 

mosaic with a data reading window, wider 

enough to avoid loss of data of polygons 

compared to other platforms (Image J).   

 

  

Circumscribed Circle 
 

These metrics/algorithms are able to find the 

magnitude of the circumradius, the coordinates 

of the center of the circumcircle, and the 

coordinates of the vertices formed in each 

Delaunay triangle. R is the radius of the circle 

circumscribing a Delaunay triangle, Fig. 2.  

 

 
 

Figure 2 Circuncircle and circumradius for each Delanuay 

triangle in a Voronoi polygon 

Source: self made 

 

Distances Selected 

 

These metrics/algorithms are able to get the 

distance (𝑑𝑘) between each pair of points 

selected by the user. First select the icon 

distances, located in Diagram Feature screen, 

after that choose a point of the polygon, by the 

icon select points, then select again the icon 

select point for another interest point, finally 

activate the icon selected file distances from 

Tools menu to get the data file with its 

coordinates and the distance that separates them. 

You might select different pairs of points to find 

out their distances in a single file, activating the 

icon selected points, Fig. 3.  

 

 
 

Figure 3 Distances to be chosen by the user in a Voronoi 

polygon 

Source: self made 
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Angles Selected 

 

These metrics/algorithms generate a file formed 

from each pair of points selected by the user. The 

angle υ is relative to the horizontal axis and it 

works as the rangefinder. First, activating angles 

tree icon (Fig.1), and then you can select 

different points for the same file using the select 

point button, to generate the Angles Selected 

file, Fig. 4. 

 
Figure 4 Selection of angles between neighbors to be 

chosen by the user in a Voronoi polygon 

Source: self made 

 

Internal Angles Selected 

 

This metric algorithm generates a file for the 

angles  
i   of each Delaunay triangle selected by 

the user. First, activate radio button internal 

angles (Fig.5), then select points radio button to 

form the Delaunay triangle, selecting 3 points. 

The select order of each point defines the angle 

to be measured. First, if the black point is 

selected, then you can choose the white point, 

these two points form a line from which we start 

measuring the angle and ends at the line formed 

between the third point, striped circle, forming 

an angle which is measured from 

counterclockwise to clockwise, Fig. 5. 

 

 

 
 

Figure 5 Select nearby points to get an angle between 

them in a Voronoi mosaic 

Source: self made 

 

 

 

 

 

 

 

Description of metrics/algorithm 

 

Internal distance  
 

The internal distance d_i in a particular Voronoi 

cell, is the distance measured from internal 

mathematical node (black dot, see Fig. 6) of the 

Voronoi polygon to each neighboring point (blue 

dot, see Fig.6) which forms the polygon. This is 

an Ulam tree modified to measure distances, 

Fig.6. 

 
 

Figure 6 Distance graph (Ulam tree modified) between 

neighbors in a 6-tides Voronoi polygon 

Source: self made 

 

Angular graph 

 

The numbers   are the angles between the 

horizontal line which contains the internal 

mathematical node and the line which joins each 

neighboring point to the internal node, it is 

measured anticlockwise (Ulam tree modified to 

measure angles), Fig. 7.  

 

 
 

Figure 7 Measure angles between nearby points from a 

horizontal axis 

Source: self made 

 

Internal  angles of Delaunay triangles  
 

These are the internal angles of any triangle in 

the Delaunay triangulation i  ; the angles are 

measured in the positive direction 

(counterclockwise), Fig. 8. 
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Figure 8 Measure angles between 3 neighbors that form a 

Voronoi polygon and choose one angle 

Source: self made 

 

 The sequence to measure the angle  i   

is in the following order: if you select first point 

1 (vertex 1) then select point 2 (vertex 2), these 

points will form a starting line where the angle 

measurement starts, the point 3 (vertex 3) is 

where the angle measured ends. The selection 

and sequence of generating points will indicate 

the final angle obtained. 

 

Mean distances average  
 

This metric/algorithm determine the mean of 

average distances from the inner point in every 

Voronoi cell to its n neighbors and it is 

calculated by ∑
𝑑𝑖

𝑛2
𝑛
𝑖=1  , where

id  is the internal 

distance defined above. It also represents a way 

to measure the cell size and it could be 

interpreted as a coefficient of expansion or 

contraction, Fig. 9. 

 
Figure 9 Modified Ulam tree graph for distances in each 

Voronoi cell 

Source: self made 

 

Polygonality Index 

 

This metric/algorithm generates the measure of 

polygonality index, Eq. (4). 

 







n

i

i

1

1

1



,               (4) 

 

 

 

 Where 
i  is the formed angle between 

consecutive neighbors for Delaunay triangle 

(irregular polygon, dotted arrow),  is the angle 

between consecutive vertex for a regular 

polygon (solid arrow), n0360   and n is the 

number of neighbors from Voronoi cell, Fig. 10. 

Due to the way that 
i  is measured, its 

measurement is invariant under any rotation 

movement. The measurement is performed 

counterclockwise. 

 
Figure 10 The solid line is a regular polygon, the irregular 

polygon is represented by the dotted line, and the 

neighbors are the black dots. The internal dot is a 

mathematical node 

Source: self made 

 

Mean-Square deviation of angles 

 

This metrics/algorithms evaluate the  mean-

square deviation of angles, Eq. (5),   

 

 



n

i

i

1

2
 ,                       (5) 

 

 The root square of mean deviation from 

the angles
i , with respect to angle n0360  

where n is the number of neighbors of the 

Voronoi cell for each Voronoi polygon. The 

magnitudes
i  ,  , and n are defined above. 

Again, this measurement is invariant under any 

rotation movement. 

 

Variation index angle of differences 

 

This metric algorithm gets the Variation index 

angle of differences, Eq. (6), 

 

  11
1

2
 



n

i

i  ,                   (6) 
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 Where 
i  ,   and n0360   are 

defined as above. If the value of δ is close to 1, 

then the Voronoi polygon is close to regularity, 

if δ is close to 0, then Voronoi polygon is 

irregular. 

Results 

 

 Using the interface IVDI, we calculate 

�̅�(𝑟) by Eq. (3), for a metal gear, figure 11.  

 

 

 
 

Figure 11 A metal gear 

Source: self made 

 

 The n statistic is the sum of contribution 

of  �̅�(𝑟)   for all r values.  �̅�(𝑟) are made 

independent by construction a metal gear. We 

want to evaluate the number of neighbors �̅�(𝑟)   

at distance r, for simulation, Ripley-like function 

and IVDI, figure 12.  

 
 
Figure 12 Several iterations to calculate % n̅(r), 𝑛 is the 

number of simulated points for a metal gear, 𝜌 aparameter 

of aggregation, X axis in cm   

Source: self made 

 

 

 

 

 

 

 Taking into account distances above the 

maximun range of interaction between points 

limits the power of the test since a fraction of the 

�̅�(𝑟) values are purely stochastic. This is a 

normal behavior for a goodness-of-fit test. 

Ripley-like function test applied to a metal gear 

have a fit equal to 23.5%. In the same conditions, 

using IVDI, our test returns a fit value equal to 

69.3%; it appears to close simulation of  �̅�(𝑟) 

introduced in the analysis.     

 

Conclusions 

 

The platform is a tool based on computational 

geometry  for getting structural manifestations 

and quantification of geometric distribution to 

characterize the spatial structure of point 

patterns for tools, based on Voronoi polygon and 

its dual Delanuay tesselation (IVDI).  We built 

this package to provide an easy-to-use toolbox 

for users of spatial statistics mainly in tools 

employed on industries. Our results have 

goodness-fit that Ripley-like functions. The 

analysis is limited to testing a point pattern 

against an appropriate null hypothesis, including 

the simulation of many point processes as 

alternate null hypotheses and model fitting 

beyond exploratory statistics. 

 

 Future developments include the use of 

distance matrices as input of the distance-based 

functions to allow addressing of the simulation 

of many point processes. We will also develop 

subsampling techniques to be able to manage 

huge datasets (several million points) whose 

distances cannot all be calculated in a reasonable 

time. 
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Abstract 

 

In the present investigation work, the degradation of 

17α-ethinylestradiol (EE2) in aqueous solution was 

studied. The main objective of this work is the 

degradation of EE2 through the process of 

heterogeneous photocatalysis using TiO2 as a 

catalyst. The objective was the determination of the 

reaction parameters of the drug such as the 

photochemical effect, the adsorption rate of the 

catalyst and the initial concentration of the 

contaminant. The degradation was evaluated by the 

appropriate techniques of UV-vis and TOC 

spectroscopy. Like other works, the mineralization of 

this compound is reported, however, the % of EE2 

mineralization can be determined in a solution that 

uses a photocatalytic process. 

 

Degradation, Photocatalysis and 17α-

etinilestradiol 

Resumen 

 

En el presente trabajo de investigación se estudió la 

degradación de 17α-etinilestradiol en solución 

acuosa. Como objetivo principal del presente trabajo 

es la degradación del EE2 mediante el proceso de 

fotocatálisis heterogénea utilizando TiO2 como 

catalizador. Los objetivos particulares fueron la 

determinación de los parámetros de reacción del 

medicamento como lo son el efecto fotoquímico, 

índice de adsorción del catalizador y la concentración 

inicial del contaminante. Se evaluó la degradación 

mediante las técnicas adecuadas de espectroscopía 

UV-vis y TOC. Al igual que otros trabajos se reporta 

la mineralización de este compuesto, sin embargo, se 

logro determinar el % de mineralización del EE2 en 

solución acuosa utilizando un proceso fotocatalítico. 

 

Degradación, Fotocatálisis y 17α-etinilestradiol
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Introduction 

 

A micro-contaminant is any compound present 

in soil and wastewater at concentrations 

expressed in μg/L and ng/L, which are persistent 

and resistant to conventional treatments and 

considered harmful to the environment. Among 

the micro-contaminants are pesticides, 

petroleum products and medicines [1-3]. 

 

 Medicines have certain physicochemical 

characteristics and some of them are resistant to 

hydrolysis, to natural degradation and are 

considered highly disturbing for flora and fauna, 

also affecting abiotic factors by the alteration of 

pH, salinity, dissolved oxygen, etc. [4-6]. The 

inadequate final disposal of expired medicines 

causes the arrival to effluents, dissolved in 

wastewater, agricultural and veterinary use, 

being very difficult to eradicate [7-10]. 

 

 Among the medicines that are commonly 

found in effluents, hormonal treatments are an 

alarming source, they are commonly used to 

alter the menstrual cycle and the impediment of 

conception, examples of such medications are 

EE2 (Figure 1) which is a synthetic estrogen 

compound that are used in contraceptive 

methods [11-18]. This compound is part of the 

so-called endocrine disruptors, which have the 

effect of simulating or altering the hormonal 

processes. These compounds cause a stress to the 

environment. Exposure to small amounts over 

prolonged periods can alter the development of 

fish tissues, are toxic to some species of algae, 

fish and invertebrates [19]. They can produce 

sexual inversion, reduction of the masculine sex 

and of the production of eggs, affecting the 

trophic chains and in some birds the thinning of 

the shell of eggs [20-24]. 

 

 
 

Figure 1 Chemical structure of 17α-ethinylestradiol. 

Chemical formula: C20H24O2. And the molecular weight: 

296.178 g/mol 

  

 Reports indicate the presence of 

concentrations between 1 and 5 ng/L of EE2 in 

different regions of the world, in surface waters 

and sediments have been detected in 

concentrations ranging between 1 and 100 ng/L 

[25-29]. Currently, it has been shown that EE2 

has strong ecotoxic effects on the environment, 

in addition to interacting with other compounds, 

the byproducts generated can be harmful to 

wildlife, as well as the alteration of fish 

spawning cycles [29-31]. 

 In recent years, advanced oxidation 

processes are an alternative to eliminate micro-

contaminants. This set of techniques are 

physicochemical processes with the ability to 

produce structural changes in the chemistry of 

pollutants, because they involve the formation of 

powerful transient species such as hydroxyl 

radical, which allow the destruction of a large 

variety of organic compounds resistant to natural 

degradation. The hydroxyl radicals (OH) are 

highly oxidizing for organic matter and can be 

generated by photochemical processes either 

sunlight or radiant light, or by other forms of 

energy that do not involve radiant light [32-35].  

 Heterogeneous photocatalysis has been 

widely studied in the decontamination of 

wastewater and has proven its effectiveness for 

the degradation of medicines [33-36].  

 The photocatalyst TiO2 presents 

physicochemical properties [37], which 

demonstrate a high efficiency for the elimination 

of a wide variety of contaminants including 

dyes, pesticides and medicaments [35,38,39,40-

42]. 

Experimental 

 

Chemical 

 

The 17α-Ethinylestradiol (EE2) used for the 

photodegradation experiments is a white 

powder purchased from Sigma-Aldrich 

grade ReagentPlus (≥98%) with a solubility 

of 19 mg/L. For the photocatalytic 

experiments, commercial titanium dioxide 

TiO2 Evonik-Degussa P25 with a 

composition of 80% anatase and 20% rutile 

was used. Also, distilled water and ethanol 

were used to prepare the EE2 solutions. For 

the analysis of total organic carbon, 

potassium biphthalate was used C8H5O4K, 

sodium bicarbonate NaHCO3 y sodium 

carbonate Na2CO3 TOC grade as reference 

standards. 
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Photoreactor 

 

The photodegradation experiments were 

carried out in a self-made system by the 

research group. Which consists of an annular 

cylinder of stainless steel with mirror finish, 

which supports 4 lamps of UV light brand 

Purikor of 16 watts. In the center of the 

system, a glass container is placed that 

functions as a batch reactor. The reactor is 

equipped with an oxygen supply and a 

magnetic stirrer to keep the reaction solution 

homogenized. 

 

Photochemical Degradation Test 

 

A photochemical degradation test was 

performed to monitor the effect of UV 

radiation on the contraceptive molecule 

under the established reaction conditions. 

The solution was maintained in constant 

magnetic stirring with a bubbling of oxygen 

saturated with a flow of 100 mL/minutes, at 

room temperature. Oxygen acted as an 

electron acceptor species throughout the 

experiment. 

 

Adsorption Test 

 

For this test, a load of 0.5 g of TiO2 in a 

volume of 250 mL was used to evaluate the 

effect caused by a porous material such as 

TiO2 in suspension in a solution of EE2 as a 

function of the change in the concentration of 

EE2 with respect to time. For this, the catalyst 

charge was added to the solution and kept 

under constant magmatic agitation for a period 

of 240 minutes in dark conditions. At every 

time care must be taken that the catalyst is not 

exposed to sources of light, for example, when 

weighing. It was also taken care that the 

solution was not exposed now of taking the 

samples or filtering them. 

 

Photocatalytic Degradation Test 

 

Solutions were tested with concentrations of 

EE2 at 5, 10 and 15 ppm, in each experiment the 

compound was previously diluted in 2 mL of 

ethanol using a 250 mL aqueous solution 

volume. A load of 0.5 g of TiO2 exposed to UV 

irradiation is used in the reaction system for a 

period of 300 minutes, in which aliquots of 5 mL 

were taken, in addition to taking a pre-

experiment sample without catalyst and in the 

times: 0, 15, 30, 45, 60, 90, 120, 180, 240 and 

300 minutes, respectively.  

 The solution was kept homogenized by 

constant stirring, in addition saturated oxygen 

was supplied to the solution with a flow of 100 

mL/minutes. 

 

Analytical Methods 

 

The progress monitoring of the reaction was 

performed by UV-vis spectroscopy using a 

JENWAY 7305 spectrophotometer; TOC 

analysis was also performed with a SHIMADZU 

TOC-5000A total organic carbon analyzer. 

Before analyzing each sample, it was 

centrifuged and filtered through Millipore GV 

membranes (0.22 μm pore diameter) to eliminate 

any traces of catalyst. 

 

Results and Discussion 

 

Photochemical Effect 

 

The results of the photochemical effect 

indicate that the relative concentration of 

EE2 decreases 18% in 180 minutes of 

reaction, this does not represent a significant 

change, therefore, the contaminant shows 

resistance to photodegradation. The EE2 is a 

refractory compound which prevents the 

removal with light, therefore, it is necessary 

to use some advanced oxidation process [43-

48]. 

 

 

Graphic 1 Degradation profile of the photochemical 

effect as a function of the relative concentration at a 

concentration and index adsorption of the TiO2 catalyst 

 

Index Adsorption 

 

The relative concentration profile of the 

adsorption experiment in dark conditions is 

presented in Graphic 1.  
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 The results of the adsorption test show 

a slight decrease in which it adsorbs 

approximately 19% during the first 45 

minutes and subsequently reaches a state of 

equilibrium under these experimental 

conditions. This period of adsorption 

coincides with that reported by [49] in which 

it indicates 30 minutes and 10% adsorption 

with TiO2 using lower concentrations of EE2 

and amount of catalyst. 

 

Photocatalytic Degradation with TiO2 

 

Relative concentration profiles by UV-vis 

spectroscopy indicate that the EE2 molecule 

degrades relatively easily in the first 300 

minutes of reaction by the OH radicals 

generated in the photocatalytic process. 

Figure 3 shows that in the experiment of 5 

ppm of EE2 there was a degradation of 99% 

in the 180 minutes. Meanwhile for the 

solution of 10 ppm of EE2 a degradation of 

91.56% is shown in 240 minutes. The highest 

concentration of 15 ppm of EE2 reaches a 

degradation percentage of 76.40% at the end 

of the 300-minute experiment. These results 

could surpass that reported by [50] that 

reached a maximum percentage of 29% 

degradation for a concentration of 5 ppm of 

EE2. Other studies report higher percentages 

of photocatalytic degradation of EE2 using 

concentrations lower than those of this study 

[49]. 

 

 The heterogeneous photocatalysis 

applied for the degradation of EE2 with TiO2 

turns out to be mostly efficient in comparison 

with other photocatalysts and the adsorption 

and electrochemical processes [51-54]. 

 

 
 

Graphic 2 Photocatalytic degradation of EE2 at 

different concentrations monitored by UV-vis 

spectroscopy (V=250 ml, TiO2= 0.5g) 

Total Organic Carbon (TOC) 
 

The total organic carbon analysis was 

performed on the concentration experiments 

of 10 and 15 ppm of EE2 to monitor the 

degree of mineralization of the micro-

contaminant. Graphic 3 shows a comparative 

graph showing that the mineralization 

profiles follow a similar behavior reaching 

94% on average. In addition, the degree of 

mineralization of a known concentration of 

15 ppm of EE2 is shown, which at the end of 

the reaction shows 95.52% total organic 

carbon values. 

 

 
 

Graphic 3 Initial concentration efect on the 

photocatalytic mineralization of EE2 (V = 250 mL, 

TiO2 = 0.5g, analyzed by TOC) 

 

Chemical Kinetic 

 

The results of the kinetic analysis of the 

reaction samples are shown in Graphic 4, 

indicating that the photocatalytic degradation 

of EE2 is adjusted to a first-order kinetic 

model, like other reports in the literature on 

this molecule [49, 55- 58]. Since the 

photocatalytic degradation reactions of 

organic compounds with aromatic character 

generates a series of organic products 

through a series-parallel mechanism [59]. 

The initial velocity of the photocatalytic 

degradation reaction of EE2 was determined, 

for which the velocity constant of a first-

order reaction was evaluated using the initial 

concentration values of EE2 at times not 

greater than 180 minutes. Table 1 shows the 

kinetic parameters calculated as a function of 

the initial concentration of EE2.  
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 It is observed that the reaction rate 

constant decreases as the initial 

concentration of the contaminant increases 

and the rate of degradation of EE2 is 

inversely proportional to the initial 

concentration of the original reagent. 
 

Initial 

concentration 

(ppm) 

Initial 

concentration 

(mMol) 

Apparent 

reaction 

constant 

kapar 

(min-1) 

R2 Reaction rate 

(-r) 

(mMol/min) 

5 0.0168 0.3418 0.9045 0.0057 

10 0.0337 0.1182 0.9841 0.0039 

15 0.0500 0.0350 0.9532 0.0017 

 
Table 1 Initial reaction rate as a function of the initial 

concentration in the photocatalityc degradation of 

EE2 

 

 

Graphic 4 Photocatalytic degradation kinetic model of 

EE2. C0 = 5 ppm (blue line), C0 = 10 ppm (green line), C0 

= 15 ppm (gray line). [V = 250 mL, TiO2 = 0.5 g, analysis 

of samples by UV-vis spectroscopy] 

Material Balance 

By means of a material balance it is possible 

to determine the fraction of EE2 transformed 

to intermediate organic products in the 

photocatalytic degradation of the hormone. 

With the experimental results, the relative 

concentrations of EE2 are calculated with 

equations 1 and 2, respectively.  

 

 

 

 

 

 

 

 

 The fraction of EE2 mineralized to 

CO2 is determined with equation 3, and the 

fraction of EE2 transformed to intermediate 

organic products is calculated with equation 

4. 
 

𝑎𝐶𝑚 =
𝐶𝑚

𝐶𝑚0
                                 (1) 

 

𝑎𝑇𝑂𝐶 =
𝑇𝑂𝐶

𝑇𝑂𝐶0
                                  (2) 

 

𝑓𝐶𝑂2 = 1 − 𝑎𝑇𝑂𝐶                          (3) 

 

𝑓𝑂𝐼𝑃 = 𝑎𝐶𝑂𝑇 − 𝑎𝐶𝑚                    (4) 
 

 The intermediate organic products 

formation and consumption for the reactions 

of 5 ppm EE2 initial concentration is 

presented in Graphic 5. It is clearly seen that 

the fraction of intermediate organic products 

increases gradually as a function of time. 

After 120 minutes, the OH∙ radicals initially 

generated by the TiO2 begin to attack the 

products of the reaction mixture, which 

decrease slightly and turn out to be persistent 

to the radical attack, because the profile 

remains almost constant until the end of the 

reaction. The products of the photocatalytic 

degradation of EE2 are widely reported by 

[49, 54]. In both articles, they propose that 

within the reaction mechanism the by-

products generated conserve the original 

structure of EE2, therefore, it is necessary to 

increase the reaction time, to achieve total 

oxidation and environmentally harmless 

final products [60]. 

 

 
Graphic 5 Material balance for the photocatalytic 

degradation of EE2 in aqueous solution. (V = 250 mL, C0 

= 5 ppm, TiO2 = 0.5 g). ●= 17α-ethinylestradiol; 

▲=Carbon Dioxide; ×= Organic Intermediates; ■= Total 

Organic Carbon 

 



13 

Article                                                       ECORFAN Journal-Democratic Republic of Congo 
                                                                              December 2018 Vol.4 No.7 8-15 

 

 
ISSN-On line: 2414-4924 

ECORFAN® All rights reserved. 

 

NOGUERA-ORTIZ, Jonathan Eliezer, LUNA-SANCHEZ, Raúl Alejandro, 

SOLIS-MALDONADO, Carolina y ZERMEÑO-RESENDIZ, Brenda Berenice. 

Photocatalytic Degradation of 17α-Ethinylestradiol in Aqueous Solution. 

ECORFAN Journal-Democratic Republic of Congo 2018 

Conclusions 

17α-ethinylestradiol (EE2) is not efficiently 

degraded by a photochemical process with UV 

light, the simple effect of radiation is not enough 

to eliminate this micropollutant in aqueous 

solution. The solution of EE2 with commercial 

TiO2 Evonik-Degussa-P25 achieved its degree 

of saturation in 45 minutes, in this period the 

catalyst stops adsorbing the synthetic hormone 

and reaches its equilibrium point. The EE2 

photocatalytic process in the presence of UV 

light, TiO2 in a batch of photogravure was 

achieved with relative ease, a few minutes in 

reaction EE2 molecule is degraded by the action 

of the generated OH∙ radicals. The mixture of 

by-products generated at low levels are 

persistent to the oxidation and require long 

reaction times to convert them into CO2 and 

H2O. The photocatalytic degradation of EE2 is 

adjusted to a first-order kinetic equation. 

Recommendations 

The recommendations are that these and many 

others micropollutants of pharmaceutical origin 

continue analyzed due to their adverse impact on 

the environment sience it affects the biota and 

fauna as well as the entire trophic chain. Another 

recommendation for future works is to 

thoroughly analyze the intermediate products for 

a specific characterization, in the same way an 

analysis of ecotoxicity to see how harmful the 

metabolites of EE2 are, unlike the molecule 

initial. 

 

Nomenclature 

 

aCm = Relative concentration of EE2 

 

aTOC = Relative concentration of TOC 

 

Cm = EE2 Concentration 

 

Cm0 = Initial concentration of EE2 

 

EE2 = 17α-Ethinylestradiol 

 

fCO2 = Fraction of mineralized EE2 

 

fOIP = Fraction of organic intermediates 

products 

 

K apar = Kinetic reaction apparent rate constant 

-r = Photocatalytic degradation reaction rate 

 

TOC = Total organic carbon 

TOC0 = Initial total organic carbon 
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Abstract 

 

Ag/TiO2 thin films are synthesized on soda-calcium 

glass substrates, using the sol-gel chemical route and 

repeated immersion. Series of TiO2 films at a certain 

thickness, were modified superficially with several 

layers of Ag nanoparticles and thus obtaining the 

Ag/TiO2 catalysts. The physical-chemical properties 

of the films are studied. The Ag/TiO2 films were 

characterized by XRD and Raman spectroscopy, 

SEM morphology, chemical composition by EDS, 

the topography was recorded with AFM, its optical 

properties with UV-Vis and the ionic states of the 

surface components by XPS. The film thickness was 

173.0 nm, a crystallite size of the order of 20 nm, a 

transmittance of 80%, a refractive index between 

2.046-1.599, and Eg between 3.67-3.52 eV, 

depending on the surface modification with Ag. The 

catalytic activity was recorded evaluating the 

degradation of aqueous solution, depending on the 

concentration and time of irradiation with UV-Vis. 

The photoluminescence of the films was recorded 

when excited with photons of 325 nm. From the 

results of the study of Ag/TiO2 films, they have the 

potential to be applied as catalysts in the treatment of 

contaminated water, and in radiation dosimetry. 

 

Ag/TiO2, Photocatalysis, Photoluminescence. 

 

 

Resumen 

 

Se sintetizan películas delgadas Ag/TiO2 sobre 

sustratos de vidrio sodo-cálcico, usando la ruta 

química sol-gel e inmersión repetida. Series de 

películas TiO2 a determinado espesor, se modifican 

superficialmente con varias capas de nanopartículas 

de Ag y se obtienen así los catalizadores Ag/TiO2. Se 

estudian las propiedades físico-químicas de las 

películas. Las películas Ag/TiO2 se caracterizaron 

por DRX y espectroscopia Raman, morfología  por 

MEB, composición química por EDS, se registró la 

topografía con MFA, sus propiedades ópticas con 

UV-Vis y los estados iónicos de los componentes 

superficiales por XPS. El espesor de película resultó 

de 173.0 nm, un tamaño de cristalito del orden de 20 

nm, una transmitancia del 80%, un índice de 

refracción entre 2.046-1.599 y el Eg entre 3.67-3.52 

eV, dependiendo de la modificación superficial con 

Ag. Se registró la actividad catalítica evaluando la 

degradación de solución acuosa, en función de la 

concentración y el tiempo de irradiación con UV-Vis. 

Se registró la fotoluminiscencia de las películas al ser 

excitadas con fotones de 325 nm. De los resultados 

del estudio de las películas Ag/TiO2, las mismas 

tienen posibilidades de poder aplicarse como 

catalizadores en el tratamiento de aguas 

contaminadas, y en dosimetría de radiaciones. 

 

Ag/TiO2, Fotocatálisis, Fotoluminiscencia
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Introduction 

Among the metal oxides that may be employed 

to solve problems such as environmental 

pollution, both in air and in water, are TiO2, ZnO 

and SnO2, among others. But is the TiO2 the 

most contested for its properties such as 

photosensitivity, is non-toxic, economical, 

inexpensive (Liu, H., et al, 2013, Malagutti, 

A.R., et al., 2009). Given their electronic, 

optical, photocatalytic, and as film or powder, 

present various phases such as anatase 

(orthorhombic or tetragonal) or rutile 

(tetragonal), to mention the most common and of 

interest. Both are semiconducting broad band, 

with values between 3.1 to 3.3 eV (Chae, Y.K., 

et al, (2013), Castrejón-Sánchez, V.H., et al, 

(2014)); but is the anatase the most widely 

applied as photocatalyst by its various properties 

(Cruz-González, N., et al, (2013), Ochoa, Y., et 

al., (2010), Nada, A., et al., (2014), Yu, J., et al., 

(2000)). The band gap of the anatase phase 

allows photons interact with both the visible and 

UV electromagnetic spectrum. When irradiated 

with UV, the film of TiO2 anatase is a source of 

pairs of e- and h+ charges, that when migrate to 

the surface, can interact with species of oxygen 

or hydroxyl ions (OH-), the latter being produced 

by ionization of H2O in the aqueous solution (Yu 

J. et al., 2000) or by irradiation (Malagutti, A.R., 

et al., (2009), Yu, J., et al., (2000)) and thus 

participate in redox reactions that may degrade 

contaminating molecules found in the 

environment (Chae, Y.K., et al., (2013), Yu, J., 

et al., (2000), Malagutti, A.R., et al., (2009)). 

The properties of TiO2 films grown on substrates 

soda-lime exhibit good adhesion and 

nanostructures are fixed, as produced either by 

chemical spraying, by sol-gel route, precursor 

physical technique methods, or laser ablation, 

between others (Maldonado, A., et al., (2010), 

Tirado-Guerra, S., (2010), Yu, J., et al., (2000), 

Malagutti, A.R., et al., (2009), Jongnavakit P., et 

al., (2012), Pérez-Álvarez J., et al., (2007)).  

 The semiconductor films TiO2 were 

prepared using the sol-gel chemistry and 

repeated immersion route, using precursors in 

solution of metal alkoxides, in equipment and 

technique implemented in the laboratory, 

controlling specific area, structure and 

morphology, temperature and air as well as the 

composition of the precursors used.  

 

 

 The catalytic activity of TiO2 catalyst by 

itself is limited, and to improve it, it can be 

contaminated with precious metals or transition 

elements, or also complexing with other 

semiconductors (Liu, H., et al., (2013), Yu, J., et 

al., (2000)), or well a surface modification with 

Cu, Ti, Pd and Ag, which modifies the band gap 

Eg of film TiO2, and promotes the formation of 

oxygen vacancies V0 (Chae, Y.K., et al., (2013), 

Liu, H., et al., (2013), Yu, J., et al., (2000); 

Malagutti, A.R., et al., (2009)).  

     A semiconductor such as TiO2 or similar 

systems can be excited with UV radiation and 

from the absorbed photons, charge carriers are 

generated as e- and h+, where the electron is 

ejected from the valence band (VB) leaving a 

hole, and transferred to the conduction band 

(CB), generating electron-hole pairs (Nejand, 

B.A., et al., (2010)). The pairs produced can 

participate in reactions that decompose 

contaminating molecules found in the 

environment. Catalytic semiconductor response 

to UV irradiation, depends on various factors: 

the catalyst structure, radiation, the preparation 

method, etc. (Xin, B., et al., (2008), Nejand, 

B.A., et al., (2010), Malagutti, A.R., et al., 

(2009), Jongnavakit P., et al., (2012)).  

      In this work, semiconductor Ag/TiO2 

films are synthesized and are characterized in 

their structure, morphology, chemical 

composition (EDS), topography, its optical 

properties, its potential photocatalytic in 

degradation of methyl orange (MO) under UV 

radiation, as well as properties of 

photoluminescence and emission under UV 

excitation, of a set of semiconductor films 

Ag/TiO2 prepared by sol-gel. 

      The work is presented in the order: 

introduction-justification, experimental method, 

synthesis and preparation of films, film growth, 

characterization techniques, results, XRD, SEM 

and EDS, AFM, UV-Vis, X-rays photoelectron 

spectroscopy (XPS), photocatalysis and 

photoluminescence, discussion, conclusions, 

acknowledgments and references.   
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Methodology experimental 

Synthesis and films preparation 

Oxy-acetylacetonate titanium (IV) 

((C5H7O2)TiO) (Aldrich) was dissolved in 2-

methoxyethanol (Aldrich, 99.3+ reagent grade) 

(CH3OCH2CH2OH) (Aldrich) and 

monoethanolamine (CH2CH2OH)NH2 (Aldrich) 

(MEA), the salt of titanium (IV) was dissolved 

at a 0.2 M concentration, then it was slowly 

added the MEA to stabilize and prevent 

precipitation of titanium, the solution was left 

under constant stirring for about 2 h at room 

temperature. In the preparation process, the 

solution was stirred until obtain a complete 

dissolution of the salt and achieve, a transparent 

solution without precipitates.  

 After the preparation a pH of 7 was 

measured and then allowed to age in a dark and 

cool room and from this, TiO2 films were grown 

up to five layers. From a solution of silver nitrate 

(AgNO3) films of titanium were surface 

modified, using the silver salt dissolved in 

ethanol (CH3CH2OH) at a low concentration, 

such solution was stirring for 2 h until to obtain 

a pH 5; the series of TiO2 films was modified 

with the method already described, to obtain the 

Ag/TiO2 series. 

Film growth 

From the prepared sol, the TiO2 films were 

grown on substrates of soda-lime glass, 

introducing and removing the substrate from the 

sol repeated times, with a thickness of the films, 

proportional to the repetition of the process 

performed at room temperature. At each step the 

solvent and moisture were evaporated, while 

takes place the formation and growth of the film 

on the substrate in an oven at 250 °C in an air 

atmosphere. Finally, a heat treatment is given at 

400 °C for one hour and evaporating solvents 

and moisture from to the film involved, while 

stabilizes and improves its properties. Films 

were grown in an oven with air, at five dives and 

at fixed velocity. Similarly, films of Ag/TiO2 

series were obtained with the procedure 

outlined, by modifying the respective surfaces 

with several layers of the Ag solution.   

 

 

 

 

Characterization 

XRD patterns of Ag/TiO2 films were recorded 

with θ-2θ symmetric geometry and grade beam 

sample position at 0.5˚ in a PANalytical 

diffractometer X'pert PRO using the Kα line of 

Cu (λ = 0.15406 nm) with line focus, at 45 kV 

and 40 mA. Spectra were recorded from 3 to 60˚ 

with 0.05˚ step and accumulation time 150 s, but 

only spectra 20 to 60 degrees are presented. The 

Raman spectra were recorded on a LabRam 

spectrometer, model HR 800 and Horiba Jobin 

Yvon brand (400-4000 cm-1).  

 SEM micrographs were recorded on a 

QUANTA 3D FEG SEM microscope (FEI) and 

EDS (EBSD detector EDAX). Topography was 

recorded by atomic force microscopy (AFM) on 

microscope PARK AutoProbe Equipment 

(Veeco) with a tip of 10 microns of silicon 

intermittently. The optical properties of thin 

films were recorded by a UV-Vis 

spectrophotometer Perkin Elmer, Lambda 2 UV-

Vis double beam in 200-900 nm range and the 

glass substrate as a reference. Test photo-

degradation of an aqueous solution of methyl 

orange (MO), was conducted to determine the 

absorbance of the solution when irradiated with 

UV-Vis light, using a reactor equipped with 

eight fluorescent blue lamps G8T5, 8 watts, once 

the film-solution, is irradiated for 10 min in a 

spectrometer GBC Cintra 20 model in 

absorbance mode and in the range of 190-600 

nm. The main absorption band at 464 nm was 

screened during the irradiation process. 

Ionization states of the components O, Ti and Ag 

of films, were determined by X-ray 

photoelectron spectroscopy (XPS) in a Thermo 

Scientific K Alfa, dual source Mg and Al, 

equipment. The photoluminescence properties 

of Ag/TiO2 films were recorded at room 

temperature in a RF-5301 

Spectrofluorophotometer Shimadzu mark.   

Results 

X-ray diffraction 

X-rays of Ag/TiO2 films (Ag/TiO2-p,1,4,5) 

(Graphic 1) were poly-crystalline (except 

Ag/TiO2-5) with peaks at 25,335˚, 37,780˚, 

38,565˚ and 48,022˚, associated with the planes 

(1 0 1), (0 0 4), (1 1 2), (2 0 0), respectively 

(coding 00-021-1272) and correspond to the 

anatase TiO2 phase of tetragonal space group 

141/amd, density 3,89 g/cm3.  
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 Diffraction peaks were also recorded at 

31,508˚, 42,821˚ and 51,354˚, with Miller 

indices (1 1 0), (1 0 1) and (2 1 0) of rutile phase 

(coding 00-021-1276) tetragonal, space group 

P42/mnm, with density 4,23 g/cm3.  

 The anatase phase of TiO2 was the 

majority one and no silver was recorded. From 

Scherrer's formula, D = 0.9λ/βcosθ (meaning of 

known parameters), the crystallite size D in the 

18-24 nm range of the samples was estimated.  

Graphic 1 XRD spectra for Ag/TiO2 films, (p) pure, (1) 

one layer of Ag, (4) four and (5) five layers of Ag samples 

Raman spectroscopy 

The Raman spectra of Ag/TiO2 samples 

prepared at 250 °C and 400 °C of treatment, were 

recorded in equipment already indicated. The 

Graphic 2a arrangement with Raman spectra of 

the pure sample (Ag/TiO2-p) is shown: they are 

four different points and whose data are, among 

others: 143.206 (Eg), 198.373 (Eg), 396.655 

(B1g), 516.546 (A1g) and 639,512 (Eg), 

vibrational modes in cm-1, the data are typical 

modes of the anatase phase of TiO2 systems.  

Graphic 2 Raman spectra of the pure sample TiO2, in four 

different points 

 

 

 

 

      The Raman spectra for samples with four 

Ag catalyst layers (Ag/TiO2-4) at four different 

points are given in Graphic 2b, the data among 

others: 143.206 (Eg), 256.468, 397.05 (B1g), 

518.368 (A1g) and 638.547 (Eg), all in cm-1, 

resulted; modes assigned in the literature to the 

anatase phase of TiO2 (Cruz-González, N., et al., 

(2013)). It is observed the presence of broad 

bands around 1500 cm-1, which do not appear in 

the spectra of the pure sample (Graphic 2). 

Graphic 3 Raman spectra of the sample with four Ag 

layers, Ag/TiO2, at four different points 

Scanning electron microscopy 

SEM micrographs of Ag/TiO2 films 

representative x20000 magnification are shown 

in Figures 1(a) and 1(b). The micrograph of the 

Ag/TiO2 pure films (Figure 1a) has an uneven 

and porous morphology, however for 

micrograph in Figure 1b of the Ag/TiO2 films 

with a surface deposited with Ag can be 

observed a morphology more uniform with fine 

grains and growth in areas (lights) corresponding 

to nanoparticles of Ag, with EDS analysis the 

presence of silver nanoparticles was detected, 

the surface distribution of the growth of the 

nanoparticles was uniform, making more evident 

the surface distribution and increased grain size 

(image not shown).   
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Figure 1 (a) and (b) SEM micrographs increased x20000, 

(a) Ag/TiO2 pure and (b) Ag/TiO2 samples with one layer 

of silver 

Atomic force microscopy 

From topographical images shown in the figures 

(Figures 2a and 2b) and (Figures 3a and 3b) of 

the samples, pure and that with one layer of Ag, 

roughness parameters Rq, Ra and Rmax were 

evaluated, among others, for the samples 

Ag/TiO2, which are shown for three samples in 

Table 1. The parameters are higher in the pure 

sample compared to that of samples with one and 

four layers of Ag. The density in grains/µm2, 

3.80 and 6.32, resulted, respectively. 

  

 

 

 

 

Figure 2 (a) AFM topography of Ag/TiO2 pure sample, 

and (b) marked profiles 

 

 

Figure 3 (a) AFM topography of Ag/TiO2 sample with 

one Ag layer, and (b) marked profiles 

 

Table 1 Roughness parameters for samples Ag/TiO2, pure, 

one and four layers of Ag 
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UV-Vis microscopy 

The optical properties of Ag/TiO2 films were 

recorded by UV-Vis in the 190-900 nm range, 

using glass substrate as a reference; spectra of 

the sample without deposits Ag (pure) were 

highly transparent (Graphic 4), with increased 

transmittance to 90% in the visible range (400-

700 nm), and the absorption board at 382 nm; 

from the interference effects, the thickness of 

pure and for samples with Ag layers, between 

87-65 nm, respectively, were estimated. The 

transmittance of Ag/TiO2 films decreased with 

the increasing of the silver layers and the 

absorption edge has a slight redshift. The 

refractive index of pure film turned between 

1.149-1.550 and 1.902-2.723 for the sample with 

one Ag layer, in the visible range. The wide band 

gap Eg was evaluated for the anatase phase of 

TiO2, an indirect band, from the graph 

(αhν)1/2=A(hv-Eg) (Jongnaavakit, P., et al., 

(2012)). The values for the films were between 

3.67-3.62 eV, decreasing with the Ag layers, and 

thus the possible improvement in film optical 

properties. 

 

Graphic 4 UV-Vis spectra for Ag/TiO2 films, (a) pure, (b) 

one layer, and (c) four and (d) layers of Ag samples 

Photoelectron spectroscopy  

Using photoelectron spectroscopy (XPS), the 

orbitals of, O1s, Ti2p, Ag3d, and ionization 

states of O, Ti and Ag, as well as the binding 

energies of the respective orbitals were 

evaluated; in the high-resolution spectrum of 

Ti2p, the spin-orbital values of 458.38 and 

464.48 eV, (2p3/2, 2p1/2), respectively, quite 

symmetrical, with ∆E = 5.9 eV, and also the 

broad band with a value of 472.48 eV, were 

recorded (Graphic 5). For the orbital O1s the 

data 529.78, 531.96 and 532.18 eV and also the 

higher energy value of 535.48 eV were recorded 

(Graphic 5). For the orbital Ag3d of the metallic 

state of Ag, the values were, 367.48 and 373.58 

eV (3d5/2, 3d3/2) respectively (Graphic 7).  

 The above data for Ti2p, O1s and Ag3d 

correspond to the Ag/TiO2 systems. The energy 

values of the orbitals of the components of the 

Ag/TiO2 films are referred to the energy of 

carbon C1s (284.48 eV). 

 

Graphic 5 High resolution XPS spectra of Ag/TiO2 films, 

for Ti2p with double 458.38 and 464.48 eV, besides the 

signal at 472.48 eV 

 

Graphic 6 High resolution XPS spectrum of Ag/TiO2 

films, for species O1s, at 529.78, 531.96, 532.18 and in 

535.48 eV 

Graphic 7 For the orbital Ag3d of the metallic state of Ag, 

the values were, 367.48 and 373.58 eV (3d5/2, 3d3/2) 

respectively 

Catalytic activity 

Spectra MO degradation to first cycle to 14 ppm 

registered for Ag/TiO2, of pure sample, and 

those with one layer of Ag catalyst, are given in 

Graphics 7 and 8 (for the four layers 

arrangement of Ag, is not shown).  
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 The absorption spectrum of the aqueous 

solution of MO and their intensity were 

recorded; the intensity of the band at 464 nm is 

proportional to the initial concentration C0, was 

monitored.  

      Subsequently, the film-aqueous solution, 

(film with area 1 cm2, both sides), the system 

was irradiated each 10 min with UV light in a 

rectangular reactor and the absorbance of the 

solution is recorded, thus obtaining the 

concentration C of MO corresponding to time t; 

the process is repeated until 120 min.  

 The ratio of the concentration C of MO 

at time t, with the starting C0 concentration, can 

be modeled with a kinetic equation of first order, 

C = C0 e-kt, where k is the pseudo constant of 

reaction, C is the concentration for time t, the 

irradiation time of the system. From Graphic 9 

and the respective slopes of the systems, the 

better catalytic performance corresponds to that 

with one deposit of Ag catalyst, relative to 

Ag/TiO2 pure system; Ag/TiO2 system with four 

Ag layers catalyst, was the lowest performance 

among the three systems presented. 

 

Graphic 8 Degradation process of MO by the Ag/TiO2 

pure film as a function of irradiation time 

 

 

 

Graphic 9 Degradation process of MO by the Ag/TiO2 

film with one Ag layer, depending on the irradiation time 

Graphic 10 Charts of the catalytic activity of Ag/TiO2 

samples corresponding to pure (p), for one (1) and four Ag 

layers (4) 

Photoluminescence properties 

The photoluminescence spectra (PL) of the  

Ag/TiO2 films were recorded at room 

temperature in the 310 to 620 nm range with 

excitation energy corresponding to 325 nm. The 

emission spectrum of the pure sample, for the 

UV region in 375 nm (3.31 eV), in the 

intermediate region at 425 nm (2.9 eV), a wide 

and complex band, while in the visible region a 

band at 473 nm (2.62 eV) of low intensity, and 

the intense band at 509 nm (2.436 eV) were 

resolved. From the 520 nm the spectra are fading 

at 600 nm. The arrangement of PL spectra of 

three samples is given in Graph 11.             By 

fixing the position of the main peak at 509 nm, 

the intensities of the Ag/TiO2 samples are: 

933.992, 899.691 and 883.056 (a.u.) of the pure, 

for one and four Ag deposits samples, 

respectively. 
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Graphic 11 Arrangement of PL spectra of Ag/TiO2 films, 

for pure, one, and four Ag layers with a broadband 

emission at 375 nm, another around 425 nm, and the band 

at 473 nm, and the principal one in 509 nm 

Discussion  

XRD patterns of Ag/TiO2 films were 

polycrystalline with the TiO2 anatase phase   and 

density of 3.89 g/cm3, where also peaks of 

tetragonal rutile as minority phase and density of 

4.23 g/cm3 were detected. The estimated grain 

size for the anatase phase was between 18 to 24 

nm. No silver was detected by X-rays, given the 

low concentration used. Grain density was 

higher in films with layers of silver, smaller pore 

size, less roughness; in general the roughness 

parameters evaluated in the series Ag/TiO2 

films, could explain both the optical properties 

and also the photocatalytic and 

photoluminescence ones. The Ag catalyst at low 

concentration incorporated superficial in the 

films should play an important role in such 

properties. The pure films were highly 

transparent (>90%) and also thin, and films with 

silver layers resulted more opaque than pure 

ones, such that the Eg values were affected, 

which could improve the catalytic activity. The 

band width of the Ag/TiO2 systems were lower 

than those found in systems composed as 

ZnO/TiO2 (Liu G., et al., (2009)).  

 The transmittance is greater in the pure 

film than those with deposits of Ag catalyst. For 

films Ag/TiO2 more opaque, less light penetrates 

and thus become less active. 

 

 

 

 

      From the study by XPS, to the right of the 

orbital O1s intense peak, one has values: 529.78, 

531.96 and 532.18 eV, and another with more 

energy at 535.48 eV. Within the experimental 

resolution, the first two values, which when 

adjusted, could be associated with the species 

O2- on the network that is linked to the titanium 

dioxide or to the Ti-O bond, while the peak at 

532.18 eV, to surface hydroxyl  groups, i.e., Ti-

OH or also links like C-O and C =O, because the 

signals overlap, the H2O molecules are 

associated with the energy  535.48 eV 

(Malagutti, A.R., et al., (2009), Fusi, M., et al., 

(2011), Liu, H., et al., (2013)). The orbital Ti2p 

at 458.38 eV (2p3/2) is associated with Ti4+ in the 

formula TiO2 anatase, and the peak at 472.48 eV 

could be associated with a state of hybridization 

between orbital O2p and Ti3d; peaks at 367.48 

and 373.58 eV of Ag3d correspond to the 

metallic state of Ag. 

      From Graphics 7, 8 and 9, the results of 

the catalytic activity of the films of pure TiO2 

systems, and those with one Ag layer in the 

photodegradation of MO and with four layers 

Ag, are shown (included in Graphic 9). The 

catalytic activity of the sample with one layer of 

Ag was better than the pure one and the sample 

with lowest activity corresponded to four layers 

of Ag, also shown; activity of pure sample is due 

to own surface defects because the synthesis and 

of the sample with one layer of Ag, that is, less 

transparent and less roughness than pure sample, 

but the silver grain size in the growth, it is felt its 

effect on the catalytic activity, which does not 

happen with the film with four layers of Ag, 

which is more opaque and less catalytically 

active.  
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 The growth procedure was similar for all 

systems and if something is changed, only was 

the number of insertions in the process and 

therefore a different thickness and thus a longer 

exposure to the drying and to treatment 

temperature. By the technique of sol-gel and 

dipping the films are obtained with surface 

states, defects, surface area, pore, stresses and 

strains, which are characteristics and very active 

such as the oxygen species are, or hydroxyl 

groups and water molecule adsorbed, that can to 

react with MO and degrade it (Yu, J., et al., 

(2000), Fusi, M., et al., (2013)), among other 

pollutants (Tripathi, A., et al., (2014)), with all 

they, the phenomenon of photoluminescence of 

Ag/TiO2 could be explained, also in thin TiO2 

films, among other nanostructures as TNTs (Yu, 

J., et al., (2000), Fusi, M., et al., (2013), Lei, Y., 

et al., (2001)), oxygen vacancies and other 

defects are used to explain the phenomenon. 

Intrinsic or structural defects and impurities in 

metal oxide thin film and the properties thereof, 

are those of the synthesis, the precursor methods, 

the atmosphere and the heat treatment 

temperature (El Hichou, A., et al., (2004) and 

refs., De-Wei, M., et al., (2003), Lin, B., et al., 

(2001), Yu, J., et al., (2000), Nada, A., et al., 

(2014)).      

      PL spectra are associated with oxygen 

vacancies and to different types of defects of 

Ag/TiO2 samples.  

 The peak at 375 nm, can be associated 

with electronic transitions between the CB and 

VB bands of the semiconductor Ag/TiO2 and 

associated to the band gap, where the excited 

photoelectrons are relaxed to the bottom of the 

conduction band by the mechanism of phonon 

(Tripathi, A., et al., (2014)); the broad band at 

2.9 eV, close to the board absorption band 

(NAB) in the pure system, with a redshift of 0.41 

eV regarding the value of Eg, emissions that can 

be given as a recombination of free excitons 

(Guo, Q.X., et al., (2008), El Hichou, A., et al., 

(2004) and refs., De-Wei, M., et al., (2003)), the 

intensity of the band decreases with deposits Ag 

catalyst and probably decreasing luminescent 

centers participating in this band; the band at 475 

nm (2.62 eV) could be associated with centers 

such as Ag acceptors or other defects.  

 

 

 

 The intense emission band in the visible 

(509 nm) could be associated with radiative 

transitions between surface or shallow vacancies 

(Vo-), surface defects, commonly-donors, as Ti 

and deep levels of VTi, Oi, OTi, acceptor levels, 

between levels near the lower board of the CB 

and acceptor defects located at 2.436 eV below 

the band. This green band emission at 2.436 eV 

in our systems, may be sensitive to thermal 

treatments at different temperatures, such as 

those used in systems ZnO reported by Lin B., et 

al., (Lin, B., et al., (2001), Lim J., et al., (2004)) 

and/or contaminated with Ag ions (Tripathi, A., 

et al., (2014)); however, in the systems reported 

here, it shows that the emission intensity is 

higher in the pure sample (with treatment of one 

h) in relation to the broadcast of films with one 

Ag layer (with two h) and compared with the 

four layers of Ag (with four h), with a longer heat 

treatment.  

 However, here there are different 

samples, where the time treatment of specimens, 

change by coalescence and crystallite size 

increase relatively, so that the population of 

shallow levels as vacancies Vo-  or other 

participants, also other donors and deep levels 

acceptors  contributing to the emission of the 

green region, are affected by that procedure 

employed; the presence of Ag+ ion must generate 

an acceptor state in the region of the band gap 

semiconductor, acceptor level related to the low 

concentration that was used to modify the 

surface samples, although unclear the effect on 

the emission band; on the other hand, in doped 

ZnO films, the Ag dopant concentration plays an 

important role in UV emission 

photoluminescence region (Tripathi, A., et al., 

(2014)). In nanowires of TiO2 anatase, Lei, Y., 

et al., (Lei, Y., et al., (2001) and refs. in) explain 

the PL spectra in the band at 424 nm, by 

emissions of excitons self-trapped in the TiO6 

octahedron, and for the bands at 465 and 525 nm, 

to oxygen vacancies, i.e. emissions from traps 

shallow of oxygen vacancies at 0.51 eV (band 

465 nm) and 0.82 eV (band at 525 nm) below the 

CB, which were recorded in nanowires.       

Conclusions 

The Ag/TiO2 semiconductor films were grown 

on substrates sodo-calcic using the sol-gel 

process and repeated dipping. The X-ray 

diffraction patterns of the Ag/TiO2 films were 

polycrystalline, with a majority anatase phase 

respect to the rutile one.  
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 The grain size was consistent with those 

obtained with AFM where a higher roughness is 

obtained in pure films than those with Ag layers, 

and a grain density 3.812-9.849 (grains/μm2). 

The Ag/TiO2 films show a high transmittance, 

T% >90 in pure film, decreasing with Ag layers. 

The band gap Eg (3.67-3.62 eV) decreases with 

increasing Ag layers.  

 The orbital of components of Ag/TiO2 

films were determined, where various oxygen 

species (orbital O1s) that identify the O2- ion in 

the network were determined, and associated 

with titanium dioxide or to the Ti-O bond, and to 

groups of surface hydroxyls, Ti-OH, and also the 

presence of H2O molecules in the surface was 

identified; similarly the orbital Ti2p (2p3/2) that 

is associated with Ti4+ in formula TiO2 anatase 

and also the orbital Ag3d of the metallic state of 

Ag. This allowed proposing possible 

mechanisms to explain the photocatalytic 

activity of Ag/TiO2 films in the decomposition 

of MO. With the surface composition of the 

films and the presence of various acceptor 

defects and also experimental conditions, 

photoluminescence properties can be explained. 

The spectra of PL at room temperature showed 

emission bands in the UV region, intermediate 

zone and in the visible region, an intense and 

interesting band, electronic emissions between 

bands and the band edge close absorption, the 

last bands are associated with oxygen vacancies 

and different types of intrinsic defects of 

Ag/TiO2 samples.  

 The results of this study, show the 

potential application as catalysts and detectors of 

radiation in the UV-Vis range. Further studies 

are required with these films as well, varying the 

thicknesses, significant heat treatments, the MO 

concentration or other tracers, and higher 

concentrations of the Ag catalyst. 
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Abstract 

 

TiO2/ZnO composites were synthesized in thin film 

by sol-gel route and repeated immersion and grown 

on soda-lime substrates. The composites were 

studied and characterized with various experimental 

techniques. TiO2 layers were grown to five layers 

thick and on these several layers of ZnO were grown, 

forming the TiO2/ZnO composites. The morphology 

and chemical composition was evaluated by SEM 

and EDS, phases were determined by XRD and 

Raman, the topography was recorded by AFM, with 

UV-Vis spectroscopy the optical properties, and the 

ionic state of components of the composition were 

evaluated by XPS. Porous films composed of Ti, Zn 

and O were identified, the TiO2/ZnO films showed a 

wurtzite hexagonal structure with a crystal size of 

18.0 nm; untransparent films and an Eg around 3.00 

eV resulted. Ion states and binding energies of Ti, Zn, 

O and C were determined. The catalytic and 

photoluminescent activity of the TiO2/ZnO 

composites were recorded, where MO degradation 

and emission spectra in the UV and visible region, 

were obtained. From the synthesized composites and 

the properties obtained from the study, as catalysts, 

as well as radiation detectors, were obtained in the 

UV-Vis range. 

 

TiO2/ZnO, Photodegradation, Photoluminescence 

 

Resumen 

 

Se sintetizaron compositos TiO2/ZnO en película 

delgada por ruta sol-gel e inmersión repetida y 

creciéndose sobre sustratos sodo-cálcicos. Los 

compositos se estudiaron y caracterizaron con 

diversas técnicas experimentales. Se crecieron camas 

de TiO2 a cinco capas de espesor y sobre éstas se 

crecieron diversas capas de ZnO, formando los 

compositos TiO2/ZnO. La morfología y composición 

química se evaluó por MEB y EDS, se determinaron 

fases por DRX y Raman, se registró la topografía por 

MFA, con espectroscopia UV-Vis se evaluaron 

propiedades ópticas y el estado iónico de 

componentes del composito por XPS. Películas 

porosas compuestas de Ti, Zn y O se identificaron, 

las películas TiO2/ZnO presentaron una estructura 

hexagonal wurtzita con un tamaño de cristal de 18.0 

nm; películas poco transparentes y un Eg alrededor 

de 3.00 eV resultaron. Estados iónicos y energías de 

enlace de Ti, Zn, O y C se determinaron. Se registró 

la actividad catalítica y fotoluminiscente de los 

compuestos de TiO2/ZnO, donde se obtuvieron la 

degradación de MO y los espectros de emisión en la 

región UV y visible. De los compositos sintetizados 

y las propiedades obtenidas del estudio, se 

obtuvieron catalizadores, así como detectores de 

radiación, en el rango del UV-Vis.  
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Introduction 

 

The most important semiconductor oxide is 

titanium dioxide (TiO2) for its multiple 

applications in fields of interest in the industry, in 

coatings, in photocatalysis, among others (Yu, J., 

et al., (2000), Chae, Y.K., et al., (2013), Hermann, 

J.M., (1995), Hermann, J.M., et al., (1999)). In 

photocatalysis, the phase of interest is the anatase 

of TiO2, an indirect band semiconductor with 

bandwidth around 3.2 eV, phase related to low 

temperatures, low density and is preferred, to be 

applied in photodegradation of polluting 

substances in water and the environment (Yu, J., 

et al., (2000), Chae, Y.K., et al., (2013), Ochoa, 

Y., et al., (2009), Nada, A., et. al., (2010)). 

      The anatase TiO2 phase, in powders or in 

films on suitable substrates, is obtained with 

nanotube structures or other types (Ochoa, Y., et 

al., (2009), Nada, A., et al., (2010), Luna, A.L., et 

al., (2016), Giannakopoulou T., et al., (2014)). On 

physical methods, chemical methods are 

preferred, which offer several advantages. We use 

the sol-gel chemical route and repeated 

immersion to grow thin films of TiO2, where 

several experimental parameters are controlled to 

obtain high quality films and good physical and 

chemical properties.  

 The anatase phase TiO2 films have high 

adhesion to substrates of soda-calcic glass and are 

prepared with precursors of metal alkoxides in 

solutions, films with large specific area, 

morphology and structure, allowing to putting 

them in contact with various interfaces, aqueous 

or gaseous media, with the which can be reacting 

and as a consequence can be applied in 

heterogeneous catalysis. TiO2 with bandwidth 

around 3.2 eV, to apply it in a reaction, it must be 

irradiated, in principle with sunlight, so little 

response is expected due to the low proportion of 

UV radiation in the solar spectrum (λ <372 nm) 

(Luna, A.L., et al., (2016), Castrejón-Sánchez, 

V.H., et al., (2014)) and since the catalyst to be 

useful must respond to being irradiated, 

generating pairs of charges (e- and h+), 

transferring charges from the valence band (VB) 

to the conduction band (CB), which can be used 

in possible oxide-reduction reactions (Luna, A.L., 

et al., (2016), Castrejón-Sánchez, V.H., et al., 

(2014)). 

 

 

       

 When the bandwidth of a catalyst, TiO2 or 

ZnO, is an obstacle to be applied as such, and thus 

be able to degrade a tracer substance, the optical 

properties of the semiconductor can be improved, 

by impurifying the package or by superficially 

incorporating metals such as Cu, Ag, among 

others, with which it is possible to modify the 

properties of the semiconductor (Nada, A., et al., 

(2010)); also, synthesizing composite systems 

such as CuO-TiO2 and testing its catalytic activity 

when degrading gallic acid (Luna, A.L., et al., 

(2016)). In a recent work, Luna, A.L., et al., 

(2017) report TiO2 systems where they make 

bimetallic modifications, that is, they incorporate 

Ni and Pd to TiO2 to improve the absorption of 

light, which is of interest. 

    Chemical reactions can be induced by the 

absorption of UV light by a catalyst, since 

photoelectrons and holes are generated, there is a 

separation of charges, promoting the electron to 

the conduction band, which can migrate to the 

surface of the interface between TiO2 

semiconductors and ZnO, where charge carriers 

can be exchanged or a reaction with the 

environment can be made. In addition, if there is 

moisture or water, it can be ionized generating 

hydroxyl radicals (OH-) that are very reactive and 

can participate in oxide-reduction reactions, 

where contaminating molecules can be degraded 

or mineralized (Chae, Y.K., et al., (2013), 

Hermann, J.M., et al., (1999)). O2 molecular 

oxygen can also participate by trapping a 

photoelectron e- to form a defect-oxygen state, 

whose energy falls in the forbidden band of the 

semiconductor, thus having a radical super-oxide 

(O2-) that can participate in reactions and/or in 

charges transitions between interfaces (Chae, 

Y.K., et al., (2013), Yu, J., et al., (2000)). 

      Thus, continuing with the composites, and 

using TiO2 films as a substrate grown on glass, 

several layers of ZnO are deposited to generate 

the TiO2/ZnO composites, of interest in this 

study. In addition to being characterized by 

several techniques, both optical and 

photocatalytic properties are evaluated by 

decomposing an aqueous solution of methyl 

orange (MO) at 14 ppm, in addition to evaluating 

the photo-luminescent response of the 

composites, when they are irradiated with UV 

light. 
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      The work is presented in the order: 

introduction-justification, experimental method, 

synthesis and preparation of films, film growth, 

characterization techniques, results, XRD, SEM 

and EDS, AFM, UV-Vis, X-rays photoelectron 

spectroscopy (XPS), photocatalysis and 

photoluminescence,  conclusions, 

acknowledgments and references. 

Methodology experimental 

Synthesis and films preparation 

Thin TiO2 films were prepared from a 0.2 M sol 

of the titanium oxy acetylacetonate precursor salt 

in 2-methoxyethanol and monoethanolamine, 

with a 1: 1 ratio of the salt to the latter. Under 

constant magnetic stirring for 2 h and at room 

temperature, a clear solution with a pH of 7 was 

obtained. Thin films of TiO2 were prepared at a 

thickness of five dives on soda-lime glass 

substrates. Part of the films were surface modified 

with layers of zinc oxide films, prepared from a 

sol of zinc acetate in 0.4 M ethanol, with a pH of 

6. Thus TiO2/ZnO composites in thin films, 

systems that are characterized and studied. The 

chemical technique of sol-gel and repeated 

immersion, technique implemented in the 

laboratory, were used (Maldonado A., et al., 

(2010)). 

Film growth 

The growth of the films on previously prepared 

glass substrates, was carried out by repeated 

immersion of the substrate and at room 

temperature, with a process implemented and 

controlled by a PC. For each immersion and 

extraction of the substrate from the sol, drying is 

carried out for 10 min at a temperature of 250 °C 

of the oven with air. The process is repeated until 

the thickness required for the film is achieved. A 

heat treatment is given at 300 °C for 1 hour and 

the films stabilize and improve their properties. A 

Thermoline Furnace 6000 furnace was used. The 

TiO2 films (87 nm) are grown and then modified 

with ZnO layers (133 nm) and thus the TiO2/ZnO 

composites (TZi, with i = 0, 1, 3 and 5 samples) 

are obtained and studied.  

Characterizations 

The XRD diffraction patterns of the TiO2/ZnO 

films were recorded with θ-2θ symmetric 

geometry in a Panalytical X'pert PRO 

diffractometer, using the Kα line of Cu (λ = 

0.15406 nm).  

 The Raman spectra were recorded on a 

LabRam spectrometer, model HR 800 and Horiba 

Jobin Yvon brand (400-4000 cm-1). The SEM 

micrographs and EDS of TZi thin film composites 

are recorded in a JSM 7800-JEOL 4527 electronic 

microscope. The topography of the TZi films was 

recorded in a PARK AutoProbe Equipment 

microscope (Veeco) with a 10 μm silicon tip in 

the intermittent mode. The optical properties and 

degradation in a GBC spectrometer model Cintra 

20. The ionization states of the Ti, O and Zn 

components of the films were determined by XPS 

photoelectron spectroscopy (Thermo Scientific K 

Alfa, Double Source Mg and Al). The emission 

spectra of the samples were recorded in a 

Shimadzu RF-5301PC spectrofluorophotometer. 

Results  

X-ray diffraction 

The X-ray diffraction (XRD) patterns of the TZi 

films were polycrystalline (Graph 1) for 3 and 5 

layers of ZnO and peaks at: 31,684°, 34,281°, 

36,290°, 49,373°, 57,213°, wide peak at 62,162° , 

68,630°, 78,822° (JCPDS 036-1451 card) 

(wurtzite structure of ZnO). The phases of TiO2 

was not identified. The preferential peak in the 

spectrum at 34,286° is associated to the plane (0 

0 2) and from that the crystal size D is estimated 

according to the Debye-Scherrer ratio, D = 

0.9λ/βcosθ, resulting in a D of 18-20 nm range. 

The anatase (JCPDS 021-1272) and rutile phases 

(JCPDS 021-1276) are not defined in this case for 

TiO2. 

 

Graphic 1 Diffragrams show a) TZ0, b) TZ1, c) TZ3 and 

d) TZ5 samples 
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Raman spectroscopy 

From the recorded spectra at room temperature 

(Graph 2) the modes: 164, 243.4, 276, 326, 356, 

397, 437, 486, 514, values in cm-1, were recorded. 

The identification of the recorded data: 326 with 

340 (E2 (HL)), 356 with 380 A1 (T), 397 with 408 

E1 (T), 437 with 437 (E2 (H)), values in cm-1, 

were proposed (Ramirez Ortega D., et al., 

(2014)); for our ZnO films the frequencies 

registered in 164 and 767 cm-1 can be related to 

intermediate byproducts such as (ZnO(OH)2) 

(López, R., et al., (2011)). Such possible 

assignments identify the wurtzite hexagonal 

phase of prepared ZnO films, as was did with 

XRD. Others assignments for ZnO films are given 

(Damen, T.C., et al., (1966), Pérez Taborda, J.A., 

et al., (2008)). Using Raman technique to define 

the phases of ZnO is required to be prepared at 

high temperatures and not only to the 

environment. On the other hand, the identification 

of phonons in a given system (wires, spheres, etc.) 

requires theoretical calculations (Lara A., del 

Angel, Master Thesis. (2014)). 

 

Graphic 2 Raman spectrum representative of the TZi 

composites 

Scanning electron miscroscopy 

Scanning micrographs of the TiO2/ZnO samples, 

were recorded (not shown) at diffferent 

magnifications, especially of TZ0 and those of  

TZ1 with a ZnO layer, both resulted with fine 

grains and at higher magnification show their 

porosity and morphology and the presence of 

ZnO nanoparticles in the second case.  

 The analysis by EDS (Table not shown) of 

the TZi films, both pure and that with a deposit of 

ZnO, shows the presence of oxygen and titanium 

in the pure and also zinc in the case of sample with 

one ZnO layer, respectively. 

 

 

 

Atomic force microscopy 

The roughness parameters Rq, Ra and Rmax for 

an area 2 μm x 2 μm scanned (Table I), the 

parameters were of the order of nanometers, so 

the films are of low roughness. The micrographs 

(Figures 1 and 2) represent the topographic 

characteristics of the TZi sol-gel composites, and 

they show interesting surface granular formations 

and pores that give a contrast and a homogeneous 

grain size distribution in the first case (Graph 3), 

while a non-symmetric distribution is presented in 

other samples. The uniform grain size distribution 

in Graph 3 resulted in around 17.7 nm. 

Samples Rq (nm ) Ra (nm) Rmax (nm) 

TZ0 0.209 0.166 1.710 

TZ1 0.245 0.186 2.120 

TZ3 17.30 14.70 104.00 

 

Table 1 Roughness parameters for TZ0, TZ1 and TZ3 

samples 

      The AFM topography in Figures 1 and 2 

correspond to a scale of 2 μm x 2 μm, from which 

the roughness parameters for the TZi samples, 

both TZ0 and TZ1 samples; such parameters are 

shown in Table 1 (TZ0, TZ1, TZ3), were 

evaluated. Graph 3 shows the average and 

uniform grain size distribution for the TZ0 

sample. 

        

Figure 1 AFM image representative of the TZ0 sample of 

the series TZi under study 
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Graphic 3 Grain size distribution of the pure TZ0 sample 

       

Figure 2 AFM image of film TZ1 with a ZnO layer of the 

series 

UV-Vis spectroscopy 

The spectra of the TZi samples (Graph 4) were 

semitransparent with absorption board at 375, 

373, 343 and 399 nm, for zero, one, three and five 

layers of ZnO, respectively, although no 

congruent trend was observed; the spectra show 

interference effects that come from the TiO2 

growth process, although with a disorder for the 

first deposit of ZnO, but for three and five layers, 

the structural order of growth of the ZnO films 

appears, being clearer with five layers of ZnO. 

From the interference of the patterns, important 

parameters that characterize the films were 

evaluated, such as film thickness (Jongnavakit P., 

et al., (2012), Martínez A.I., et al., (2005)). 

      As the transmittance T% is recorded in the 

spectra and the relation of this with the reflectance 

(R%), the ratio R% = (1-T%)/(1 + T%) and that 

of the refractive index n = (1 + R1/2)/(1-R1/2), the 

behavior of the index for the film is determined 

(Jongnavakit P., et al., (2012), Martínez A.I., et 

al., (2005)). The band gap Eg estimated, was 

around 3.00 eV for the pure sample and a slightly 

lower value is obtained for the sample with a layer 

of ZnO.  

 

 

 The Kubelka-Munk relation (Liu F., et al., 

(2016)) is used to estimate the band gap of the 

TiO2/ZnO complex semiconductor, the graph of 

(αhν)2 = A(hν - Eg) when extrapolated to the 

energy axis of the photon hν (with α zero) 

(Jongnavakit P., et al., (2012), Martínez A.I., et 

al., (2005), Pérez-Alvarez J., et al. , (2007)), with 

A a constant that depends on the material and α is 

the absorption coefficient given by the relation 

α(λ) = ln(1/T)/d, with d the thickness of the film. 

There is no consistent trend in the evaluations. 

 

 

Graphic 4 UV-Vis spectra of TZi samples and slopes with 

Eg: TZ0 a) 2.86 eV, TZ1 b) 2.33 eV, TZ3 c) 2.55 eV and 

TZ5 d) 3.17 eV 

XPS spectroscopy 

The general spectrum of the TiO2/ZnO composite 

system was recorded, which is presented in Graph 

5, where the presence of the Zn2p and Ti2p 

orbitals, as well as oxygen and carbon, among 

others, are observed. The position of the bond 

energies of the spin-orbital Ti2p (2p3/2 and 2p1/2) 

for Ti4+ were recorded at 458.78 eV and 464.88 

eV, respectively, with a ΔE = 6.1 eV (Graph 6); 

also it is found the 472.28 eV value, possibly 

associated with Ti3+ which gives non-

stoichiometric characteristics of the surface in the 

films (Fusi M., et al., (2011)). The Zn2p orbitals 

were recorded at: 1020.98 eV (2p3/2) and 1044.88 

eV (2p1/2) with a ΔE = 23.9 eV (Graph 7). The 

high-resolution spectra of the O1s and of C1s 

orbitals were recorded, and discussed in detail 

below. 
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Graphic 5 General XPS spectrum showing the presence of 

TiO2/ZnO composites 

 

Graphic 6 Orbitals of Ti4 +, in 458.78 eV (2p3/2) and in 

464.88 eV (2p1/2) with ΔE = 6.1 eV 

 

Graphic 7 Orbital Zn2p of zinc in 1020.98 eV (2p3/2) and 

1044.88 eV (2p1/2) with ΔE = 23.9 eV 

          Graph 8 shows the high resolution O1s 

orbital spectrum of the oxygen in TiO2/ZnO 

samples with the respective species according to 

the CasaXPS program. Measured data for the 

maximum were: 530.18 eV (TZ0), 529.68 eV 

(TZ3) and 530.18 eV (TZ5), the intensity is 

different in each case, and from deconvolution of 

spectra, were found essentially two components: 

the decomposition of the O1s orbital for the main 

component were: 530.23, 529.59 and 531. 84 eV 

in each case, and for the second component were: 

531.03, 530.65 and 531.84 eV, respectively. 

 

Graphic 8 Analysis of the O1s orbital for the surface 

oxygen of the ZnO film 

      The main adjustment component can be 

associated to O2- in the network of the formula 

ZnO or to the bond in TiO2 (Fusi, M., et al., 

(2011), Liu, F., et al., (2016) , Yu, J., et al., 

(2010)); the peak at 531.84 eV of the adjustment 

of the second component can be associated with 

hydroxyl OH- and possible C-C or C = C bonds, 

since there are no differences detectable in energy 

(Liu F., et al., (2016), Fusi M ., et al. (2011), Yu 

J., et al., (2010)), that with temperature could be 

defined (Liu, F., et al., (2016); due to the 

registered signal and the adjustment applied, no 

signal was found that could be associated with 

H2O molecules or other compounds such as Ti2O3 

(Yu, J., et al., (2010)). 

 

Graphic 9 Analysis of the C1s orbital for the surface carbon 

in the ZnO film 

      The type of spectrum recorded for the 

carbon C1s orbital is shown (Graph 9). According 

to the CasaXPS program and with a line shape 

GL(30) (Gauss-Lorentz) and records in different 

points from the respective sample, for the pure 

sample of TiO2/ZnO (TZ0), the adjustment 

program yields three components or peaks with 

the 284.78, 286.28 and 288.08 eV values.  
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 For samples with three and five layers of 

ZnO, the positions change little, both in intensity 

and in the average width, so it can be said that 

there are species with different concentrations and 

intensities (Liu, F., et al., (2016 ), Yu, J., et al., 

(2010)). We have thus for the C1s orbital the 

possible groups of C-C or C-H bonds (284.78 

eV), C-O (286.28 eV) and the O-C = O (288.08 

eV), which would indicate different groups of 

organic residues on ZnO particles; the different 

possible signals of the adjustment come from 

conditions such as contact with air during the 

process and the heat treatment given to the 

samples (Liu, F., et al., (2016), Fusi, M., et al. 

2011), Yu, J., et al., (2010)). All analyzed XPS 

spectra are referred to the C1s at 284.78 eV 

position of the main peak. 

Catalytic activity  

The photodegradation of MO at 14 ppm with 

TiO2/ZnO systems was carried out in a 

rectangular reactor with 8 blue lamps (G8T5) 

with an irradiance of 7.0x200 candles/pie2 

(visible) and 2.2x200 candles/pie2 (UVA). Graph 

10 shows the degradation of MO by the pure TZ0 

sample every 15 min up to 2 hours. Graph 11 

shows the MO degradation of the maximum at 

504 nm by the TZi samples (TZ0, TZ1, TZ3 and 

TZ5 samples). The response in general is low. 

 

Graphic 10 First degradation cycle of MO for every 15 min 

up to 2 hours, of the pure TZ0 sample 

 

Graphic 11 Degradation of MO for every 15 min up to 2 

hours, of the maximum 504 nm of each sample of the TZi 

series 

      Graphs 10 and 11 show the process of MO 

degradation by the TZi samples of the band 

around 504 nm, by irradiating the aqueous film-

solution every 15 min, for a period of 2 hours.  

 The degradation speed of MO given by the 

decrease of the intensity of the indicated band, is 

proportional to the C concentration of the MO, 

according to the kinetic equation of pseudo first 

order, given by C = C0 e-kt, with k pseudo 

constant of the reaction and t is the irradiation 

time of the study system. From the recorded data 

of the MO degradation process by the samples 

and the adjustment of the relationship between the 

C0 and C concentrations for the various times t, 

the reaction constants of each system were 

evaluated, resulting in the k of the pure sample 

TiO2/ZnO (TZ0) slightly higher than what is 

evaluated for the film TZ1 with a ZnO catalyst 

layer, a better response was to be expected. By 

increasing the catalyst should have a better 

response. According to Figures 1 and 2, and the 

roughness parameters given in Table 1, those 

corresponding to the composite with a ZnO layer 

were relatively better, however, there is no better 

response in the catalytic activity. In principle, 

roughness, surface area and grain size should play 

an important role in catalytic activity.  
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 The heat treatment in the film with one or 

more layers of ZnO, allows the grain size to grow 

and the number of grain boundaries to be reduced, 

which greatly affects the charge transfer activity 

between the interfaces of the composite, 

decreasing consequently the catalytic activity of 

the films; the stress states, surface defects, the 

quantity of hydroxyl OH-, as well as oxygen 

vacancies and the specific surface area of the 

composite, also participate in a very important 

way (Yu J., et al., (2010), López R. , et al., (2011), 

Morales-Flores N., et al., (2011)). The optical 

properties recorded for the films, UV-Vis spectra, 

low transmittance, and interference effects and 

therefore a relatively low transparency, prevents 

the penetration of UV rays that could activate the 

structure of the composites.  

 No doubt there are more fundamental 

factors that explain the possible mechanisms of 

reactions in the film-solution interface, where the 

generation of hydroxyl ions (OH-) from the humid 

environment or H2O with radiation and of course 

the response from TiO2/ZnO to UV radiation, 

where the electron-hole pairs are generated, ZnO 

→ ZnO (e- + h+), assuming the surface of the 

composite, and h+ when migrating to the 

semiconductor surface, or to the active sites 

available, will react with the OH- ions, resulting 

in hydroxyl ions excited •OH, which can react and 

attack the MO molecule and with it the possible 

production of MO intermediate compounds or 

other less aggressive and more treatable 

derivatives; on the other hand, the e- can be 

trapped by dissolved oxygen and produce the 

super oxide O2-, that is, e- + O2 → O2- (Yu J., et 

al., (2010)) or also the vacancies of oxygen that 

operate as photoelectron traps; the water molecule 

H2O adsorbed turns out to be very important in 

the possible reactions. Therefore, the possible 

reactions that take place in the film-solution 

interface, between grain boundaries and/or charge 

transfer between the TiO2/ZnO components can 

be explained (Yu J., et al., (2010), Lara A. del 

Angel (2014)). 

Luminescence properties 

To characterize the emission spectra (PL) of the 

samples in the range 300-500 nm recorded at 

room temperature, they were irradiated with 

ultraviolet light of wavelength 325 nm (3,81 eV). 

Thus, the emission spectra of the TiO2/ZnO 

composites (TZi) shown Graph 12, were 

recorded.  

 

 For the TZ0 sample a), the intense 

broadband was presented at 374,77 nm (3,308 

eV) and at 389,79 nm (3,18 eV) of intensity 

756,60 accounts, besides the bands in 2,82, 2,74 

and 2,64 eV, the latter of greater relative intensity.  

 In the spectrum of TZ1 sample b), a wide 

band with peaks in 371,69 nm (3,336 eV) and the 

highest peak at 381,73 nm (3,248 eV) with 

intensity 374,55 counts, were resolved; the peaks 

are resolved in 2,948, 2,863, 2,762 eV (of greater 

relative intensity), 2,649 eV (with structure and 

wide) and in 2,577 eV. For the sample TZ3 with 

three layers of ZnO or spectrum c), there are 

bands in 3,246 eV (382 nm) (which are 

decreasing in intensity), 3,155 eV (395 nm), 

2,743 eV (wide band) and that of relative intensity 

greater in 2,649 eV (469 nm) bands that remain. 

The signal in the sample TZ5 or d), the band in 

3,229 eV (384 nm) that decreases its intensity 

with respect to the previous samples, signal in 

2,903 eV (that persists) (427 nm) and the broad 

band with structure in 2,643 eV (469 nm) that still 

resolves. For metal oxides such as TiO2 or ZnO, 

both components of the composites, the 

phenomenon of photoluminescence is explained 

based on different types of defects, among which 

are the different kinds of oxygen vacancies, Ti or 

Zn or positions interstitial Oi, Ti, Zn, or others 

(Lin B., et al., (2001), Liu H., et al., (2013), Guo 

QX, et al., (2008), Korotcenkov G.B., et al., 

(2010)), which is presented in thin films of TiO2 

or other structures (Yu J., et al., (2000), Fusi M., 

et al., (2013), Lei Y., et al., (2001), Cruz-

González N., et al., (2013)). Methods of preparing 

systems, precursors and heat treatment are related 

to structural and intrinsic defects (Lin B., et al., 

(2001), Yu J., et al., (2000), Nada A., et. al., 

(2014), Lim J., et al., (2004)). 

           In general, the transitions that define the 

photoluminescence spectra are associated to 

oxygen vacancies, as well as to different types of 

defects in the samples, which for the case of the 

TZ0 sample a), the value of 3,308 eV would be 

associated with electronic transitions between the 

conduction band (CB) and the valence band (VB) 

of the TiO2, while the 3,336 eV of TZ1 or b), can 

be associated with the ZnO equivalent transitions 

of the TiO2/ZnO system with a layer of zinc 

oxide; the transitions in 3,18 eV and in 3,248 eV 

can be associated with transitions close to the 

absorption edges of the respective components.  
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 The transitions that have been identified in 

the spectra of the samples are generated from 

superficial vacancies or other types of defects 

(donor centers) to near or deep states at the base 

of the valence band (acceptor states) (Tripathi A., 

et. al., (2014), Lei Y., et al., (2001)). Due to the 

behavior of the bands in the photoluminescence 

spectra, which decrease in intensity or are 

modified, the ZnO deposit process affects the 

population of donor levels participating in the 

transitions given by phonon mechanisms or 

recombination of free excitons (Lin B., et al., 

(2001), Guo Q.X., et al., (2008), Korotcenkov 

G.B., et al., (2010), El Hichou A., et al., (2004) 

and refs. there in, De- Wei M., et al., (2003)).  

Oxygen vacancies and hydroxyl groups play an 

important role in slowing the recombination of 

photogenerated electron-hole pairs, which would 

manifest in the photocatalytic efficiency by 

degrading the MO of the aqueous solution (Liu 

G., et al., (2009), Nada A., et al., (2014), 

Maldonado A., et al., (2010)). 

           The well-defined band in the UV zone, as 

well as the intensity present in the emission 

spectra that decreases with the surface 

modifications of the TiO2/ZnO composites, these 

systems have the possibility of being used as 

dosimeters in the UV region, over all the TZ0 

films and those of TZ1 with a layer of ZnO. 

Visible transitions are maintained for both the 

TZ0, and the TZ1 sample corresponding to a ZnO 

layer (Lin B., Fu Z., Jia Y., (2001)). 

     

Graphic 12 Photoluminescence of the series of TZi 

composites, a), b), c) and d) for the four samples 

Conclusions 

TiO2/ZnO (TZi) composites were synthesized in 

thin film with the use of sol-gel and repeated 

immersion. The sols were generated from 

titanium (IV) oxyacetylacetonate and zinc 

acetate, respectively. The technique was 

implemented in the laboratory. The film thickness 

at five layers of TiO2 (TZ0) resulted around 87 

nm on average, thickness that increases with the 

number of layers of ZnO (133 nm).  

 The five-layer structure of the TiO2 

substrate resulted amorphous (XRD), but the TZi 

composites were polycrystalline, especially those 

with three and five layers of ZnO. With Raman 

spectroscopy, the phases of anatase (TiO2) mainly 

and the wurtzite phase of ZnO were confirmed 

separately. The morphology and composition of 

the composites was determined by scanning 

microscopy (SEM) and by electron dispersion 

spectroscopy (EDS) the Ti, O and Zn components 

of composites were identified. Porous films were 

recorded in the TZi composites. The topography 

and recorded roughness parameters (AFM) show 

a uniform grain distribution (17.7 nm) which is 

consistent with the crystal size (XRD), itself that 

varies with the number of ZnO layers. 

      By UV-Vis spectroscopy, films with low 

transmittance and interference effects were 

recorded, with absorption board around 375-399 

nm. The band gap of the semiconductor Eg was 

estimated between 3.00 and 2.93 eV for the pure 

TiO2 film and that with a ZnO layer, respectively.  

 For composites with three and five layers 

of ZnO the values of Eg are not consistent with 

the previous data.  

      The surface ionic components Ti4+, Zn2+, 

the different species of the orbital O1s (O2-, 

hydroxyl OH-, among others), the carbon orbital, 

C1s (C-C or C-H, or others), as well as their 

binding energies were determined by XPS.  The 

recorded values confirm the formation of TiO2 

and ZnO, among others possible intermediate 

compounds, which reflect the experimental 

conditions. 

     The photodegradation of the methyl 

orange solution (504 nm band) (UV-Vis), by the 

TZi composites, irradiated with UV-Vis, resulted 

in the order (Graphs 10 and 11): TZ5 sample > 

TZ0 sample > TZ3 with three layers > TZ0 one 

layer of ZnO. There is no clear order that reflects 

the expected behaviors according to the growth 

conditions of the prepared films. In order to have 

adequate catalysts, it would be necessary to 

optimize them by varying experimental 

conditions. 
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      The emission spectra of the TZi 

composites (Graph 12), presented a wide 

emission band in the well-defined UV region and 

variable bands in the intermediate and visible 

regions. The TZ0 sample presented the UV 

emission of greater intensity, whereas in the TZ1 

film with a layer of ZnO, the intensity decreased 

with respect to the first one; for three and five 

layers of ZnO the intensity decreases.  

 The emission band in the UV of the 

TiO2/ZnO composites would allow these devices 

to be applied as dosimeters, especially the 

thinnest ones and photodegradation in catalysis 

heterogeneous. 
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