
 

 

 

 

 

ESTUDIO DE LA ACTIVIDAD FOTOCATALITICA DE 

ELECTROCATALIZADORES DE TiO2 

NANOESTRUCTURADOS Y MODIFICADOS EN LA 

PRODUCCION DE HIDRÓGENO 

 
 

JOAQUIN ENRIQUE TIRANO VANEGAS 

 

 

 
 

Universidad Nacional de Colombia 
Facultad de Ingeniería 

Departamento de Ingeniería Química y Ambiental 
Colombia 

2022



2 
 

  



3 
 

 

 

 

 

 

STUDY OF THE PHOTOCATALYTIC ACTIVITY OF 

NANOESTRUCTURED AND MODIFIED TiO2 

ELECTROCATALYST FOR HYDROGEN PRODUCTION 

 

 

JOAQUIN ENRIQUE TIRANO VANEGAS 

 

 

 
 
 

Universidad Nacional de Colombia 
Faculty of Engineering 

Department of Chemical and Environmental Engineering 
Bogotá D.C., Colombia 

2022 



4 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

THIS PAGE INTENTIONALLY LEFT BLANK 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 



5 
 

 

ESTUDIO DE LA ACTIVIDAD FOTOCATALITICA DE 

ELECTROCATALIZADORES DE TiO2 

NANOESTRUCTURADOS Y MODIFICADOS EN LA 

PRODUCCION DE HIDRÓGENO 

 

 

JOAQUIN ENRIQUE TIRANO VANEGAS 

 
 
 
 

Tesis presentada como requisit o parcial p ara optar al título de:  
 

Doctor en Ingeniería  ï Ingeniería Química  
 
 

 
 

 
Director :  

Ph.D. Hugo Ricardo Zea Ramírez  

 
 

 
 
 

 
 

 
 

 

 

Universidad Nacional de Colombia 
Facultad de Ingeniería 

Departmento de Ingeniería Química y Ambiental 
Bogotá D.C., Colombia 

2022  



6 
 

 
 



 

7 
 

 

 

 

 

 

 

 

 

 

 

 

A mi familia, mis hijos amados, quienes, con tanto 

esfuerzo, sacrificio y entrega me acompañaron sin 

pausa y sin descanso en el logro de este sueño 

anhelado desde antes que existiesen. 

 

Su amor y apoyo me acompañaron todo este 

tiempo. Madre mía, eres parte esencial de este logro 

tu valentía y lucha por los sueños son una enseñanza 

diaria en mi vida. 

 

 

 

 

 



 

8 
 

Declaración de obra original  

 

 

Yo declaro lo siguiente:  

 

He leído el Acuerdo 035 de 2003 del Consejo Académico de la Universidad 

Nacional. «Reglamento sobre propiedad intelectual» y la Normatividad Nacional 

relacionada al respeto de los derechos de autor. Esta disertación representa mi 

trab ajo original, excepto donde he reconocido las ideas, las palabras, o 

materiales de otros autores.  

 

Cuando se han presentado ideas o palabras de otros autores en esta disertación, 

he realizado su respectivo reconocimiento aplicando correctamente los 

esquem as de citas y referenc ias bibliográficas en el estilo requerido.  

 

He obtenido el permiso del autor o editor para incluir cualquier material con 

derechos de autor (por ejemplo, tablas, figuras, instrumentos de encuesta o 

grandes porciones de texto).  

 

Por úl timo, he sometido esta  disertación a la herramienta de integridad 

académica, definida por la universidad.  

 

Joaquin E. Tirano V _____________  

Nombre  

 

Fecha 18/11/2022



Resumen y Abstract 

 

9 
 

RESUMEN 
 

ESTUDIO  DE LA  ACTIVIDAD  FOTOCATALITICA DE  
ELECTROCATALIZADORES DE  TiO2 NANOESTRUCTURADOS Y 

MODIFICADOS EN LA PRODUCCION DE HIDRÓGENO.  

Se obtuvieron nanotubos de TiO 2 dopados con níquel, con un notorio 

desempeño fotocatalítico, gran área superficial y con dimensiones y 

características controladas, mediante anodización electroquímica. L os resultados 

complementan el estado del arte de la síntesis de este tipo de nanoestr ucturas, 

establece relaciones entre las características morfológicas obtenidas y las 

variables de síntesis. Estas relaciones permiten establecer zonas de síntesis 

donde se  puede controlar la morfología de los nanotubos.  Se discuten los 

resultados de tratam ientos que modifican la estructura cristalina de los 

nanotubos y su superficie. Se discute el efecto del tratamiento térmico sobre la 

evolución de la fase anatasa del ruti lo en los nanotubos de TiO 2. Se establece un 

protocolo para modificar superficialment e los nanotubos de TiO 2 con 

nanopartículas de níquel, mediante electrodepositación. Para cada tratamiento 

se realiza una caracterización morfológica, cristalina y elementa l de las 

muestras.  Se efectúa la caracterización electroquímica de los fotoelectrodos  

sintetizados y los efectos de las morfologías de las nanoestructuras sobre su 

comportamiento fotoelectroquímico. Los análisis revelan el comportamiento 

eléctrico de las n anoestructuras sintetizadas dentro de una celda 

fotoelectroquímica, así como el tipo de semiconductor y el rol del níquel en la 

recombinación de cargas fotogeneradas. Se revisan los circuitos equivalentes 

que representan el comportamiento de nanotubos modi ficados con níquel en la 

producción fotoelectroquímica de hidrógeno.  

Palabras Clave : Fotoelectrodo, Materiales nanoestructurados, Nanopartículas, 

Nanopartículas de níquel, Nanotubos TiO 2
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ABSTRAC 
 

STUDY OF THE  PHOTOCATALYTIC  ACTIVITY OF  NANOESTRUCTURED 

AND MODIFIED  TiO2 ELECTROCATALYST FOR HYDROGEN 

PRODUCTION . 

Nickel -doped TiO 2 nanotubes with remarkable photocatalytic 

performance, large surface area, and controlled dimensions and characteristics 

were obtained by electrochemical anodization. The results comp lement the state 

of the art of the synthesis of this type of nanostructure, establishing relationships 

between the morphological characteristics obtained and the synthesis variables. 

These relationships allow for the establishment of synthesis zones where the 

morphology of the nanotubes can be contro lled. The results of treatments that 

modify the crystalline structure of the nanotubes and their surface are discussed. 

The effect of thermal treatment on the evolution of the anatase phase in TiO 2 

nanotubes is also discussed. A protocol is established to superficially modify TiO 2 

nanotubes with nickel nanoparticles, by using electrodeposition. For each 

treatment, a morphological, crystalline, and elemental characterization of the 

samples is carried out. The elec trochemical characterization of the synthesiz ed 

photoelectrodes and the effects of the morphologies of the nanostructures on 

their photoelectrochemical behavior are also carried out. The analyses reveal the 

electrical behavior of the nanostructures synthes ized within a 

photoelectrochemical cell, as w ell as the type of semiconductor and the role of 

nickel in the recombination of photogenerated charges. Equivalent circuits 

representing the behavior of nickel -modified nanotubes in the 

photoelectrochemical prod uction of hydrogen are also reviewed.  

Keyword s : Nanoparticles, Nanostructured materials, Nickel nanoparticles, 

Photo -electrode, TiO 2 nanotubes.  
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1.1.  Research motivation  
 

Two of the biggest  challenges for humankind in the 21st century are to 

develop clean and s ustainable energy and to reduce pollution levels in the 

environment. It is clear that  the  development of civilizations has been based on 

energy supply, but unfortunately energy consumption has maintai ned a 

conflicting relation  in terms of environment conse rvation. This represents a 

complex situation when considering  the goal of improving humankind standard 

of living and highlights the need to explore technologies that allow achieving a 

balance in this paradox. The future use of  energy must be based on techn ologies 

established on abundant resources that affect the environment as little as 

possible.  

 

1.2.  Research motivation  
 

It is well known that , energy demand has grown exponentially  since the  

beginning of t he industrial revolution and particularly the fossil fue l-based 

economy had the highest growth to this day. According to the United States 

Department of Energy (2017) , 85% of world consumption is based on oil, gas 

and coal. Unwanted environmental impacts are inherent to the use of these 

fuels,  for example,  clim ate change due to greenhouse gases generated by 

combustion, detriment  of  the quality of exploited soils, contamination of water 

sources by spills  and  emission o f toxic waste ( CO, CO 2, SO x, NO x, HC, particulate 

matter) to the atmosphere , only  to list  a few.  In addition , strong  demographic 

growth requires countries to improve or to  sustain the living standards of 

countries by increasing global energy demand. Based on current reserves, it is 

estimated t hat fossil fuels availability  will not exceed th e current  century.  

Thus, adding the inexorable depletion of fossil fuels and environmental 

problems  to the su stained growth in energy  demand , it is imperative t o look for  

clean energy generation alternatives . Primary sources of energy have been 

identified for a long  time: thermonuclear, solar, wind, geothermal, oceanic and 
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hydraulic . All these sources  are carriers, but cannot be used directly in the 

destinations that the fina l consumer needs. However, they  can  be used to 

generate electricity or alternative fuels (syn thetic gasoline, synthetic methane, 

ethanol or hydrogen) to replace conventional ones.  

Among secondary energy sources (alternative fuels -  unconventional), 

hydrogen has gained great relevance , funda mentally for offering advantages to  

underground storage, t ransportation, versatility (ease of conversion into other 

forms of energy), efficiency, performance and clean combustion, among others. 

Specifically, hydrogen  combustion allows a clean  electrical en ergy generation , 

producing only water as a by -product. Und er this context  the investigation  and 

exploration on alternative  hydrogen production routes becomes relevant. Within 

the probable hydrogen production  schemes , dissociation of water  molecules  in 

an e lectrochemical cell has been highlighted due to the minima l environmental 

impact that it entails.  

To overcome the challeng e of extra electricity consumption in the 

electrochemical production of hydrogen, it is necessary to reduce the inefficiency 

of the electrochemical cell components , which consume unnecessary e xtra 

potential. Besides, to make this process viable, it is indispensable to  use  cheaper 

energy sources  to drive the electrochemical cell. I t has been sufficiently 

demonstrated that semiconductors have the property of generating a flow of 

electrons (curren t) when a light beam with specific energy magnitude fall  on 

them. TiO 2 is a semiconductor widely used in photocatalysis for its photocatalyt ic 

activity, chemical stability, low corrosivity, abundance and low cost.  

TiO2 is also interesting because it can ta ke advantage of solar radiation , 

in addition to consuming less voltage than the  traditional noble metals used in 

the electrochemical cell. T he efficiency in the use of solar radiation by a 

semiconductor such as TiO 2 improves  as the amount of energy absorbe d in the  

visible spectrum increases, there is  a greater surface ar ea for light interaction 

and the  recombination  of  photogenerated charges  decreases. This research 

focuses  on improving the photoelectrocatalytic performance of TiO 2 by 

manipulating its morph ology, crystal structure , surface area,  physical 
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dimensions, porosity and band gap.  The development of this research was 

essentially based o n the accomplishment of four  successive stages for studying  

the photocatalytic performance of the synthesized nanost ructures.  

Initially, the results are presented  for  the formation of 1D structures, 

specifically TiO 2 nanotubes, via electrochemical anodizat ion of titanium foils . This 

stage was carried out at a nanoscale with the aim of producing nanotubes with 

an enhance d surface area, and specific dimensions and characteristics to obtain 

better photocatalytic performance . The discussion of the obtaine d data  

complements the state of the art related to the  synthesis of this type of 

nanostructures , as  it establishes relatio nships between the obtained 

morphological characteristics and the synthesis variables studied during 

anodization. These relationships allow to establish synthesis zones where the 

morphology of the nanotubes can be controlled . 

Subsequently, the results are presented and discussed for  the  treatments 

that aim t o modify both the crystalline structure of the nanotubes and their 

surface. The effect of  thermal treatment i s discussed on the evolution of the 

anatase phase from rutile  in the TiO2 nanotubes. Likewise,  a protocol is 

established to superficially modify  th e TiO 2 nanostructures with n ickel at 

nanoscale, using electrodeposition method s. For each of these treatments, a 

morphological, crystalline and elemental characterization  of the samples is 

performed . 

Finally, the research is  devoted to the electrochemical characterization of 

the synthesized photoelectrodes and the effects of the nanostructures 

morphologies on their photoelectrochemical performance. The analy ses are 

based on Mott -  Schottky and Nyquist gra phs that reveal the e lectrical behavior 

of the synthesized nanostructures within a photoelectrochemical cell, as well as 

the type of semiconductor and the role that nickel plays in the recombination of 

photogenerated charges. The modeling of this behavior is also presented 

thr ough  equivalent circuits to analyze the behavior of nickel -modified nanotubes 

in the photoelectrochemical production of hydrog en. 



 

 

2 

2. CONCEPTUAL 

FRAMEWORK



2.1.  Introduction. . 
 

Currently, the agenda for developing global environm ental policies 

includes the search for solutions to mitigate global climate change and ensure 

energy sustainability with minimal environmental impact. For this reason, it is 

imperative to generate technologies for a future with clean and safe energ ies, 

and  focus the interest of research projects on issues related to the sustainable, 

affordable, and sufficient supply of energy for reducing the emission of 

greenhouse gases. In this sense, within the spectrum of emerging energy 

technologies, hydrogen i s one of  the most promising because it allows the design 

of sustainable solutions and the use of a virtually inexhaustible energy: solar 

energy.  

2.2.  Hydrogen and its role as an energy vector.  
 

Hydrogen is an odorless and colorless gas very abundant in the universe. 

On the earth, it is mostly found forming chemical compounds due to its ease of 

combination with other elements, however, it can be obtained from renewable 

sources. In addition to its wide field of application in the petrochemical, chemical 

and food sectors, it has very interesting characteristics from the energy point of 

view. Mass energy density of hydrogen (120 -144 MJ / kg) is approximately 3 

times larger than gasoline (44.4 MJ / kg)  and 2.5 times than methane (50 MJ / 

kg) [1] . 

Etymologically, hydrogen comes from the Greek roots  ñhydroò and 

ñgenesò, which literally means ñwater generatorò. Hydrogen combustion 

produces water and energy and, depending on the hydrogen source, the 

emission of carbon oxides can  be reduced to zero. Particularly in the last decade, 

it has attracted huge  interest, since it promises to reduce energy dependence 

on fossil fuels in the long term [2] . Hydrogen has been projected as an ideal fuel 

with valuable benefits in the social, environmental and economic fields. A 

summary of its prop erties along with other fuels of interest are presented in 

Table 2.1 [3] . 
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Molecular hydrogen is an energy vector but not a primary so urce of 

energy, fundamentally for two reasons. Firstly, hydrogen must be produced 

through a process that consumes primary sources of energy. Secondly, in its 

liquid or gas aggregati on state, it stores energy that can be used later in the 

production of elec trical energy.  

Table 2.1: Physical and chemical properties of fuels  
 Hydrogen  Methane  

(H / C = 4)  
Gasoline  

(H / C = 1.87)  
 

Molecular Weight (g / mol)  2,016  16.4  å 110 

Mass density (kg / NA m3)  

at P = 1 atm and T = 0 ° C  

0.09  0.72  720 -  780 (liquid)  

Liquid H2 Mass Density  
 at 20 K (kg / NA m3)  

70.9  -  -  

Boiling point (K)  20.2  111.6  310 -  478  
Superior calorific value (MJ / kg)  142  55.5  47.3  
Lower calorific value  (MJ / kg)  120  50.0  44.0  

Flammability limits (% vol.)  4.0 -  75.0  5.3 -  15.0  1.0 -  7.6  
Knock limits (% vol.)  18.3 -  59.0  6.3 13.5  1.1 -  3.3  
Air diffusion speed (m / s)  2.0  0.51  0.17  
Ignition energy (mJ)  
-  in stoichiometric proportion  
-  at the lower fla mmability limit  

 
0.02  
10  

 
0.29  

twenty  

 
0.24  

Does not apply  

Flame propagation speed  
in air (cm / s)  

265 -  325  37 -  45  37 -  43  

Toxicity  not toxic  Not toxic  toxic above 50 ppm  

 

From the thermodynamic point of view, its exothermicity and feasibility are 

ev idenced, as summarized in Table 2.2 [4] .  

Table 2.2: Thermodynamic properties of hydrogen -based energy  

THERMODYNAMIC PROPERTY  VALUE  WATER 
STATUS  

Reaction enthalpy at 25 ° C  
ǧh Á = -285, 8 kJ mol -1 
(HHV)  

Liquid  

Reaction enthalpy at 25 ° C  
ǧh Á = -241, 8 kJ mol -1 
(LHV)  

Steam  

Reaction entropy at 25 ° C  ǧs Á = -163.3 kJ mol -1 K -1 Liquid  

Gibbs free energy of reaction at 25 ° C  ǧg Á = -237.2 kJ mol -1 Liquid  

Gibbs free energy of reaction at 80 ° C  ǧg Á = -228.1  kJ mol -1 Liquid  

Gibbs free energy of reaction at 80 ° C  ǧg Á = -226.1 kJ mol -1 Steam  

 

It has been widely documented that the combustion of hydrogen in fuel 

cells is a very attractive route in the production of electrical energy, following 

this chemical reaction:  
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  ╗   ▌   ╞  ▌ ᴼ  ╗╞   ■  (2.1)  

 

As in any combustion reaction, the recombination of hydrogen and oxygen 

generates energy, which in this case manifests itself in the form of electricity. A 

representative diagram  of an acidic fuel cell can be observed in Figure 2.1.  

 
Figure 2.1: Schematic of a fuel cell. Source: The Author .  

 

The reactions that occur at each electrode are:  

Anode  ╗  O   ╗  ▄  (2.2)  

Cathode   ὕ  τ Ὄ  τ Ὡ  O  ς Ὄὕ  (2.3)  

  

The electrons resulting from hydrogen ionization at the anode must 

migrate towards the cathode via the electrical circuit.  

Therefore, it is of great interest to produce hydrogen to be used in fuel 

cells. Traditionally, hydrogen is produced f rom the steam reforming of natural 

gas given its profitability, but there are  other interesting alternatives, such as 

electrolysis of water, which could be viable as more efficient and economical 

electrocatalysts are developed [5] . 

2.3.  Current hydrogen production processes.  
 

The future of a hydrogen -based economy depends on its availability  at 

low cost. Hydrogen production worldwide can be classified in terms of the energy 
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source used: conventional and alternative. For economic reasons, energy has 

been produced at the industri al level from fossil fuels. Other production 

alternatives (at dive rse stages of development) are based on the use of 

renewable energy sources, such nuclear, solar, wind and biomass [6] . 

It is estimated that 96% of the world's hydrogen production is currently 

based on natural gas, coal and oil, while 4% is produced from water electrolysis 

[7] . Natural gas and coal are the most used raw materials in the industrial 

production of hydrogen.  

2.2.1.  Hydrogen production from natural gas.  

The steam methane reforming process (SMR) is a mature technology 

dating from the second decade of the XX century. In  this process, methane is 

brought into contact with the steam to obtain a mixture of H 2, CO, CO 2 in addition 

to the remnant of untransformed methane and any inert gas present in the feed.  

SMR is developed through the following chemical reactions:  

 ╒╗  ╗╞  P ╒╞  ╗  (2.4)  

  ὅὕ  Ὄὕ  P  ὅὕ Ὄ  (2.5)  

 

This mixture of gases is known as synthesis gas. Reaction (2.4) is highly 

endothermic (ǧh = +206 kJ mol-1) and occurs between 750 -  800 ° C and 15 to 

20 bar. Reaction (2.5) is the slightly exothermic steam reforming the CO (water -

gas shift reaction WGSR) (ǧh = -41.2 kJ mol -1) and occurs in two stages. The 

first stage, called HTS (high temperature shift), takes plac e at 350 ° C and the 

second one, known as LTS ( low temperature shift), at 200 ° C [7], [8] . 

Ste am reforming of natural gas provides a 70 ï75% hydrogen rich output 

stream on a dry basis, in addition to CH 4 (2ï6%), CO (7 ï10%), and CO 2 (6 -

14%) [9] . Th e gas emission, that contributes to the greenhouse effect (CH 4, 

CO2), is one of the most not able disadvantages of the process, besides the fact 

that the extraction and transportation of natural gas considerably affects the 

environment.  
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2.2.2.  Additional hydroge n production industrial processes  

 
The partial oxidation of hydrocarbons and the gasificatio n of coal are 

additional ways of producing hydrogen at industrial scale. The partial oxidation 

of hydrocarbons is an exothermic reaction, where the fuel is brought into contact 

with oxygen and water vapor, as described in the following chemical reaction:  

  ╒╗    ╗╞    ╞  O  ╒╞  ╒╞    ╗  (2.6)  

 

The amount of oxygen and water vapor can be adjusted to decrease the 

energy requirements of the reaction [6] . The CO produced then undergoes a 

WGSR step to increase the amount of overall hydrogen produced. Unfortunately, 

this process emits a high amount of greenhous e gases, specifically CO 2 and NO x, 

and is not economically attractive, unless low -cost raw materials  are used.  

Coal gasification (CG) essentially follows a process defined by reaction 

(2.6), therefore, the technology is relatively mature. However, like the  other 

conventional routes, it generates a significant amount of CO 2 which, added to 

the environment al impact implicit in the exploitation of coal mines, have made 

a secondary production route of this process when compared to SMR. CG is only 

a third of tha t obtained through SMR [6] . The basic chemical reaction for this 

process is:  

 ╒╗Ȣ  Ȣ ╗╞   Ȣ ╞  O ╒╞  ╗  (2.7)  

 

 

2.2.3.  Hydrogen production from alternative energy sources.  

The imminent depletion of fossil fuels and the implementation of stricter 

environmental regulations in order to reduce glob al warming requires the 

research and development of alternative hydrogen production processes. Under 

this perspective, the use of ren ewable energy sources such as water, wind and 

sun has been proposed. Generally, these sources aim to produce the hydrogen 
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m olecule from water, thus generating electricity in an electrolytic process or 

energy in a thermochemical process.  

 

2.2.3.1.  Hydrogen productio n using nuclear energy  

The energy generated in a nuclear plant can be used in different ways to 

produce hydrogen: (a) as a source of electrical energy for the electrolysis of 

water, (b) by means of energy integration to generate the steam necessary in 

the reform of natural gas, and (c ) as energy source for thermal dissociation of 

water into its constituent elements [10] . Intrinsic inefficiencies to the proces s of 

converting nuclear energy limit its application and encourage the search for 

other energy transfer routes, such as dir ect dissociation of water through 

thermochemical cycles.  

One of the most outstanding advantages when using nuclear energy is 

the non -emission of greenhouse gases. However the generation of radioactive 

waste has hindered its development and implementation [11] . Besides, it is 

estimated that the available uranium on the planet, including projected reserves, 

would only supply the current world's energy needs until the  year 2040 [12] . 

Thus, the option of using nuclear energy in the production of hydrogen is still 

questionable in practical terms.  

 

2.2.3.2.  Hydrogen  from wind energy.  

Electricity generated from wind energy can be used in the dissociation of 

water through electrolysis. This option has two important characteristics: (a) 

electricity obtained from the wind is the most economical, therefore, 

electrolyzers near wind farms will produce cheaper hydrogen and (b) the 

unpredictable availability of wind energy is not constant and changes upon 

meteorological circumstances [ 11] . However, it is a viable option in the 

generation of hydrogen at times when other energy sources are less available, 

for example , at night when solar energy is unavailable.  

Despite the low cost of the electricity generated, there are additional 

unfavo rable factors in the use of wind energy source, which currently make 
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cheaper to produce hydrogen using conventional routes, such as b iomass 

gasification.  Due to the low efficiency of the electrochemical process [12]  and 

the fact that wind energy is quite dilute, this pro cess requires large wind farms 

to generate amounts of electricity comparable to those that a nuclear power 

plant can produc e [11] .  

 

2.2.3.3.  Hydrogen from solar energy  

The sun is estimated to emit 1,360 Wm -2 on the Earth exosphere 

(atmosphere top layer) [13]  by means of electromagnetic radiation with 

wavelengths raging between 150 nm to 4000 nm (from the ultravio let to the 

infrared spectrum). However, only a fraction of this radiation reaches the Earth 

surface and oceans, due to the interaction with the atmosphere and some 

specific climatic conditions.  

Solar energy can be used to produce electricity through (1) ph otovoltaic 

systems, (2) a thermoelectric plant that uses vaporized water by solar heat, or 

(3) combustion of hydrogen produced from water using sunlight [10] . 

There are several options to take advantage of solar energy in the 

production of hydrogen. Among them, water electrolysis has been used with 

photoelectrodes, thermochemical processes using a thermosolar energy 

collector (CSP, Concentrating solar power sy stems) as source of high 

temperature, and biological processes based on bio -photolysis or photo -

fermentation by means of microorganisms that produce hydrogen instead of 

oxygen during photosynthesis [10], [14] . The associated cost of the current 

technologies to produce hydrogen from alternative energy sources is still high 

when compared to traditional energy sources. Nevertheless, costs have 

decreased as technological improvements are implemented and alternative 

energy sources potentially become an economically feasible option if  raw 

materials for conventional routes increase their cost or become scarce.  
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2.3.  Electrochemical hydrogen production.  

Water electrolysis produces high purity hydrogen gas at small and large scales. 

It is also an option that can be completely independent of fossil fuels and lower 

greenhouse gas emissions as long as a clean renewable energy source for the 

electrochemical process is used  

A representative scheme of an electrochemical cell is presented in Figure 

2.2. The cell has two electrodes in contact through  an electrolyte and connected 

to an external source of energy to supply the necessary potential for the water 

molecule dissociation.  

 

 
Figure 2.2: General diagram of an electrochemical cell. Source: The Autho r.  

 

The electrolyte can be an aq ueous solution or an ion -conducting solid, 

such as a polymeric membrane, that allows proton exchange or a ceramic 

membrane through which oxygen ions flow. The use of aqueous electrolytes 

generates positive and negative ions that conduct electricity in the medium when 

flo wing from one electrode to the other [15] . 

The hydrogen evolution reaction (HER) is affected by the applied 

overpotential and describes the chemical interactions occurring at the cathode. 
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It is necessary to apply a potential dif ference between the two electrodes to 

produce hydrogen electrochemically, according to the following reaction:  

 
╗╞  ■  

 ▄▪▄►▌◐ O  ╗  ▌    ╞ ▌  
(2.8)  

 

In an alkaline electrolyte, the reactions that take place at  each electrode 

are:  

Anode:  
 ╞╗╪▲ O   ╞ ▌   ╗╞  ■   ▄  

Erev anode @ 25 °C = 1.229 V  

(2.9)  

   

Cathode:  
Ὄὕ     ςὩ ᴼ Ὄ  ς ὕὌ   

Erev cathode @ 25 °C = 0.0 V  
(2.10)  

   

Net reac tion:  
Ὄὕ   O  Ὄ     

ρ

ς
 ὕ  

Erev @ 25 °C = 1.229 V  

(2.11)  

 
 

where E rev  is the reversible potential or the open circuit voltage in the cell, and 

can be determined from the Nernst equation [15], [16] . 

Reaction (2.11) has been extensively studied [17] , thus concluding that 

the cost associated with the hydrogen production via electrochemical processes 

is direct ly proportional to the working potential of the cell . The efficiency of the 

process is considerably affected by intrinsic energy losses in the electrolyzer that 

create an extra consumption of electrical potential (overpotential) in the 

electrodes. Therefor e, the cost of the process could be reduced if a dec rease in 

the reaction electrodes overpotential is achieved [18] . 

The overpotential is needed to overcome irreversibility of the phenomena 

associated with the transport of products and reactants, transfer of charge, and 

prevail ing resistances in the system. Specifically, the con templated resistances 

come from 5 sources: (a) electrical circuit, (b) cell electrolyte, (c) anode, (d) 

cathode and (e) dispersion of bubbles of gases produced in the electrolyte. It 
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has been determined t hat the main consumption of potential occurs in the 

electrodes [19] . 

To reduce the overpotenti al in the electrochemical hydrogen production, 

it is necessary to study alternatives that allow working at lower potentials and 

make this technology a competitive option. Hydrogen overpotential is a funct ion 

of the nature of the electrode, the electrolyte,  and the current density. Ongoing 

research, therefore, has been oriented basically to two aims: (a) developing 

electrodes that allow reducing the cathodic overpotential and (b) reducing the 

consumption of  electrical energy in water electrolysis via solar e nergy, using it 

to supply as much as possible of the required potential.  

According to the overpotential required by the hydrogen -producing 

electrode (cathode), there are high overpotential metals (Cd, Ti,  Hg, Pb, Zn, Sn), 

intermediate overpotential metals (Fe, Co, Ni, Cu, Au, Ag, W) and low 

overpotential metals (Pt, Pd) [20] .  Some metals such as Ni can be used as both 

cathode and anode in the dissociation o f water.  

Since the electrocatalyst significantly inf luences the efficiency of hydrogen 

electrochemical production as well as the dissociation kinetics, it is essential to 

improve and preserve its catalytic activity. Some options include the design of 

elect rodes with a larger electrochemical active area, the  development of stable 

metallic mixtures to corrosive electrolyte phenomena, and the use of ionic liquids 

that facilitate ion activation [19] . Besides good chemical and mechanical stability 

plus a low cost, a high -performance electrocatalyst must  meet properties such 

as: (a) low cathodic overpoten tial at industrial current density values, (b) 

minimum potential losses over time, (c ) no release of contaminating by -

products, (d) high adhesion to the support, (e) low deactivation due to poisoning 

and  impurities, and (f) high stability to current fluct uations [21] , meaning that 

the selection of the best ele ctrocatalyst for a particular system is not an easy 

task.  

In an electrochemical cell the energy consumption is determined by the 

overpotential (Ȅ) and the current density (j = i / A) which are related by: 
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 ▒  ▒▫ ἭὀἸ  
Ɫ

╫
  (2.12)  

 

where j o is the current density for exchange and b is the slope of the Tafel curve 

(d Ȅ / d Ln j) [21] . An analysis of this relationship allows to conclude that those 

material s with high value of j o and a low value of b are the most suitable 

electrocatalyst because they can operate at high current values without a 

significant increase in overpotential. When reviewing th ese properties, it is found 

that noble metals such as plati num and ruthenium are the most suitable to 

choose as electrodes in the HER, due to their chemical stability in the electrolytic 

medium. Unfortunately, its cost and availability limit their applicat ion in the 

industrial context.  

The electrochemical process that occurs in the electrode depends 

essentially on the chemical nature of the material, the morphology and the 

structural characteristics of its surface, which can be manipulated depending on 

the preparation method. These qualities are even more important  when the 

electrode surface is modified with a metallic layer that can behave as an activator 

of the electrochemical process [20] . 

The use of solar e nergy as the exclusive source of energy during the 

electrolysis of water was introduced in the early 1970s by using a semiconductor 

as an electrode [22] . The results have been of great interest, thus opening the 

possibility of combining this source of energy with electrical energy to satisfy the 

electrolyzer energy requirements, especially regarding the hydrogen 

overpotential.  

 
 

2.4.  Basic pr inciples of photoc atalysis.  

Photocatalysis is a process by which the speed of a chemical reaction is 

increased thanks to the transfer of a photogenerated charge using a material 

that absorbs energy from a radiant source. The charge transfer occurs through 

a solid - liquid int erface. The photocatalytic activity of the material is a function 
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of its ability to generate electron -hole pairs in its atomic structure. In other 

words, if a material can take advantage of the incident energy of a radiating 

source to gen erate electron -hol e pairs that drive a chemical reaction, such 

material is a photocatalyst.  

Regarding the ability to handle electron -hole pair, materials can be 

classified as conductor, semiconductor or insulator. In a conductor, the 

generation of the elec tron -hole pair is not possible because there is an 

immediate recombination. On the contrary, for the semiconductor, the stability 

of the electron -hole pair is possible according to each material properties. 

Finally, an insulator is a material that generate  no electron -hole pair when 

interacting with radiant energy. Therefore, the useful materials for 

photocatalysis are semiconductors.  

Photocatalytic activity in a semiconductor can be explained with the band 

gap model, as presented in Figure 2.3.  

 

 
Figure 2.3: Band gap model  in solids. Source: The Author .  

 

In a semiconductor, the lower energy valence band (VB) and the higher 

energy conduction band (CB) are separated by an energy gap, known as the 

band gap or prohibited band, where there are no interm ediate energy levels. It 

is possible for an electron to migrate from the BV to the BC, by generating a 

hole (positive charge) in the BV, when it interacts with an incident light ray and 
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receives enough energy to overcome the band gap, as represented in Fig ure 2.4 

[23] . 

 

The reduction reaction occurs when the photogenerated electron, with a 

more negative energy potential than the electrochemical potential of the desired 

reaction, interacts with an electron acceptor. The oxi dation reaction occurs when 

the photogenerated hole, with an energy potential more positive than the 

electrochemical potential of the desired reaction, interacts with an electron donor 

[23] .. Schematically, the reactions are:  

 ═   ▄  O   ═  (2.13)  

 Ὀ O   Ὡ   Ὀ  (2.14)  

 

 

 

Fig. 2.4. Generation of an electron -hole pair by radiant energy in a sem iconductor. A: 

substance that accepts electrons. D: electron donating substance. Source: The Author .  

 

Although photocatalytic oxidation and hydrogen production share the 

same physical foundation, i.e. electron -hole pair generation, the conditions of 

one pr ocess do not apply to the other. During oxidation, VB holes induce the 

decomposition of pollutants, thus relegating the role of the CB electrons. On the 

contrary, in the production of hydrogen, the CB electrons are the ones that 
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reduce the protons to hydro gen molecules, as long as they have a more negative 

level than that of the evolution of hydrogen. % ϳ  

The generation of an electron -hole pair in a photocatalyst (PC) follows the 

reaction:  

 ἜἍ
ἰἾ
ᴼ ἭἜἍ  ἰἜἍ 

(2.15)  

 

Once  the electron -hole pair are formed, they can migrate to the surface 

or stay inside the semiconductor, as shown in Figure 2.5, and in either case, 

recombination may or may not occur. Upon recombination, they release energy 

in the form of photons or heat. If  the electron and the hole reach the surface 

without undergoing recombination, they can respectively reduce or oxidize 

adsorbed reactants as long as they satisfy the energy requirements. In the case 

of water, the energy level of the electron in the BC must  be more negative than 

the (E HùH2) value to produce hydrogen and the energy level of the hole in the BV 

must be more positive than the (E H2O/O2 ) value to produce oxygen [24] . It is 

widely accepted in the literature that the semiconductor has a higher 

photocatalytic activity as the ability to absorb incident light improves and 

efficiently separates the charges gener ated.  

 

Fig. 2.5. Phenomena involved in the generation of electron -hole pairs within a 

photocatalyst. A: substance that accepts electrons. D: electron donating substance. 

Source: The Author .  
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2.5.  Photocatalyst and conditions for photocatalysis.  

A photocatalys t is understood as any material or substance that increases 

the speed of a chemical reaction thanks to its interaction with radiation. The use 

of the incident energy is possible than ks to the fact that the material is a 

semiconductor, that is, semiconducto rs are materials that can absorb light to 

produce photogenerated charges and carry out an electrochemical reaction.  

From the point of view of solid -state physics, a crystal has energy states 

composed of the valence orbitals of its atoms. Since the number o f orbitals is 

very high, they comprise a joint energy level called the band. The distribution of 

the electrons then establishes full energy bands, also known as valence bands 

(BV), which have lower energy, and empty energy bands, called conduction 

bands (B C), of higher energy. Between these two bands there is no intermediate 

state of energy and therefore the existence of an electron is not possible, this 

energy gap is called Band  gap. The width of this band determines the electronic 

properties of the materi al. If the prohibited band is greater than 4 eV, the 

material is dielectric; but if it is 0 eV, the material is a metal.  

Based on the redox potential of the H + /H 2 and H 2O/O 2 pairs, 

semiconductors can have three types of application, as shown in figure 2.6:  

reduction, redox and oxidation. On the one hand, the figure evidences that 

reductive semiconductors can reduce water  and generate hydrogen, however, 

the oxidation potential  of its valence band is insufficient to oxidize it. On the 

other hand, oxidative se miconductors can oxidize water and produce oxygen, 

but the reduction potential of the conduction band is not sufficient to reduce it. 

Since the dissociation of water implies  that the reduction reaction and the 

oxidation reaction (redox reaction) occur simu ltaneously, the only materials that 

can generate hydrogen and oxygen from water are redox semiconductors.  

Thus, the selection of an appropriate photocatalyst is a function o f the 

reaction of interest, in addition to the fact that the visible and near UV sp ectra 

are the most appropriate for its photoactivation.  It is also important to highlight 
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that the photocatalyst must be resistant to photo -corrosion, have low toxicity 

and  a large surface area.   

 
Fig. 2.6. Application of semiconductors according to the value of their reduction and 

oxidation potential with respect to the electrochemical dissociation of water. Source: The 

Author .  

  

The photoactivation of a semiconductor happ ens when it absorbs photons 

with greater energy than its forbidden band. This energ y absorption promotes 

the electron from the VB to the CB and causes the formation of a gap in the VB 

(figure 2.4). Photogenerated electron -hole charges are charge - free carri ers that 

may or may not recombine, due to the effect of electric field applied on t hem, 

or to their migration towards the semiconductor surface to come into contact 

with electron acceptors or holes.  

Based on the premises of the metal crystal lattice mode, in which 

electrons are attracted to metal ions, quantum mechanics defines through t he 

Schröndiger equation all the possible energy states (E x) that the immersed 

electron can occupy within the electrostatic potential generated by all ions. The 

highest value  of occupied energy or last occupied state at 0 K is known as the 

Fermi energy (E F) , which is very important to determine the response of a metal 

to an applied electric field.  
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The fermi energy (E F) represents the highest kinetic energy occupied by 

an elect ron at 0 K and is proportional to the concentration of conduction 

electrons (n) tha t the material has. States with energy greater than E F cannot 

be occupied until the electron is excited, which can occur by heat, light, or 

electric shock. This additional e nergy, which can be represented through the 

definition of the Boltzmann constant (k B = E / T), will allow the electron to occupy 

energy levels above E F. In this way, energy states up to the value E F + k BT will 

be occupied, which in turn implies that energy  states within the range E F -  kBT 

up to E F are vacated. Figure 2.7 presents the E F location for a metal, 

semiconductor, or dielectric material.  

 
Fig. 2.7. Location of the Fermi Energy in solids. Source: The Author .  

 

 
The number of charge carriers determines the electronic conductivity of a 

material. As charge carriers, there are the ele ctrons (e -) in the CB and holes (h + ) 

in the VB that are generat ed when an electron escapes towards the CB. In this 

way, a metal only has charge carriers in CB (e -), while a semiconductor can have 

them in both CB (e -) and BV (h + ).  

The density of the charge carriers can be expressed as the effective state 

density of the  corresponding band, corrected by an occupation probability 
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function. Thus, the electron density (n) and the density of holes (p) can be 

expressed as:  

 
▪  ╝╒ ▄●▬

╔╕ ╔╒
▓║╣

 
(2.16)  

 
ὴ  ὔ Ὡὼὴ

Ὁ Ὁ

ὯὝ
 

(2.17)  

 

where N C and N V correspond to the effective state density of the conduction band 

and valence, respectively. Equations 2.16 and 2.17 establish that these densities 

vary exponentially w ith the position of the fermi energy in the band gap (E G). It 

can also be established th at the multiplication of these two equations is constant 

for any material:  

 
▪ ▬  ╝╒ ╝╥ ▄●▬

╔╖
▓║╣

 ▪░ 
(2.18)  

 

In this way n i is n ot a characteristic property of each material. If the 

semiconductor has the electron density (n) equal to the  density of holes (p), it 

is called an intrinsic semiconductor, that is, it is pure without any impurities or 

defects.  

By introducing defects or im purities in the semiconductor, which is known 

as doping, the n i value is altered and the material is called extrinsic 

semiconductor. If the impurity is electron donating, the electron density in the 

material is increased (n ḻ n i ḻ p), thus the fermi energy (E Fn) approaches the 

conduction band and the material is called an n - type semiconductor. On the 

contrary, if the impurity is electron -accepting, the density of holes increases (p 

ḻ n i ḻ n), thus the fermi energy (E Fp) appro aches the valence band and the 

material is called a p - type semiconductor (figure 2.8). Accordingly, doping a 

semiconductor allows controlling the electrical conductivity and the level of the 

fermi energy.  
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Fig. 2.8. Effect of doping a semiconductor on th e fermi energy level and its electrical 

conductivity. Source: The Author .  

 

2.6.  Photoactivity and improvement of TiO 2  photocatalytic 

activity.  

The first reports on TiO 2 photocatalysts date back to the 1970s [22], [25] ï

[27] , with existing accounts on the stoichiometry in the evolution of hydrogen 

and oxygen using titanium -based catalysts. Afterward, many sc ientific articles 

have been published on the performance of different semiconductor materials  in 

the separation of water by the photocatalytic route [28] ï[30] . In each of them, 

it is clear that the efficiency of the reaction and particularly the energy 

conversion is determined by the photocatalytic  properties of the semiconductor 

used.  

It is well known that Titanium dioxide (TiO 2) is a sem iconductor used in 

the degradation of environmental pollutants and in the dissociation of water into 

its constituent elements [22], [31] . TiO 2 has gained notorious importance thanks 

to its chemical stability, photocatalytic activity, low corros ivity, low 

environmental impact, abundance and low cost.  
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The photocatalytic efficiency of TiO 2 to dissociate water and produce 

hydrogen is fundamentally low due to the (1) recombination of photogenerated 

electron -hole pairs, the (2) high rate of recombinat ion of produced hydrogen and 

oxygen, and the (3) low utilization of energy from the solar rad iation that 

reaches the Earth's surface [24] . 

The foregoing problems and limitations are the starting point for  guiding 

efforts to improve photocatalytic performance. Several techniques have 

therefore been proposed: (1) addition of electron donating substances or gap 

seques trants, (2) addition of carbonated salts, (3 ) use of noble metals, (4) 

insertion of metal io ns or anions in the crystal lattice, (5) use of light -sensitive 

dyes, (6) composites and (7) implantation of metal ions, among others [32] ï

[34] . 

Techniques (1) and (2) involve extra substances in the composition of the 

electrolyte, while the others are direct modificat ions on the photocatalyst. 

Techniques (1) and (2) also seek that the photogenerated holes in the VB react 

irreversibly with the added substances, in this way, any possible recombination 

with the electrons of the CB would be avoided and would be available f or the 

reduction of protons. It is important to highlight that the possibility of an 

adsorption of the reaction products on the photocatalyst must be considered, 

which would obviously decrease its photocatalytic ability [35] ï[37] . 

Depositing noble metals on the surface of the ph otocatalyst (technique 3) 

seeks to improve the separation of charges thanks to the transfer o f the 

photogenerated electrons from the semiconductor to the metal due to its lower 

fermi level. The photogenerated holes in the BV would remain in the 

photocataly st [38], [39] .  As electrons accumulate on the surface of the noble 

metal, its fermi level is closer to the CB of TiO 2, thus the energy level is more 

negative and the reduction of adsorbed protons increases.  

The impurities in the crystal lattice (technique 4) are benefic ial to the 

extent that they increase the absorption capacity of the visible spectrum in TiO 2. 

The electronic charges associated with impurity generate intermediate energy 

levels in the TiO 2 band gap that are impossible in the pure crystalline network. 
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This  new energy level would favor the transfer of electrons or holes, reducing 

the possibility of  recombination and improving photocatalytic activity [40] ï[42] . 

Some dyes can intrinsically produce electrons by abs orbing light and 

generating hydrogen similar to a strong reducing agent, however, the rate of 

reduction is very low due to poor charge separation. It is useful to take 

advantage of this feature with semiconductors (technique 5) and to increase the 

conversi on of solar energy to hydrogen mainly due to the ease of electron 

transfer and low speed of combination of hydrogen and oxygen [43] . 

Materials made by combining semiconductors (techn ique 6) allow taking 

advantage of the differences in the band gaps. Combining a semiconductor  of a 

larger band gap with another of a smaller band gap but a more negative CB 

favors the transfer of electrons from the later towards the former [44], [45] . 

This combination would favor the s eparation of charges as long as certain basic 

conditions are met: (1) resistance to corrosion of each semiconductor, (2) the 

semiconductor with the lowest band gap  must absorb energy in the visible 

spectrum and have a more negative CB than the one of the s emiconductor with 

the highest band gap, (3) the CB of the semiconductor with the largest band gap 

must be more negative than the electrochemical potential of hydro gen and, of 

course, (4) a fast and efficient transfer of electrons.  

Another way to incorporat e impurities into the TiO 2 crystal structure is to 

bombard high -energy transition metal ions, accelerated by a high -voltage field. 

Unlike technique 4, in which int ermediate levels of energy are generated, these 

high -energy ions interact with TiO 2, by modif ying its electronic structure and 

increasing its sensitivity to longer wavelengths, close to 600 nm [46] . 
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3.1.  Introduction  

Titanium dioxide (TiO 2) is a material with very attractive physical, 

chemical and electronic properties. Due to its high melting point (greater than 

1800 C) and resistance to adverse chemical conditions, it is one of the most 

promising semiconductors today. It has a refractive index greater than 2.4, a 

band gap of 3.2 eV and a high oxid ation potential, especially when exposed to 

UV radiation. Thanks to its properties it has a wide field of application: pigments, 

coatings, cataly sis, metrology, pollution control, biology, energy, among others. 

Nanostructured materials and especially TiO 2 nanotubes (TiNTs) have acquired 

great relevance in this century thanks to the important applications they have 

shown in several fields, one of th em is photocatalysis.  

 

3.2.  Methods of synthesis of TiO 2  nanostructures.  

Nanostructures comprise structures with dif ferent shapes, which are 

cataloged as (a) nanoparticles (0 D), (b) nanotubes, nanorods, nanofibers and 

nanowires (1 D), (c) nano - films and nanotr iangles (2 D) and (d) nanoflowers 

and nanoerizos (3D), all with dimensional characteristics on the nano scale. More 

than a dozen simple and combined techniques for obtaining TiO 2 nanostructures 

are reported in the literature, which in broad terms can be cl assified into wet or 

dry methods. Some of the most representative are: electrospinning, sol -gel, 

hydrothermal methods, and electrochemical methods.  

Electrospinning is a technique  that consists of making nanofibers with 

diameters between 50 and 500 nm from a polymeric solution composed of a 

titanium alkoxide (titanium isopropoxide), acetic acid, ethanol and 

polyvinylpyrrolidone. [1] . Figure 3.1 represents a schematic of the technique. 

Subsequently, the nanofiber undergoes a calcination process in a cont rolled 

atmosphere. One of the advantages of this technique is the possibility of 

producing nanofibers composed of different materials. The process variables for 

this technique are applied voltage, injector diameter, volumetric flow rate, and 

the distance b etween injector and collector. Other variables that affect the 
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diameter, morph ology and density of the fiber are the concentration, viscosity, 

surface tension and conductivity of the polymer solution.  

 

 
Fig 3.1. Schematic representation of the electrospin ning method for the synthesis of 

nanostructures. Source: The Author.  

 

 

The sol -gel method is a widely applied technique and there are reports of 

its use in the literature dating from the first half of the 20th century. Figure 3.2 

represents a general proce ss diagram, through which thin coatings and 

powdered catalysts can be obtained . In concrete terms, it consists of hydrolysis 

and condensation reactions of a titanium precursor (titanium alkoxide) under 

acidic conditions (acetic acid -  hydrochloric acid). T his allows to obtain a sol 

which after a mild heating (60 °C ï 80 °C) forms a gel. Finally, a drying and 

calcination stage is carried out to obtain the nanoparticulate material [2], [3] . 

This technique permits to control important parameters of the nanopartic les such 

as size, surface area, volume and pore size, anatase - rutile ratio, am ong others.  

Among the main benefits offered by this technique are the synthesis of 

high purity crystallized nanoparticles at a low temperature and through a 

relatively simple rou te, stoichiometric control during the synthesis of pure or 
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composite nanoparti cles, and proper control on the structure when using 

different additives or precursors. However, the crystallinity is low or amorphous 

and involves subsequent heat treatment (ann ealing) which in turn can lead to 

unavoidable sintering or aggregation in the material [2] . This, in addition to the 

use of expensive organic solvents, long p rocess times can make it less 

competitive. Due to the numerous applications of  this technique, several 

modifications have been proposed to overcome the disadvantages and improve 

the purity and homogeneity of the coatings.  

 

 
Fig. 3.2. Schematic representation of the typical sol -gel method for the synthesis of TiO 2 

nanoparticles. Sou rce: The Author.  

 

Hydrothermal synthesis is a particular case of a larger one, known as 

solvothermic, by which 1D nanostructures can be obtained. Water and 

nanoparticu late TiO 2 in the anatase phase are placed in a closed container in an 

alkaline medium. As  the mixture  heats up, the pressure increases and forms a 

precipitate which is washed, neutralized and filtered. Finally, drying and 

subsequent calcination are carried  out, which can sometimes lead to 

structural   changes [4] . Process variables such as reaction temperature, nature 

and concentration of the alkaline medium, the structure of the precursor, and 

the use of morphology controlling agents directly influence the phase (anatas e, 

rutile), shape and grain size during 1D nanostructure synthesis.  

Using this technique, it is possible to obtain nanostructures before 300 

°C. However, it has bee n reported that nanorods with large diameters and 

surface roughness, even on a small scale, have low efficiency in the conversion 
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of solar energy, that is, they do not offer improved charge transfer for 1D 

nanostructures [5] . 

 

3.3.  Synthesis of TiO 2  nanotubes by anodic oxidation.  

Anodic oxidation also know n as electrochemical oxidation is an 

electrochemical method that has excelled because it allows obtaining highly 

morphologically oriented structures in a wide range  of voltages. These 

nanotubes grow perpendicularly on the surface of a titanium sheet that a cts as 

an anode in an electrochemical cell which works at constant voltage or current. 

During the growth of the structure, its most relevant morphological 

character istics develop. Figure 3.3 is a representative diagram of the assembly 

to be used in this te chnique.  

 
Fig. 3.3. Typical setup used in the synthesis of TiO 2 nanotubes. Source: The Author.  

 

In the literature there is any amount of experimental evidence that  shows 

that the structural formation of TiNTs is the result of a complex and unknown 

relatio nship between the input variables in electroanodization (composition and 

nature of electrolyte, applied voltage, voltage cycles, anodizing time, pH, 

temperature, an odizing sequences) and the different morphological response 

features (tube length, pore diam eter, wall thickness, wall roughness, and 
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packaging of the nanotube array) [6], [7] . In addition to the fact that any 

variation in any of the input variables generates an unpredictable change in any 

of the output variables, it must be added that the properties of the system per 

se vary its status quo.  

 

3.4.  Relevant parameters during the synthesis of TiO 2  nan otubes 

by electrochemical anodization.  

The synthesis of TiNTs  has evolved around the electrolyte used and the 

combined effect that the conditions used in electroanodization have in order to 

control the nanostructures morphologically. At the end of the last  century, acidic 

solutions of chromic and hydrofluoric acid w ere used that served to determine 

the fundamental role of fluoride anions (F -) in the organized formation of porous 

structures, which favored the chemical dissolution of metallic titanium and TiO 2; 

It was also found, the limitation to a hundred nanometers that the acid pH 

exerted on the length of the nanotubes [8], [9] . Subsequently, investigations 

were carried out with slightly neutral electrolytes containing fluoride salts, 

obtaining better results [7] . Although progress was made in controlling the 

speed of the chemical dissolution of TiO 2, achieving lengths of several microns 

in the TiNTs, unwanted surface characteris tics are still observed on the walls of 

the nanotubes. The nature of the electrolyte was modified once more and it was 

switched to organic solvents to dilute the fluorine salts and lower the wate r 

content, then dimethyl sulfoxide (DMSO) was used [10], [11] , glycerol [12] ï

[14] , ethylene glycol [15] ï[17] , 2 -propanol [18] , formamide and N -

methylformamide (NMF) [11] , [19] . Previous solvents have allowed b etter 

control over the roughness of the walls and the length of the TiNTs, mainly 

because it was determined that water in low concentration is necessary to have 

an adequate and controlled speed during the oxidation of titanium.  

It is well known thanks to t he evolution of the study on the formation of 

TiNTs by electroanodization  that there are permanently several independent 

processes such as, for example, the formation of oxide (oxidation) and the 

dissolution of oxide. The specific characteristics of these two processes, in 
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particular, largely define the results observed in nano tubes. Among the different 

alternatives that seek to explain the growth of TiNTs, three approaches stand 

out: (a) oxidation / dissolution favored by the electric field, (b) plastic fl ow of 

the oxide and (c) nanoporous formation of oxides and hydroxides.  

 

3.5.  TiO 2  nanotube formation mechanisms.  

The mechanisms involved in the formation of nanotubes have been widely 

debated in the literature from different points of view and with various 

inte rpretations, and even so, to date, in the best review made for this propo sal, 

there is no complete explanation of all the features. observed morphologies due 

to lack of direct experimental evidence.  

3.5.1.  Model of oxidation / dissolution assisted by an electric field.  

According to this approach, the anodic growth of the oxide on the metal 

surface and the formation of nanotubes is based on the development of two 

competitive parallel processes, these are, oxidation reaction (equation 3.1) and 

dissolution favored by  electr ic field (equations 3.2 and 3.3). Equation 3.2 occurs 

at neutral pH while Equation 3.3 takes place in an acidic medium and represents 

the formation of a soluble fluoride complex in the electrolyte [20], [21] . 

 

 ὝὭ ςὌὕᴼ ὝὭὕτὩ  τὌ  (3.1)  

 ὝὭὕ φὊ  ςὌὕ O  ὝὭὊ  τὌὕ (3.2)  

 ὝὭὕ φὊ  τὌ  O  ὝὭὊ  ςὌὕ (3.3)  

 ὝὭ φὊ  O  ὝὭὊ  τὩ  (3.4)  

 

It can also ha ppen that thanks to the electric field there is a migration of 

Ti+  ions through the oxide layer and reach the electrolyte where they are 

solubilized through the global equation (equation 3.4) [22] . Due to the 

differences in mobility of each of the ions present in the medium (electric charge, 

atomic radius), it is expected that during the initial stages in the formation of 

the oxide layer,  different cha racteristics will be obtained.  
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The above processes occur thanks to the oxidation exerted by the electric 

potential on the Ti sheet (equation 3.5), this allows the oxidized metal to react 

with the O2 -  ions, coming from the water, to form the o xide layer (eq . (3.1)).  

 

 ὝὭ O  ὝὭ  τὩ  (3.5)  

 

Figure 3.4 is a representation of the approach to this growth mechanism 

of TiNTs [20], [23], [24] . The growth of the TiO 2 layer occurs thanks to the 

diffusion of ions (O 2- and Ti 4+ ) through the oxide layer, said diffusive transport 

is favored by the applied poten tial. Diffusive barriers allow areas to be raised 

where oxidation preferably occurs, which does not exclude that oxide formation 

can occur at either of the two interfaces [25] . During this growth the thickness 

increases causing the electric field to progressively decrease and consequently 

the  adva nce of the oxide formation front is affected. This limitation is overcome 

thanks to the solubilization that TiO 2 undergoes (equations (3.2) or (3.3)), the 

dissolution is then decisive in the length achieved by the nanotubes and the 

potential range in which  they can be formed [26] . 

 

 
Fig. 3.4. Representation of the growth of TiNTs  by means of the oxidation / dissolution 

model favored by the electric field. Source: self made  
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The formation of nanotubes is based on the solubilization car ried out by 

fluoride ions in the initial stages of the process on random singular points of the 

ox ide layer (Figure 3.5 -a). The generation of a porous layer responds to the 

competition that occurs in the pores by the current available in the system 

(figure  3.5 -c), when the pores have equal access, an organized arrangement of 

TiNTs can be obtained (figu re 3.5 -e) [27] . 

 

 
Fig. 3.5. Scheme of stages present during the f ormation of TiNTs. Source: The Author.  

 
 

This model holds that if the rate of advance of oxidation at the base of the 

nanotube is equal to the rate of reducti on of thickness at the bottom of the pore 

by the action of dissolution, the system reaches a stead y state and there are no 

additional changes in the morphology of the pore fund. However, because 

dissolution occurs along the internal pore walls, with prolon ged 

electroanodization times the pore will tend to slightly change its internal 

geometry. This way  you can be thinner at the top than at the bottom.  

 

3.5.2.  Plastic oxide flow pattern.  

This model is an alternative to experimental evidence that questions the 

exist ence of oxide dissolution. He argues that the solubilization of TiO 2 is very 

low under the conditi ons of the electrochemical cell (Fig. 3.3) and for this reason 

stable conditions for the development and growth of nanotubes cannot be 

ensured [28] . Behind this statement is the scarcity in the anodic zone of H + 

ions due to the great attraction they experience towards  the cathode by the 

action of the applied voltage, therefore, the advance of the dissolution reaction 

of TiO 2 (reactions (3.2) or (3.3)) is tiny. This appreciably affects the steady state 

necessary for the length of the nanotubes to increase. Another piece  of evidence 
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that questions assisted dissolution is obtaining nanotubes in a fluoride - free 

environment [23] .  

 
Fig. 3.6. Model of the plastic flow during the electroanodization of metallic sheets. 

Source: The Author.  

 
 

In 2006, García -Vergara et al stated that the oxide formed at the metal / 

oxide interface moved upward due to th e effect of the electric field [29], [30] . 

This flow would be responsible for the formation of the walls of the nanotubes 

and leaves the dissolution function exerted by fluoride ions without a floor. 

Figure 3.6 depicts the systematic growth of  nanotubes at different 

electroanodization times.  

 

3.5.3.  Model of nanoporous formation of oxides and hydroxides.  

The two previous models do not yet explain how spacing between 

nanotubes occurs, nor do they take into account the interactions experienced by 

hydroxy l ions (OH -) present in the electrolyte, which due to their atomic radius 

and lower charge do not migrate easily through the oxide layer. Some authors 

have suggested that once the Ti 4+  ions reach the oxide / electrolyte interface, 

the y form titanium oxide thanks to the dehydration of the hydroxide (equations 

(3.6) and (3.7)) [23], [31] :  

 

 ὝὭ  τὕὌ  O  ὝὭὕὌ  (3.6)  

 ὝὭὕὌ  O  ὝὭὕςὌὕ (3.7)  
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Using equation (3.7), this model explains the spacing that can occur 

between nanotubes. Chen et al argue that  because hydroxyl ions remain in the 

electrolyte, hydroxides will form on the outer walls of the nanotube and once the 

water is removed during subs equent drying treatments, the volume contracts 

and leaves corresponding voids in the nanostructures [27], [31] . Thus, for this 

mo del, the driving force in the development and growth of nanotubes is the 

dehydration of Ti(OH) 4 because the interstitial water increases the 

electr ochemical interface and favors the conductivity of the medium by 

decreasing the resistance to charge transfer s [21] .  

So far it ha s been clear that the models are an approximation that, for 

the moment, have not fulfilled the full explanati on of the phenomena seen during 

the development and growth of TiNTs. Many articles have been published 

investigating different factors and their ef fects on the morphology of nanotubes 

and even so, doubts remain when reviewing experimental evidence, the sta te of 

the art in the development of knowledge has not yet been closed.  
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4.1.  Introduction  

Electrochemical anodization is a technique through which the controlled 

formation of an oxide layer is achieved on the surface of the anode in an 

electrochemical cell. It is a technique used for quite some time, for example, on 

aluminum it was initially us ed to generate a protective layer strongly adhered to 

the substrate [1] , later to produce nanometer -scale templates [2]  and currently 

in micro and ultrafiltration applications [3] . The extension of the use of this 

technique to other metals such as titanium has made it possible to synthesize 

TiO2 with defined and controlled structures directly on the metal, this has opened 

a new world of applications. One of the mo st relevant fields of action has been 

photocatalysis due to the semicond uctor properties of TiO 2. The photocatalytic 

performance of this type of material is strongly linked to its morphological 

characteristics, which define the level of use and transformat ion of the radiation 

that falls on them at a specific time.  

Through the morphology of the TiO 2 structures, it is possible to control 

the phenomena involved during the conversion and use of radiant energy. In 

particular, 1D (one -dimensional) nanostructures offer very well -defined 

morphological characteristics, a greater area of  exposure to radiation and a 

linear path to the flow of photogenerated charges. One of these 1D 

nanostructures are nanotubes, in which the relationship between their axial and 

radial  dimensions is very high and the fixation between the oxide (TiO 2) and th e 

base metal (Ti) is very strong. This set of characteristics makes nanotubes very 

interesting and widely applicable structures.  

Figure 4.1 represents the areas that make up the porou s oxide film (TiO 2) 

synthesized by electrochemical anodization on metal ( Ti). It is understood, then, 

that a nanotube is a cell composed of an approximately cylindrical central cavity 

called a pore, with concentric side walls and a hemispherical bottom whe re the 

TiO2 acts as a barrier and separates the pore from the metallic ti tanium. The set 

of these cells (nanotubes) is called an arrangement and is characterized by being 

structures parallel to each other, closed at the lower end and open at the upper 
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end,  formed perpendicular to the metal surface and that can be packed or spac ed 

from each other.  

 
Fig. 4.1 Schematic representation of the areas that make up an electrochemically 

anodized titanium sheet. Source: The Author.  

 

One of the methods for producing TiO 2 nanotubes (TiNTs) is 

electrochemical anodization. Under this techniqu e, the synthesis of 

nanostructures with a high degree of self -ordering is possible, where various 

morphological characteristics of the nanotube, specifically, length, pore 

diameter, wall thickness and wall roughness, can be adjusted with the process 

variab les [4], [5] G. Regarding the arra ngement, it is possible to adjust the 

spacing between nanotubes which may be useful for some specific applications 

[6] . 

Electrochemical a nodization is a technique developed inside an electrolytic 

cell like the one represented in figure 4.2. The essential components are: source 

of electrical energy, electrode s, electrolyte and conductor. The electrodes 

immersed within the electrolyte undergo  oxidation - reduction reactions when a 

voltage is applied between them.  

The cell can operate in a galvanostatic (constant current), potentiostatic 

(constant voltage) or pote ntiodynamic (variable voltage) way. Other variables 

that can be adjusted are: electr olyte composition and concentration, electrolyte 
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reuse, electrode dimensions and spacing between them, electrode chemical 

nature, electrode surface pre - treatment, value of cell voltage or applied current, 

type of application (constant , pulses), anodizatio n time, cell temperature, level 

of agitation, repetitions of anodization and pressure among others.  

 

 
Fig. 4.2 Electrolytic cell and essential components for operation. Source: The Author.  

 

From the first reports of electrochemical anodization to titanium  sheets, 

it was observed that the presence of fluorine in the electrolyte is essential  [7] ,  

therefore, some lines of research have focused on studying the effects of the 

electrolyte composition.  In this way, aqueous solutions of hydrofluoric acid have 

been used [8] , aqueous solutions of fluorine salts [9]  and lately organic solutions 

of fluorine salts [10] ï[12] . For each of them, the morphological results were 

quite different, which clearly established that this variable is very important 

during the synthesis of TiNTs and that the ions present in the electrolyte actively 

participate in the phenomena that occur d uring electrochemical anodization.  

One of the most widespread and accepted  models in the formation of 

TiNTs is the oxidation / dissolution promoted by the electric field. This model 

proposes that, at the bottom of the nanotube, where the pore is separated from 

the metallic substrate, TiO 2 forms a hemispherical barrier. This area  would be 

the growth front of the nanostructure because it allows ionic exchange between 

metallic titanium and the electrolyte present within the pore [13] . The Ti 4 +  ions 
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migrate towards the electrolyte driven by the existence of a high el ectric field, 

while the O 2- and F -  ions migrate towards the metallic surfa ce [14], [15] . A 

representation of ion migration is presented in figure 4.3.  

 

 
Fig. 4.3 Schematic representation of the anodization of Titanium in the pres ence of 

fluorine during the formation of TiNTs. Source: The Author.  

 

The f ormation and growth of nanoporous structures in fluorine -containing 

electrolytes is based on electrochemical oxidation and chemical dissolution 

described by equations 4.1 to 4.3. The  polarization of the metal (anode) allows 

the initial formation of a thin and compact oxide layer on the titanium foil 

(equations 4.1 and 4.2). Thanks to the electric field and its low ionic radius, the 

F-  ions dissolved in the electrolyte can migrate thro ugh the oxide layer to form 

soluble complexes [TiF 6] 2-, using equation 4.3 . This indicates that the presence 

of F - ions is important in the nanotube growth process [16] because it generates 

porosity in the oxide lay er. O 2- ions also migrate under the electric field in the 

electrolyte -metal direction and react on the metal surface to form more TiO 2 

(figure 4.3).  

Titanium oxidation:  ὝὭ O  ὝὭ  τὩ  (4.1)  

Rust formation:  ὝὭ  ςὌὕᴼ ὝὭὕ τὌ  (4.2)  
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Oxide dissolution:  ὝὭὕ φὊ  τὌ  O  ὝὭὊ  ςὌὕ (4.3)  

 

The conditions under which the chemical solubilization of TiO 2 occur s 

determine the morphology of the oxide film formed. Said morphology may be: 

compact layer, disordered porous structure, oriented porous structure or 

oriented tubular structure. [8], [17], [18] . The formation of the [TiF6] 2- complex 

generates cationic deficiencies in the oxide layer that drive the migration of Ti 4+  

metal ions from the metal / oxide interface to the oxide / electrolyte  inter face. 

This continuous oxidation -dissolution cycle allows generating a growth front at 

the bottom of the pore, which establishes the formation of nanotubes.  

 

 
Fig. 4.4 Schematic of the electric field lines between the electrodes during the 

electrochemical anodization of Titanium. Source: The Author  

 

It is clear that the electric field between the electrodes is determined by 

the distance between them and the difference in potential (voltage) applied in 

the electrochemical cell (figure 4.4). In this way, ioni c migration, in particular 

towards the anode,  is also influenced by cell voltage. This directly affects the 

speed of the oxidation -dissolution processes by altering the morphology of the 

nanostructures. As mentioned above, the first step during the synthes is of TiNTs 

is the formation of a thin and co mpact layer of TiO 2. This layer is produced by 
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the surface electrochemical oxidation of the titanium sheet when it is subjected 

to an anodic voltage. Experimental evidence shows that the voltage applied to 

the c ell directly affects the dimensional characte ristics of the TiNTs [19], [20] . 

That is, the morphology of the nanostructures  can be manipulated and controlled 

by adjusti ng the cell voltage to specific values.  

The relationship between the length of the TiNTs and the voltage is not 

linear, it has been reported that both at low and high voltage values, the length 

of the TiNTs is s hort [6], [ 17 ], [21] ï[23] . In the first case it is consistent with 

the low current values while in the second it may be a consequence of a higher 

speed in the d issolution process. The chemical dissolution generated by the 

fluoride ions at the bottom of the inner part of the nanotubes is proportional to 

the amount of anions. The higher the voltage applied to the anode, the greater 

the attraction experienced by the  ions, this affects not only the length of th e 

pore but also its diameter. If the voltage is very high, the ionic attraction towards 

the anode is very strong such that the dissolution rate can exceed the oxidation 

rate, breaking the balance between these t wo processes and completely 

impairing the for mation of nanotubes and promoting the generation of 

structures. sponge type [24] .  

The ionic charge of the electrolyte changes as the potentiostatic 

electrochemical anodiza tion proceeds. The variation in the ionic com position of 

the electrolyte directly affects the conductivity of the medium and therefore the 

behavior of the current during the formation of the nanostructures. A diagram 

of said behavior with respect to time a ssociated with the structural change that 

the  titanium sheet undergoes is presented in figure 4.5. In other words, knowing 

the variation in current density it is possible to determine the type of 

morphological change that the titanium anode has undergone i n a potentiostatic 

electrochemical anodizatio n. Initially, the formation of a thin compact layer of 

titanium dioxide occurs, which generates an increase in resistance to current 

flow and therefore the current density falls. The oxide dissolving process the n 

begins and the resistance begins to decreas e allowing current flow to recover. 
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Finally, a trend is reached in the value of the current that represents the 

equilibrium between oxidation and dissolution.  

It is clear, then, that the more results and informa tion are validated in the 

light of the propos ed mechanism for the growth of nanotubes, the applicability 

and veracity of the model, the understanding and understanding of the function 

of the variable and the combined effects of the process variables will b e gained. 

. Consistent with this purpose, the  experimental configuration and methodology 

developed to obtain TiO 2 nanotubes is presented below, followed by a 

preliminary qualitative approach to reveal the effect that the variables under 

study have on the f inal morphology of the nanostructures, subseq uently a 

systematic study of the influence of voltage.  

 

 

 
Fig. 4.5 Diagram of the behavior of the current during the anodization of a titanium 

sheet. Zone I: Initial formation of a compact layer of oxide. Zone II: Penetration of the 

compact layer by dissolution of the oxide. Zone III: balance between oxidation and oxide 

dissolution, stable growth of nanotubes. Source: self -made.  
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4.2.  Con figuration and experimental methodology for the 

synthesis of TiO 2  nanotubes b y electrochemical anodization.  

The elect rochemical anodization was carried out, at room temperature 

and without shaking, in a setup like the one presented in figure 3.3, the volume 

of the electrochemical cell was approximately 50 mL. The metal used, both i n 

the anode and in the cathode, for each  of the anodizations was sheet titanium 

(thickness 0.05 mm, Ti 99.6%, Gallium source). The electrolyte corresponded 

to a mixture of ethylene glycol (EG) (Ó 99% Sigma-Aldrich), ammonium fluoride 

(AF) (Ó 98.0%, Sigma-Aldrich) and deionized water (DIW). Titan ium anodization 

was carried out at constant voltage in two steps in order to obtain nanostructures 

with higher ordering.  

The working electrode (anode) was 10 mm x 30 mm and the counter 

electrode 15 mm x 30 mm. The approximate distance between electrodes wa s 

20 mm and the exposed area of the working electrode was close to 200 mm 2, 

one side of the electrode was coated with non -conductive resin insoluble in the 

electrolyte. The arrangement of the electrodes within the cell was adjusted in 

such a way that 10 mm above the free surface of the  electrolyte was reserved 

for electrical connections.  

 

 
Fig. 4.6 Controlled synthesis variables and application levels during two -step 

electrochemical anodizing of titanium sheets.  
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The amount of EG was adjusted to 100% based on the different amounts 

of D IW and AF used according to figure 4.6. Before anodization, the sheets were 

subjected to a surface cleaning treatment by sonication in soapy water (20 min), 

then immersed in acetone ( 10 min) and subsequently in ethanol (20 min). 

Finally, they were dried at  50 ° C for 10 min.  

A programmable direct current power supply (BK precision XLN15010) 

and a multimeter (UNI -T UT171B) were used to record electrical measurements. 

These equipments we re connected to a computer via USB to control the 

operating conditions an d save the current behavior respectively.  

The anodization of the titanium sheets was carried out in two steps, each 

one at the same voltage and in the same electrolyte. In this way, f reshly 

prepared electrolyte was used in the first step and saved for use in the second 

step. After the first anodization (first step), the working electrode was sonicated 

in deionized water to remove possible nanotubes formed and thus obtain a 

preformed su rface. Subsequently, it was subjected to the same cleaning process 

descri bed previously and then the same coated face was isolated in the first step. 

The second step of the anodization was carried out to obtain the TiNTs. The 

anodization times in each step  varied between 40 min and 60 min. Finally, the 

working electrode was gen tly and thoroughly washed with deionized water and 

dried in the open air.  

The morphological and structural analysis of the TiNTs was performed by 

scanning electron microscopy (SEM) us ing a Zeiss Neon 40 which has a built - in 

energy dispersive X - ray (EDS) sy stem for elemental chemical analysis by EDS. 

The samples were left in vacuum for at least 12 hours before being observed in 

the microscope, the intact surface was mechanically altered  to observe structural 

characteristics of the nanotubes. Dimensions were statistically determined using 

various images using ImageJ software. The statistical determination of the 

dimensional characteristics, specifically, length, pore diameter and cell dia meter 

are based on a sample size equal to 20 and with a significance of 9 5% to 

calculate in each case the confidence interval in the measurement.  
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4.3.  Influence of electrochemical anodization parameters on the 

formation of TiO 2  nanotubes . 

 

4.3.1.  Voltage applied in the electrochemical cell.  

The phenomena that occur during the formation an d growth of 

nanostructures when electrochemically anodizing titanium sheets can be 

evidenced through the behavior of the current throughout the anodization (figure 

4.7). T hese curves represent the behavior of the current density within the 

electrochemical cell when using an organic electrolyte (97.85% EG, 2.0% DIW, 

0.15% AF) at different constant voltages for 60 minutes and adjusted to the 

model of figure 4.5, presenting th e same 3 stages. It is clear that the voltage 

applied to the cell during potentiostat ic anodization has a direct effect on the 

behavior of the current and therefore on the oxidation and dissolution reactions.  

 

Upon initiation of anodization, the current de nsity for all voltages drops 

dramatically due to the initial formation of a non -condu ctive compact oxidation 

layer. Once the oxygen ions, attracted by the field, generate nucleation of pores 

on the thin oxide layer, the drop in current density is attenuate d to a minimum. 

At this point an inflection occurs that represents the continuous dis solution of 

the oxide and the formation of the pore of the nanotube is established. The 

current density maintains the recovery due to the increase in conductivity of the 

m edium.  

The asymptotic value of current density in Figure 4.7 represents the 

steady st ate that the system acquires within the time that anodization lasts. That 

is, the oxidation and dissolution rates are equal and the growth of the nanotube 

reached a constant rate.  This behavior has been reported by other authors, some 

of them also report s teady state of growth of TiNTs [25], [26]  while others  show 

downward curves after the current density reaches a maximum [27], [28] . This 

new and prolonged decrease in current value indicates that the oxidation 

reaction is faster than dissol ution and that the growth front of the nanostructure 

is progressively slowing down.  
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Fig. 4.7 Behavior of current density during potentiostatic anodization of titanium sheets 

using an organic electrolyte composed of ethylene glycol, 0.15% NH 4F and 2.0% 

deionized water at room temperature.  

 

Figure 4.8 shows different morphologies obtained during  the formation of 

TiO2 nanotubes using an electrolyte of the same composition and concentration, 

but applying different voltages in the electrochemical cell.  Specifically, change 

in cell size, pore diameter and structure of the arrangement of the nanostruc ture 

is observed. These morphological results, accompanied by the behavior of the 

current density, allow us to define in the light of the mechanism previously  

exposed that there is indeed a relationship between the voltage and the final 

morphology that rea ch the nanostructures.   

The anodizing process can be repeated several times on the titanium 

sheet. Figure 4.9 presents the behavior of the current density for  the 

potentiostatic anodization of titanium sheets at 60 V in two steps using the same 

electrolyte . By preserving the electrolyte used in the previous anodization, it is 

true that it contains a different composition than the initial one because part of 

its  composition has been consumed in the formation of nanostructures up to that 

moment. This change i n composition directly affects the conductivity of the 

medium, the current density profile and therefore the final morphology. Between 

each anodization step, the possible nanostructures formed are removed in order 

to make future formations more structured and ordered.  
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Up to this point, the current density 

profiles and the concordance with stages 

I, II and III of the model in figure 4.5 have 

been presented. This indicates that zone I 

of the profile represents the beginning of  

anodization with the formation  of a 

compact layer of titanium oxide with high 

electrical resistance. This layer causes the 

current to decrease rapidly to a minimum 

value in the first minutes of the process. 

For figure 4.9 the minimum current value 

was rea ched before 150 seconds . The 

compact layer can reach approximately 

values close to 50 nm in the first 2 minutes 

when 20 V is applied to the cell [29] . In 

other words, the advancement of the 

oxidation process, according to equation 

4.2, requires that the O 2- and OH - ions 

migrate through this layer of high 

electrical resistance. It can then be 

deduced that there is a certain porosity in 

the layer, some authors attribute this 

characteristic to the presence of the F - ions 

[30] , which implies that the dissolution of 

the oxide occurs in parallel. That the 

current continues to decrease is an 

unequivoca l sign that the nanotube 

synthesis process, seen as metallic 

oxidation and oxide dissolution, is not in 

equilibrium and i s dominated by oxidation.  

Figure 4.8. TiO 2 nanotubes synthesized by potentiostatic electrochemical anodization for 

60 min. Electrolyte: 96.97% EG, 0.15% AF,  2.0% DIW. Voltages used: (a) 40 V, (b) 60 

V, (c) 80 V.  
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Fig. 4.9 Behavior of current density during two -step potentiostatic anodization of 

titanium sheets at 60 V  using an organic electrolyte composed of ethylene glycol, 0.15% 

NH4F and 3.22% deionized water at room temperature.  

 

Sta ge II is marked by a sustained increase in current density. This can be 

interpreted as the establishment of defined pores in the compac t layer through 

which ion migration encounters less resistance to flow. Specifically, the chemical 

dissolution of the oxi de by the action of F - ions (reaction 4.3) easily generates 

cavities within the compact layer. Said stage ends, passing to stage III, w hen a 

constant value in the current is reached, as presented during the first anodizing 

step in figure 4.9 or when a mode rate and sustained decrease in the current 

begins again, as observed in the curve of the second step . 

The goal of performing two -step a nodization is to improve the degree of 

organization of the nanotube array. Figure 4.10 presents the sequence of SEM 

photo graphs of the morphological differences obtained during two -step 

anodization of the titanium sheet at 80 V. Figure 4.10 -a presents the top view 

of the TiNTs, in which a very wide of the diameter of the pores, in addition to 

not being well defined or clear.  So, removing these first TiNTs will be very 

important to obtain a preformed surface (figure 4.10 -b), that is, with traces that 

can ser ve as predefined initiation sites for the second anodization. Thanks to this 
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removal, the new TiNTs  will preferably 

form  on these footprints (figure 4.10 -c) 

and will be characterized by having a 

higher degree of ordering and uniformity 

in their characteristics and morphological 

dimensions. Thus, the removal of the 

nanostructures formed during the first 

step of anodization d ecreases random 

nucleation because it generates a 

preformed surface in which a uniform 

distribution pattern of the electric field 

can be generated on the titanium surface 

in the second anodization. These results 

coincide with what is o bserved in other 

inve stigations that also use organic 

solvents during potentiostatic 

anodization at constant temperature of 

titanium sheets and where, in addition to 

highlighting the significant improvement 

in the ordering of nanostructures, the 

favoring t owards the formation of 

anatase crystals also stands out. [31], 

[32] . Th e latter is very impo rtant in the 

TiO2 nanotubes in this research due to 

the implications in the development of 

nanostructures that seek better use of 

sunlight.   

Up to this point, it can be seen that 

the current density values vary with 

Figure 4.10. TiNTs synthesized by potentiostatic anodization at 80V for 60 min. 

Electrolyte: 96.97% EG, 0.22% AF, 2.81% DIW. (a) top view applying only one step, 

(b) traces left after removing the f irst nanotubes, (c) view of the top end nanotubes.  
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changing  the voltage (figure 4.7) or  with 

the number of steps (figure 4.8) used in 

the electrochemical anodizing of titanium 

sheets and that there is a strong 

relationship between this behavior and 

the final morphological characteristics of 

the nanostructure.  

 

4.3.2.  Deionized water concentration i n 

the electrolyte.  

From figure 4.11 it is evident that 

the amount of DIW directly intervenes in 

the formation mechanism of TiNTs and 

significantly affects their final 

morphology. Several structural 

characteristics are observe d to change, 

including length a nd lateral texture. 

Nanotubes formed in electrolytes with 

higher amounts of DIW (Figure 4.11 -c) 

are much longer than those formed at 

low concentrations (Figure 4.11 -a). 

Figure 4.11 -b shows the appearance of 

lateral surface ch aracteristics between 

adjacent tubes in specific sections that 

define the roughness of the 

nanostructure.  

The formation of these 

particularities, known as "ribs", forms a 

more compact structure in the sense that 

Figure 4.11. TiO 2 nanotubes synthesized by potentiostatic electrochemical anodization 

at 40 V for 60 min using 0.22% AF and different concentration s of DIW in ethylene 

glycol. (a) 2.0%, (b) 3.2%, (c) 3.8 %.  
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there is a clamping between the nanotubes. Chong et al., explain that the ribs 

are produce d when a layer rich in fluorine has formed on the external part of the 

nanotube and, according to the amount of water present in the electrolyte, the 

dissolution of that layer is favored. This dissolution can even advance to the 

surface of the metallic tit anium and generates interstitial spaces that are 

permeated by the electrolyte, offering an additional path to the pore of the 

nanotube for ionic transport  (Ti 4 + , F -, O 2-) [33] .  The presence of this ionic 

charge, driven by the electric field, leads to the localized formation of an oxide 

film around the outer wall of the nanotube that is interrupted at a critical 

thick ness after which  the electric field is no longer strong enough as to facilitate 

ion migration [34] . 

 

4.3.3.  Concentration of fluoride ions in the electrolyte.  

 

 
Fig. 4.12. Side view of TiO 2 nanotubes synthesized by potentiostatic electrochemical 

anodization at 80 V using 2.8% DIW and differe nt concentrations of AF in ethylene glycol 

for 60 min: (a) 0.15%, (b) 0.22%.  

 

In figure 4.12, nanotubes synthesized at 80 V for 60 minutes are observed 

using electrolyte of the same composition, but with a different concentration of 

ammonium fluoride. It i s evident that the structures formed are regular, without 

appreciable spaces b etween nanotubes, with great uniformity in cell diameter 

and length. However, there are substantial differences in length, for 0.15% AF 

(Figure 4.12 -a) approximately 13 µm was ob tained while for 0.22% AF (Figure 

4.12 -b) the length is around 29 µm. These re sults have also been observed in 
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other investigations [22], [35], [36]  and these marked differences in length c an 

be interpreted to indicate very different values in the growth rate of the 

nanotubes. If the concentration of AF increases, a faster growth rate of the 

nanotube can be expected since the decrease in pH due to th e formation of HF 

favors the dissolution  rate of TiO 2 at the bottom of the nanostructure. At lower 

thicknesses in the growth front, an intense electric field combined with a more 

conductive medium allows to obtain nanostructures of greater length.  

The synt hesis of nanotubes adjusted to the condi tions of the experimental 

design of figure 4.6 was carried out under the potentiostatic anodization 

procedure in two steps. Figure 4.13 presents the top and side SEM images of 

the TiNTs produced on Ti sheets in organ ic electrolyte (97.85% EG, 0.15% AF, 

2.0 % DIW) at different voltages. The nanostructures have very different 

morphologies according to the voltage applied between electrodes for the same 

application times. It is evident that high length -diameter relationsh ips are 

handled for any of the applied v oltages and that they are higher at higher 

voltage, which shows the significant effect of this parameter on the morphology 

of the structures even using the electrolyte of the same concentration. The 

higher the voltag e, the greater the length of the nanotub es. For 40 V, lengths of 

approximately 2.50 µm are reached, while doubling the voltage (80 V) achieves 

lengths greater than 15 µm during the same synthesis hour. The length of the 

nanotubes when applying 60 v was sli ghtly greater than 8 µm. In contrast, th e 

relationship between pore diameter and voltage is not so direct, since the largest 

diameter was achieved at 60 V.  

The variation of the parameters under study in the electrochemical 

anodization at room temperature o n titanium sheets provides unequivocal 

evidence that the TiO 2 nanotubes have very different morphological 

characteristics. For the purposes of this research it is very important, then, to 

elucidate how the nanostructure is affected by changes in the synthe sis 

parameters, in particular, cell volt age, amount of ammonium fluoride, amount 

of deionized water. This will make it possible to determine the most suitable 

arrangement of TiNTs to carry out the surface modification with nickel.  
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Fig. 4.13. Top and side  SEM images of TiO 2 nanotubes synthesize d in organic electrolyte 

(97.85% EG, 0.15% AF, 2.0% DIW) at different voltages for 60 minutes. 40 V a and b, 

60 V c and d, 80 V e and f.  
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4.4.  Morphological characterization of TiO 2  nanotubes. . 

The study of morphological characteristics in nanostructures, in par ticular 

for TiO 2 nanotubes, requires the systematic variation of the synthesis conditions 

and the quantitative review of their effects to determine how the parameters of 

electrochemical anodization inf luence each of the dimensions of the structure. 

This kn owledge is necessary to understand the growth mechanism and define 

the appropriate conditions that allow synthesizing nanotubes with a high degree 

of ordering and with dimensions that enhance the advan cement of research; 

both in the development of surface modifications with nickel and in the 

elimination of lateral factors that significantly affect the photoelectrochemical 

properties.  

 

4.4.1.  Growth sequence of TiO 2 nanotubes.  

 

 
Fig. 4.14. Sequence of stages during the formation of TiO 2 nanotubes. Representation 

of the changes that the titanium sheet undergoes during potentiostatic anodization (a -

e). SEM images of the top and cross -sectional view during the formation of the oxide 

layer formed between 0 and 3600 s (f - i). 60 V anodization in EG + 0.22% AF + 2.85% 

DIW . 

 

The electrochemical anodization of titanium sheets makes it possible to 

obtain 1D structures with a specific functional nanoarchitecture. The TiO 2 

nanotubes were synthesized in an organic el ectrolyte composed of EG, AF and 

DIW at room temperature withou t stirring and under the application of a 

constant cell voltage. TiNTs are formed thanks to the simultaneous occurrence 

of 3 processes: (a) oxidation promoted by the electric field of metallic titanium 

at the metal / oxide interface, (2) dissolution promot ed by the electric field of Ti 
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+ at the oxide / electrolyte interface and ( 3) chemical dissolution of TiO 2 at the 

inlet of the nanotube by the action of fluoride ions at low pH [8], [37], [38] . 

Figure 4.14 represents a sequential record of the  main TiNTs formation stages 

during the anodization carried out  in two steps.  

The representation begins with the titanium sheet (Fig. 4.14 -a) and ends 

with formed and organized nanotubes (Fig. 4.14 -e). The titanium sheet was 

initially treated with a cleaning protocol in order to remove any impurities 

present on the me tal surface. SEM photographs of the modifications made to the 

titanium foil for each nanotube formation stage are presented in fig. 4.14 f - i. 

Fig. 4.14 - f presents the surface characterist ics of the titanium sheet before 

subjecting it to the anodizing proce ss. After removal of the nanotubes formed 

during the first anodization step, traces were formed on the metal surface (fig. 

4.14 -g). These hemispheric fingerprints are a preform that offer s initiation sites 

for the formation of nanostructures [4], [39] . Likewise, this  preforming of the 

sheet reveals flaws or imperfections on the sheet.  By applying voltage to the 

electrochemical cell to initiate the second anodization step, the natural reactivity 

of titanium rapidly allows the formation of an oxide layer (Fig. 4.14 -c) d uring 

the first few seconds. Ionic migration from the electrolyte and  through the oxide 

layer allows the generation of nanochannels (Fig. 4.14 -d). These nanochannels 

inside the thin oxide layer allow the generation of initiation points (base of the 

nanotub e) to form an ordered hemispherical structure of oxide (fig. 4.14 -h) 

which, having adequate conditions, make up the final nanotube arrangement 

(fig. 4.14 -e and 4.14 - i) [6], [39], [40] . 

The initial  morphology of the nanostructures (Fig. 4.14 -h) shows 

differences in terms of cell length and diameter. This indicates that it is possible 

to have differences in the growth speed of nanotubes between one region and 

another. In fact, in the literature, diff erences are reported in the final 

morphology of the TiNTs compared to  characteristics of the lamina such as: 

origin [41] , th ickness [42] , pretreatment [43] and this implies that there are 

obviously different growth speeds. It is also observed that the nanotubes in their 

initial stage are connected with other nanotubes through an upper compa ct oxide 
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layer (Fig. 4.14 -h). This shows that the growth front of the nanostructure occurs 

at the metal / oxide interface. Some research reports that the compact layer 

that forms at the beginning of anodization in some metals such as titanium can 

reach up to 100 nm if aqueous electrolytes are used [44] . In the last growth 

stage (Fig. 4.14 - i), the nanostructures reached approximately 7 microns in 

length and 165 nm in cell diameter when 60 V was applied as the cell voltage. 

This growth, its s peed and final morphology will be a function of the applied 

voltage, the relationship between these characteristics and the voltage will be 

analyzed later.  

During the stages mentioned ab ove, each of the properties that the 

nanotubes will have are establish ed, among them, obviously the structure is also 

included. It is then possible to have a direct impact thanks to the manipulation 

of the electrochemical anodization conditions in the fina l structure of the TiNTs. 

In the literature they have reported that Ti NTs as they are formed in the 

electrochemical cell can be anatase, rutile or a mixture of the two [45], [46] .  

 

 
Fig. 4.15. Current density versus time profile specifying eac h stage of potentiostatic 

anodization at 60 V for 1 hour in EG + 0.22% AF + 2.85% DIW. The inset shows the 

profile for the first 300 s.  

 

The current density behavior profile is presented in fig. 4.15. The presence 

of stages I, II and III is evidenced durin g the formation of TiNTs and is similar 
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to that presented in the literature [47] . The current drops rapidly, then comes a 

tipping point and briefly rises to a steady point. During the first seconds there is 

a sharp declin e that represents the rapid formation and growth of an oxide layer. 

This compact layer of titanium oxide is characterized by its high electrical 

resistance. The minimum value of current density is reached at 32 s (3.7285 mA 

cm -2) and represents the moment in which the oxide layer is permeated by 

nanochannels. From this point the formation of nanostructures and their growth 

begins. Therefore, a growth sequence based on the behavior of the density and 

the monitoring of the morphology of the nanotubes can be p roposed according 

to what is found in the literature [24]  [48] . First, pore initiation occurs, formation 

of a hemispherical -shaped oxide layer, and continuous growth of the 

nanostructure.  

 

4.4.2.  Infl uence of voltage on the formation and growth of TiO 2 nanotubes.  

 

The titanium sheets were anodized using a constant voltage between the 

electrodes under the study conditions presented in fig. 4.6. In general terms, 

straight, cylindrical, non -spaced, closed at the bottom and open at the pore 

TiNTs were obtained as shown in figure 4.13. The photographs allow us to see 

that there is a close relationship between the voltage and the final morphology 

specifically in dimensions such as diameter and length. The high er the voltage, 

the greater the diameter and length of the nanot ube.  

When reviewing the mechanism and the conditions of the cell it is clear 

that this process is self - limited since the intensity of the electric field decreases 

progressively as the thicknes s of the oxide layer increases. The ions, which 

participate in e quations 4.1 to 4.3, move within the electrochemical cell thanks 

to electrical forces generated by the intensity of the electric field and also to 

diffusive forces generated by the concentrati on gradient. Then, by varying the 

intensity of the electric fiel d, ionic migration is also affected and as a 

consequence, ionic diffusion begins to be important during anodization. The 

balance between these processes will define the morphological character istics 

during the formation of the nanostructures.  
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Fig. 4.16.  SEM images of the side view of the titanium dioxide nanotubes synthesized by 

potentiostatic anodization for 1 hour using organic electrolyte: (a, b, c) 97.45% EG, 

0.15% AF, 2.4% DIW and ( d, e, f) 96.58% EG, 0.22% AF, 3.2% DIW.  

 

Figure 4.16 presents the s ide view of TiNTs obtained by two -step 

anodization using an organic electrolyte of the same composition under different 

cell potentials. The anodization time for all tests was one hour and the  voltages 

used varied between 40 V and 80 V. It can be seen that  voltage plays an 

important role during the formation and growth of nanostructures. The final 

length of the TiNTs is proportional to the voltage applied in the electrochemical 

cell.  
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Figure 4.17. Geometric characteristics of TiNTs synthesized by potentiostatic anodization 

for 60 min using organic electrolyte: EG, DIW and 0.15% AF. Nanotube length (a), cell 

diameter (b) and nanotubes per unit area (c).  
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Figure 4.18. Geometric cha racteristics of TiNTs synthesized by potentiostatic anodization 

for 60 min using organic electrolyte: EG, DIW and 0.22% AF. Nanotube length (a), cell 

diameter (b) and nanotubes per unit area (c).  
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Figu res 4.17 and 4.18 show the behavior of length (L), external cell 

diameter (D) and internal pore diameter (d) with respect to voltage for different 

concentrations of DIW. It  also presents the error associated with each measure, 

which are higher at the u pper  end of the range. This is due to a greater 

morphological heterogeneity of the nanostructures.  

In the 40 V to 80 V interval, the relationship between length and voltage 

follows a power law (fig. 4.17 -a and fig. 4.18 -a) while the relationship between  

diamet er and voltage is linear (fig. 4.17 -by fig. 4.18 -b). When reviewing the 

results reported by other research on the relationship between the length and 

cell diameter of TiNTs with voltage, there is no consensus on this. Variations 

originate, for example , du e to the applied voltage range, the type and 

composition of the electrolyte, the cell configuration. Some results report a linear 

relationship  [20], [49], [50]  while others [50] ï[52]  they employ a power law 

relationship like the one presented here. For the case of the cell diameter, the  

convergence on the line ar relationship with the voltage is unanimous [25] ,[49], 

[53] . 

The final length of the TiNTs after 60 minutes of anodization increa ses if 

the applied voltage between electrodes is higher. This happens because using a 

higher voltage facilitates the transport of ions through the bottom of the 

nanotube. The continuous arrival of ions to this part of the nanostructure makes 

the processes of oxidation (Eq. 4.2) and dissolution (Eq. 4.3) promoted by the 

electric field accelerate and therefore the metal / oxide interface is permanently 

rebuilt. This repetitive process of formation -disappearance of the metal / oxide 

interface causes the interf ace to advance towards the metal substrate [20], [54] . 

Achieving a steady state, that is, a balance between oxide formation and 

dissolution, allows for higher current densities and consequently greater pore 

lengt h. Of course, the synt hesis of nanotubes with greater length implies that 

higher growth rates have been achieved in the nanostructure.   

At 40 V the growth rate was between 1.2 and 2.6 µm h -1 approximately 

for the electrolyte with 0.15% AF, while for 0.22% AF it was between 1.1 and 

2.2 µm h -1 approximately. Although the growth rate doubled, in both cases, 
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there is no substantial variation between the intervals of change in the growth 

rate due to the amount of ions present in the medium. This confirms that th e 

length achieved is t he result of a charge transport limitation imposed by the 

voltage between the electrodes. On the contrary, for 80 V the growth rate of the 

nanotubes changed between 13.3 and 15.6 µm h -1 approximately for the 

electrolyte with 0.15% AF and when using an elec trolyte with a greater amount 

of ammonium ions (0, 22% A F) the growth rate varied between 18.3 and 37.2 

µm h -1 approximately. In this region, there are important differences between 

the intervals of variation of the growth rate, contr ary to that observed i n the 40 

V zone, where the interval was practically constant. For the electrolyte with 

0.15% AF, the growth rate increased by approximately 20%, while for 0.22% 

AF the value was doubled with respect to electrolytes with a low concentr ation 

of DIW. This con firms what is seen at low voltage values, the length of the TiO 2 

nanotubes responds more to the influence of voltage because it directly affects 

the movement of ions in the electrolyte, that is, on the ionic current. For the 

electroly te with 0.15% AF, the growth rate increased by approximately 20%, 

while for 0.22% AF the value was doubled with respect to electrolytes with a low 

concentration of DIW. This confirms what is seen at low voltage values, the 

length of the TiO 2 nanotubes resp onds more to the influ ence of voltage because 

it directly affects the movement of ions in the electrolyte, that is, on the ionic 

current. For the electrolyte with 0.15% AF, the growth rate increased by 

approximately 20%, while for 0.22% AF the value was do ubled with respect to 

electrolytes with a low concentration of DIW. This confirms what is seen at low 

voltage values, the length of the TiO 2 nanotubes responds more to the influence 

of voltage because it directly affects the movement of ions in the electro lyte, 

that is, on the ionic current. Under the cell configuration, the maximum length 

reached for the TiNTs was 37.153 ± 7.42 µm when anodizing in two steps for 

60 min at 80 V and with an electrolyte composed of 0.22% AF, 2.4% DIW and 

97.38% EG.  

The behavi or of the cell diamete r (fig. 4.17 -b and 4.18 -b) has a linear 

relationship with the cell voltage. The measured values for the different 

electrolyte compositions showed an average variation between 125 and 185 nm 
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and approximately 125 -  195 nm for electro lytes with 0.15% AF and 0.22% AF 

respectively. From the experimental results it is observed that, unlike the cell 

voltage, the effect of the composition on the variation in the diameter is not 

significant and that the differences in the final diameter that is achieved at each 

voltage are  not statistically significant. Table 4.1 presents the cell diameter 

measurements for potentiostatic anodizations using EG at room temperature 

changing time. The results agree with what is presented in Figures 4.17 -b and 

4. 18 -b when checking the  linear re lationship with the voltage, the independence 

of the electrolyte composition and allows establishing that the external diameter 

is not a function of the anodization time. This conclusion was also reached by 

other authors who sintered TiNTs using platinum a s a counter electrode and an 

electrolyte composed of NaF, Na 2SO4, DIW and glycerin. [55]  or a mixture of 

formamide and n -methylformamide [37] . 

It has been suggested that, during the formation of the nano structure,  

the diameter of the cell is one of the morphological characteristics that is defined 

in the first minutes of anodization. The initial nanoporous cavities expand rapidly 

to a critical value to remain constant throughout the process [56] .  

 
Table 4.1. Cell diameter of titanium nanotubes synthesized by potentiostatic anodization 

in ethylene glycol at different times using different cell voltages.  

 

 
% AF  

 

% DIW  
Cell potential 

(V)  
Anodization time 

(min)  
Average cell 

diameter (nm)  

0.22  2.42  60  60  167.70 ± 12.74  

0.21  2.43  60  120  162.09 ± 13.68  

0.22  2.43  80  40  189.55 ± 13.36  

0.22  2.42  80  60  191.51 ± 15.58  

 

Figures 4.17 -c and 4.18 c represent the behavior of the pore diameter as  

a function of voltage. At low voltage values the relationship between the internal 

diameter and the voltage is proportional, but it reaches a critical value from 
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which this relation ship is reversed. For the different electrolyte compositions, it 

is obse rved that said critical value is reached at approximately 60 V. The increase 

in cell voltage, after 60 V, disfavors the chemical dissolution of TiO 2 in the upper 

part of the nanotube, that is, in the mouth of the nanotube. Based on the power 

law that relat es the length of the nanotube and the cell voltage, increasing the 

voltage favors the elongation of the nanostructure, therefore, according to 

equation 4.3, more H +  ions are needed.  

When the cell voltage changes between 40 and 80 V, the internal diameter 

values vary between approximately 30 and 70 nm for different electrolyte 

compositions. Results published in the literature (see table 4.2) report similar 

values despite using differ ent conditions both in voltage, electrolyte composition 

and anodization time. Therefore, it is possible to state that this morphological 

characteristic is of low variability, compared to the others, and necessary within 

the process of stable formation of T iNTs. If the internal diameter increases 

considerably, it puts the forma tion of nanotubes at risk, giving way to other 

types of sponge - like structures [57] . 

 
Table 4.2. Brief summary of pore diameters of titanium nanotubes synthesized by 

potentiostatic anodization using different synthesis conditions.  

 

Cell potential  

(V)  

Electrolyte 

composition  

Anodization 

time  

Pore 
diameter 

(nm)  

Ref.  

20  DMSO ï EtOH 48 h  60  [58]  

20  HF -  DIW  20 min  78  [49]  

20  H2SO4 ï HF -  DIW  10 h  54  [59]  

40  FA ï DIW -  EG 17 h  70  [50]  

60  FA ï DIW -  EG 4 h  120  [60]  

 

 

Figures 4.19 -a and 4.19 -b represent the statistical determination of the 

number of nanotubes per unit area as a function of the applied voltage,  assuming 
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an ideal packing with hexagonal distribution as observed in figure 4.13 -e. For 

the two electrolytes, w ithin the range of voltage variation, the result confirms 

the characteristics of the behavior presented in figures 4.17 -b and 4.18 -b since 

due t o the linear increase in cell diameter a progressive decrease in nanotube 

density is obtained. It is concluded t hen that if the cell diameter decreases, a 

greater number of nanotubes can be obtained per unit area.  

 
Figure 4.19. Density of TiO 2 nanotubes s ynthesized by potentiostatic anodization for 60 

min using organic electrolyte based on EG, AF and DIW. (a) 0.15% AF and (b) 0.22% 

AF. 
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4.4.3.  Influence of the electrolyte composition on the formation and growth 

of TiO 2 nanotubes.  

Within the parameter s of electro chemical anodization, the composition of 

the electrolyte has been important due to the effects it has on the morphology 

of the nanostructure. When reviewing the state of the art, it is evident from the 

results found that during the anodic oxida tion of tita nium sheets, the 

composition and concentration of the electrolyte has a significant effect on the 

final topography of the TiNTs and therefore on their properties. Based on the 

model presented above, it is clear that the ionic charge of the elec trolyte dire ctly 

affects the reactions that lead to the formation and growth of nanotubes.  

According to their chemical nature, the electrolytes used in 

electrochemical anodization are aqueous or organic. The evolution in the study 

of the formation of TiNTs  can be clas sified in 3 generations according to the type 

of electrolyte used. The first generation used an aqueous solution of hydrofluoric 

acid as a bath to synthesize TiNTs with approximately 500 nm in length and very 

rough walls [7] . The short lengths in the nanotube were associated with the low 

pH of the electrolyte and for this reason change s were made in the composition. 

The second generation used aqueous solutions of fluorine salts to increase the 

length, however the rough characteristics on the walls were maintained [9], 

[61] . The third generation is characterized by the use of organic solvents in order 

to have a better control of the nanotube formation process, specifically  in 

characteristics such as length, diameter and roughness. This control is achieved 

thanks to the decrease in the speed of the processes that involve the formation 

of nanotubes because organic solvents are mild oxidizing agents, that is, they 

are a poor s ource of oxygen and therefore the tendency to form oxides is reduced 

[38] .  

For the oxidation of titanium, it is necessary to have an oxygen source in 

the electrolyte. The presenc e of water in the organic electrolyte, even in low 

concentrations, is due precisely to the need for oxygen demand in the anodic 

process. For its part, am monium fluoride, in addition to being a conductive salt, 

is essential in the formation and growth of na notubes due to its participation in 
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dissolution processes. The systematic investigation of the different 

concentrations of the electrolyte at different v oltages makes it possible to define 

feasible zones for the formation of nanotubes. In this way, within the set of 

conditions studied, it is observed that completely defined porous nanostructures 

can be obtained and others cannot.  

 

 
Figure 4.20. Synthesis  zones of different morphological structures during the 

potentiostatic anodization of Titanium sheets.  

 

Fig. 4.20 presents the zones of existence of the different morphologies as 

a function of the most important conditions during the anodization of titaniu m 

sheets. In addition to fully identifiable nanotubes (Fig. 4.20 -a), it is possible to 

obtain two very different morphologies: sponge - like structure (Fig. 4.20 -b) and 

channel - like structure (Fig. 4.20 -c). These regions of formation of porous 

structures con form to what has been reported in other investigations in organic 

solvents where the final result of th e morphology is a function of the 
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characteristics of the electrolyte, the cell voltage and even the agitation of the 

medium [62], [63] . That is, it can be stated that there is no specific  

concentration of the electrolyte where a change in morphology occurs (nanotube 

-  sponge -  nanochannel), but rather that there is a set of relevant condi tions 

that influence the definition of the final configuration of the formed 

nanostructure, among them the voltage.  

Fig. 4.20 -c is a mesoporous structure with some tubular tendency that 

was formed in a high concentration ratio of DIW and AF, that is, the a mount of 

fluoride ions in the electrolyte was the lowest. Fig. 4.20 -b corresponds to a 

sponge - like stru cture in which the appearance of pores was completely lost as 

the voltage was higher and the ratio of DIW and AF concentrations decreased. 

By increasing the voltage applied during anodization, the Ti -O bond undergoes 

a polarization and therefore a weakenin g, this in the presence of a greater 

quantity of fluoride ions (F -) notably favors the chemical dissolution of TiO 2 with 

the consequent loss of tubular n anostructure [55] .  

It is necessary to mention that the thin oxide layer formed from the 

beginning of the anodization can remain even after the development of the 

porous TiO 2 nanostructure has started. This layer is located in  the upper part of 

the structure (fig. 4.20 -c) and thanks to the dissolution carried out by the 

fluorid e ions, it disappears during anodization. The growth of the nanostructure 

is achieved, under steady state conditions, when a balance is achieved between 

the growth rate and the dissolution rate of the oxide at the bottom of the 

nanotube. The oxide formatio n generates H +  cations (4 moles for each mole of 

TiO2 formed, eq. 4.2), this produces significant local acidification.  

The relationship between the length of the nanotubes and the concentration of 

the electrolyte for anodization at 60 V is shown in Figure 4.21. As the DIW 

concentration increases, the length of the nanotube is shorter for the same 

anodization time. Therefor e, within the areas where TiNTs can be obtained, these 

results accompanied by those presented in figures 4.17 -a and 4.18 -a show that 

nano tubes with greater length can be obtained when there is a higher voltage 

between electrodes, a higher concentration of AF and a lower DIW concentration. 
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The differences in length may be the result of different dissolution rates of the 

oxide due to the pres ence of fluoride ions according to equations 4.3 and 4.4.  

 

 ὝὭὕ φὊ  τὌ  O  ὝὭὊ  ςὌὕ (4.3)  

 ὝὭ  φὊ  O  ὝὭὊ  (4.4)  

 

 
Figure 4.21. Length of TiO 2 nanotubes obtained by potentiostatic anodization at 60 V for 

60 minutes using as electrolyte a mixture of ethyle ne glycol, ammonium fluoride and 

deionized water.  

 

Bearing in mind that the F - ion has a smaller atomic radius compared to 

the oxygen anion and is more electronegative, it will be able to move faster 

through the oxide layer. This helps advance equation 4.4  and renews the growth 

front of the nanostructure at the metal / oxide interface, allowin g greater lengths 

to be obtained [60] . In other words, fluoride ions are necessary because they 

serve two functions: first, they keep the oxide layer thin, which promotes 

conductivity and continuous growth of the nanostructure, and second, they 

dissolve the Ti 4+  ions that reach the oxide interface/electrolyte [24] .  

Figure 4.22 shows the relationship between the diameter of the TiNTs  and 

the electrolyte concentration. The approximate mean value of the cell diameters 

for ele ctrolytes with 0.15% and 0.22% AF is 158.5 and 171 nm respectively (Fig. 

4.22 -a). When observing the behavior of the average value of the cell diameter 
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when the DIW  concentration varies for each AF concentration, there are no major 

changes and the differen ces observed are not statistically important.  

Another result that can be observed from figure 4.22 -b is the trend in the 

reduction of the pore diameter with the inc rease in the DIW concentration. A 

larger pore diameter, in general terms, is associated with  a longer nanotube 

length and smooth walls (fig 4.23 -a and 4.23 -b) while shorter nanotubes also 

have smaller pore diameters and rougher walls, even a close connecti on between 

adjacent nanotubes by ribs located mainly in the lower part of the nanostructure 

(Fig. 4.23 -c and 4.23 -d).  

 
Figure 4.22. Geometric characteristic (cell diameter and pore diameter) of TiO 2 

nanotubes obtained by potentiostatic anodization at 60 V  for 60 min in an electrolyte 

composed of ethylene glycol, ammonium fluoride and deionized w ater.  
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In the literature, it is reported that nanotubes with small pore diameters 

develop lower current densities. This reduces the amount of H +  ions and 

therefore the dissolution of the oxide, affecting the development and growth of 

the nanostructure [44], [64] . Likewise, the surface characteristics presented in 

fig 4.11 -b confirm results reported by oth er investigations, in which the 

formation of roughness is favored under certain conditions o f concentration of 

fluoride ions and water [33] . 

 
Figure 4.23. Lateral morphological characteristics of TiO 2 nanotubes obtained b y 

potentiostatic anodization at 60 V for 60 min in ethylene glycol, NH4F and DIW. Low 

water = 2.0%, high water = 3.8%, (a) and (c) 0.15% AF, (b) and (d) 0.22% AF  

 

Figure 4.24 presents the X - ray energy dispersive spectrum (EDS) of a 

sam ple of TiNTs from whi ch the constituent elements of nanotubes are found, 

the presence of TiO 2, Fluorine, nitrogen (from NH 4F) and carbon (from ethylene 

glycol). The spectrum shows the typical peaks for fluorine, oxygen and titanium 

at the K ʰ 0.52, 0.68, an d 4.51 respectively. The spectrum for the sample without 

any post - treatment to potentiostatic anodization shows that the intensity of the 

F K  hpeak is greater on the walls of the nanotubes, some research reports that 



CHAPTER 4 

 

104 
 

this occurs because the  amorphous struc ture of the TiNTs allows the electrolyte 

to trap the fluorine on the walls of the nanostructure [65] . Althoug h there is also 

the possibility that during the nanotube formation process and thanks to the 

migration of the F -  ions towards the metal, the ions are incorporated into the 

porous structure that forms the oxide. [66] .  

It is clear that the structure of the TiO 2 that is formed on titanium sheets 

can be controlled with the anodization conditions, but it is important to clarify 

that the combined effect of these condit ions defines all the final geometric 

characteristics. Then, the approach of the possibility of achieving the same type 

of nanostructures with similar specific characteristics under different conditions 

is valid. In this way, beyond comparing anodization co nditions to review 

morphological characteristics, it is very useful to carry out an analysis of the 

structure based on the form that allows making comparisons and elucidating a 

degree of performance in the different applications that TiNTs have.  

 

 
Figure 4.24. X - ray energy dispersive spectrum (EDS) for TiNTs obtained by anodization 

at 60 V for 60 min in organic electrolyte (97.02% EG, 0.22% AF, and 2.76% DIW.  

 

4.4.4.  Analysis of structural TiO 2 nanotube dimensions  



CHAPTER 4 

 

105 
 

 

Through the different applications that TiNTs hav e, it is clear that the 

properties of the nanostructure are determined by its specific architecture, that 

is, the morphological characteristics of the TiNTs are the basis for defining the 

applications. There fore, knowing the morphological characteristics o f the TiNTs 

implies quantifying their different dimensions. For this purpose, measurements 

of: internal pore diameter (d), external cell diameter (D), nanotube length (L), 

spacing between nanotubes (x) and w all thickness (W) were made using image 

analysis software (ImageJ) and SEM images. Figure 4.25 represents the 

dimensions of the nanotubes based on an ideal arrangement proposed by Kontos 

[67]  with identical and evenly spaced nanotubes.  

 

  
Fig. 4.25. Geometric diagram of the surface morphological characteristics of identical 

and evenly spac ed TiO 2 nanotube arrays. Top view (a) and side view (b). Source: self 

made.  

 

From the measurement of the dimensions of the previous geometric 

scheme, important characteristics for porous structures can be quantified in 

terms of (1) geometric roughness fact or (G), which measures the real area of 

the surface of the nanostructure because it represents the area of the physical 

surface of the nanotubes per unit of projected area [68] , (2) the porosity (P), 

defined as t he ratio between the surface area occupied by the pores and the 

total surface area [69]  and (3) the cell len gth -external diameter aspect ratio. 
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The parameters G and P, which are dimensionless like the aspect ratio, are 

calculated respectively by the following ex pressions [69] . 

Ὃ ρ
 

Ѝ  
             (4.5)  

ὖ ρ
   

Ѝ  
           (4 .6)  

Figures 4.26 to 4.28 present the above geometric parameters based on 

the average measurements made on the scanning electron microscopy (SEM) 

images using ImageJ software.  

 

 
Fig. 4.26. Behavior of the geometric roughness factor as a function of the por e diameter 

for TiNTs obtained by potentiostatic anodization for 60 min.  

 

The geometric roughness factor (figures 4.26), calculat ed from equation 

4.5, starts from an ideal configuration in which it relates the active surface area 

and the geometric surface a rea. Therefore, it is a useful dimensionless geometric 

parameter to relate the combined effect of morphological characteristics with 

the applications of the nanostructure. From fig. 4.26 sectorized response zones 

are observed, in which both the pore diamet er and the voltage affect the value 

of the roughness factor. It is clear that the lowest values of the roughness factor 

are ob tained by having small pore diameters and employing low values of 

anodizing voltage. However, two nanostructures with similar pore diameter can 

have very different roughness factors, mainly due to the length of the nanotube. 
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This is because the total len gth is directly proportional to the voltage (fig. 4.17 

and 4.18). A variation in voltage significantly affects length due to the  power law 

relationship between the two, and in turn has a significant impact on the value 

of the roughness factor.  

The TiNTs sy nthesized under the conditions of the experimental design 

(Fig. 4.6) have a porosity between 12% and 28% approximately (Fig. 4.2 7). As 

porosity is the complement to the surface solid fraction factor ( ), which 

corresponds to the relationship between the surface area of TiNTs and the total 

surface area of the sample, these porosity values indicate that a high percentage 

of the  surface is covered by TiO 2.  

 

 

 
Fig. 4.27. Behavior of porosity as a function of length for TiNTs  obtained by anodic 

oxidation for 60 min using (a) 0.15% AF and (b) 0.22% AF in the organic electrolyte.  
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Within the lengths of TiNTs obtained, a parabolic - type behavior of porosity is 

observed. For short and long nanotubes, whi ch were obtained at low and high 

anodization potentials respectively, the porosity was low. This agrees with 

results published by other researchers with similar anodizing conditions [19], 

[70], [71] , in which, when anodizing at high potentials, they reported low 

porosity TiO 2 nanotubes with large pore diameter.  

The low porosity in the high -voltage zone (fig. 4.27), which is also  

observed for small pore diameters (fig. 4.28), can be explained by a localized 

disfavor of the chemical dissolution of TiO 2 at the mouth of the nanotube. When 

high voltage is applied to the electrochemical cell, the growth rate of the 

nanotubes increases considerably, this implies a higher consumption of H +  ions. 

The deficiency of H +  in the upper part of the nanostructure increases the pH and 

significantly affects the chemical dissolution, preventing the pore from growing 

and therefore the porosity.  

When r eviewing the behavior of porosity when the pore diameter 

increases (fig. 4.28) it is observed that these are directly proportional, but the 

relationship is more sensitive to low values of ammonium fluoride concentration. 

The highest porosity values are reached if the pore diameter is large and 60 V 

is applied to the electrochemical cell, this agrees with the behavior of the 

roughness factor (fig. 4.26). A high value in the roughness factor is associated 

with a nanotubular structure that has a greater  surface area  [67] . Because 

porosity d epends directly on the pore diameter, factors such as electrolyte 

composition and concentration, anodizing temperature and anodizing voltage, 

among others, also affect porosity. The change  in the above conditions 

generates a different relationship in the s peeds of the processes that occur 

during the formation of the TiO 2 nanotubes.  

In fig. 4.27 and 4.28 it is also observed that the formation of TiNTs  can 

occur in poorly porous nanostructure s, exhibiting short nanotubes with small 

pore diameter. This is in line with the results presented previously, in which the 

remnant of the initial compact layer is still observed above the nanotubes (Fig. 
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4.16 -a and  4.16 -d). This low porosity reduces the a ccess of the electrolyte into 

the pore and consequently affects the rate of growth.  

 

 

 
Fig. 4.28. Behavior of porosity as a function of pore diameter for TiNTs obtained by 

anodic oxidation for 60 min using a (a) 0 .15% AF and (b) 0.22% AF in the organic 

electrolyte.  

 

Table 4.3 presents the values for the cell length -diameter aspect ratio. 

For the experimental conditions, the aspect ratio varies between 9 and 154 

approximately, this clearly shows the tubular geomet ry of the synthesized 

nanostructures and they would be classified as 1D. Likewise, as the aspect ratio 

is higher there is a longitudinal preference in the direction of growth of the 

structure.   
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Table 4.3. Values of the aspect ratio length (L) -  cell diameter (D) for TiO 2 nanotubes 

obtained by potentiostatic anodization using different synthesis conditions *.  

 
* 0.15 %  NH4F y 2.0 % DIW   * 0. 22  %  NH4F y 2.0 % DIW  

Voltage 

(V)  

Length 

(µm)  

Pore diameter 

(nm)  

Length to diameter 

aspect ratio  

 Voltage 

(V)  

Length 

(µm)  

Pore  diameter 

(nm)  

Length to diame ter 

aspect ratio  

40  2,557  34,925  19,113   40  1,115  26,342  9,69  

60  8,068  74,121  49,138   60  9,091  67,969  54,06  

80  15,569  51,426  85,011   80  26,643  48,856  154,08  

 

 

* 0.15 %  NH4F y 2.4 % DIW  

  

 

* 0. 22  %  NH4F y 3.2 % DIW  

Voltage 

(V)  

Length 

(µm)  

Pore diameter  

(nm)  

Length to diameter 

aspect ratio  

 Voltage 

(V)  

Length 

(µm)  

Pore  diameter 

(nm)  

Length to diameter 

aspect ratio  

40  1,217  31,456  9,654   40  1,182  34,863  9,26  

60  5,003  54,881  29,014   60  8,852  55,723  49,26  

80  14,401  66,786  81,355   80  18,343  47,220  87,29  

 

 

* 0.15 %  NH4F y 2.8 % DIW  

  

 

* 0. 22  %  NH4F y 3.8 % DIW  

Voltage 

(V)  

Length 

(µm)  

Pore diameter 

(nm)  

Length to diameter 

aspect ratio  

 Voltage 

(V)  

Length 

(µm)  

Pore  diameter 

(nm)  

Length to diameter 

aspect ratio  

40  1,387  32,104  11,008   40  2,143  40,759  16,63  

60  2,835  44,760  18,395   60  7,669  61,199  43,70  

80  13,340  43,745  66,708   80  18,537  53,047  86,77  

 

Regardless of the electrolyte concentration, it is observed in table 4.3 that 

the aspect ratio varies significantly with the voltage. This behavior is the res ult 

of the difference in the type of response that the length and diameter have to 

changes in volt age in the cell. While the relationship between voltage and length 

is a power relationship (fig. 4.17 -a and fig. 4.18 -a), with diameter the 

relationship is li near (fig. 4.17 -b and fig. 4.18 -b). Regarding the variations in 

the electrolyte concentration, the  changes in the aspect ratio are not very 
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marked. However, it is possible to raise some behavioral characteristics and 

explain them based on the mechanism pro posed above.  

The aspect ratio decreases with increasing DIW concentration and 

increases with incre asing AF concentration. The variation in the concentration of 

these two components directly affects the ionic charge within the organic 

electrolyte. It is cle ar that the driving force within the electrochemical process is 

associated with the cell voltage, having high voltages and a high concentration 

of fluoride ions, these will migrate to the bottom of the nanotube and the 

dissolution of TiO 2 will occur promot ed by the electric field (Eq. 4.3). Parallel to 

dissolution, oxidation also occurs; the advance of these two reactions gives rise 

to greater lengths in the nanotube. As the electrolyte has a higher concentration 

of water, more H + ions wi ll be produced (eq . 4.2), generating localized 

acidification at the bottom of the nanotube, which is necessary for the dissolution 

of TiO 2 (ec 4.3). When the H +  concentration does not decrease due to advance 

in dissolution (Eq.4.3) at the same speed in whi ch it is generated  due to advance 

in oxidation (Eq.4.2), it begins to be distributed inside the pore. This distribution 

implies a migration towards the upper part of the nanotube, which favors the 

conditions for the dissolution of the oxide to occur at the  mouth of the 

nano structure and increase the diameter (fig. 4.17 -b and fig. 4.18 -b). In this 

way it can be said, then, that the aspect ratio is a controllable morphological 

characteristic with the conditions of the anodization.  

The proposed behavior agrees  with the publishe d results [61], [72], [73] , 

in which it is specified that it is possible to achieve high aspect ratios by  

controlling the p H both at the bottom and at the mouth of the nanotube. It is 

even proposed that an aspect ratio Ó 1000 can be obtained if the pH at the 

bottom of the nanotube Ғ two as long as a pH Ғ 5.In other words, the control of 

the dissolution speed i n different areas of the pore of the nanostructure, thanks 

to a pH gradient, allows obtaining particular aspect ratios. In this line of analysis, 

some investigations have reported that the use of organic electrolytes (high 

viscosity) as opposed to aqueous electrolytes (low viscosity) reduces possible 
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local fluctuations in concentration and therefore in pH, which allows obtaining 

nanotubes with ratios of look taller [74] .  

 

4.4.5.  Surface area determination.  

TiO2 nanotubes obtained at 60 V in an electrolyte composed of EG, 0.22% 

AF and 2.0% DIW were heat treated at 550 °C for two hours with a heating ramp 

of 2 ° C min -1 under ambient atmosph ere. The surface area of this sample was 

determined by nitrogen adsorption. The analysis was performed on a 

Micromeritics Gemini III equipment  with a Vac Prep061 degassing unit. 150 mg 

of sample were weighed and degassed at 250 °C for 24 hours taking the  nitrogen 

adsorption isotherm at 77 K. The specific surface area was determined by the 

BET model obtaining a value of 149.87 m 2 g -1 within the r elative pressure range 

of 0.06 to 0.30. These values are consistent with others reported under similar 

synthes is conditions [75], [76] . 

The surface area value found is much higher than the values reported for 

TiO2 nanoparticles, which can vary between 9 and 50 m 2 g -1 approximately [77], 

[78] . In this way, it can be concluded that the TiNTs provide a greater area for 

interaction with solar energy. The adsorption isotherm of the sample clearly 

reflects a type  IV behavior according to IUPAC  classification, that is, the TiNTs 

have a mesoporous structure. This mesoporous structure is consistent with the 

typical results for nanotubular structures reported in the literature. [79] .  

 

4.5.  Conclusions . 

The mechanisms implicit in th e formation of nanotubes have been widely 

debated in the literature from different points of view and with various 

interpretations and even so there is no, to date in the best review made for this 

proposal, a complete explanation of all features morphologi cal observed due to 

the lack of direct experimental evidence.  

Nanotubes self -organized titanium oxide has been obta ined by 

electrochemical anodization oxidation in different solutions. Ammonium fluoride 
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and deionized water concentrations were adjusted in e thylene glycol in order to 

have various electrolytes. A growth of high -aspect - ratio porous titanium oxide 

layers, s pecifically titania nanotubes were observed under specific conditions.  

The pore diameters of these structures are in the range of 25 ï80 nm 

approximately. The thickness of the oxide layer increased during anodization up 

to a limiting thickness 15 microns t hat is reached after approximately 1 h. After 

this time, the initial irregular morphology was evolved to a highly regular tube -

like structure . The thickness and morphology are strongly dependent on cell 

potential, electrolyte concentration, steps and time of anodization. The present 

studies show that in the initial stages of the anodization a thin titanium oxide -

hydroxide layer is formed corres ponding to a high - field barrier layer and the 

porous self -organized structure grows underneath this initial layer. Clearly this 

precursor layer has a significant influence on the pore growth process.  

The ammonium chloride and deionized water concentration in ethylene 

glycol have a strong influence on the morphology of nanotubes formed on 

titanium. The morphological fea tures of the nanotubes were related to a fluoride -

induced dissolution of a porous structure. Using Image J software is possible to 

determine geometric parameters, length, diameter, pore diameter and growth 

rate of titania nanotubes. The porosity usually in creases with pore diameter, the 

tube diameter increases with increasing water additions, due to a reduced 

conductivity of the electrolyte clo se to or within the nanotube layer or an altered 

growth factor of the barrier layer. The compositions of the films reveal the 

presence of fluorine, nitrogen, and carbon species derived from the electrolyte, 

with a relatively insignificant dependence on the  water content of the electrolyte.  

During the formation and growth of nanotubes, thanks to the 

potentiostatic anodi zation of the titanium foil, the specific control of a particular 

geometric characteristic is extremely complex. The anodization conditions a ffect 

all the morphological characteristics of the nanotubes as a whole and 

transversely and therefore seeking inde pendence of the effects is very difficult.  
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The differences in the growth rate during the formation of the TiNTs can 

be interpreted as differe nces generated from variations in the dissolution rate or 

the formation of nanostructures with particular morpholog ical characteristics.  
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5.1.  Introduction.  

The exponential growth in world energy consumption, population growth 

and the serious environmental problems of the planet require the development 

of clean and renewable energy. Photocatalytic technology offers a very 

interesting alternative in the search for sustainable solutions in the field of 

energy and environmental impact. Thanks to its high chemical stability, 

abundance, low cost, minimal toxicity and high photostability, TiO 2 has been one 

of the most chos en semiconductors for the development of many photocatalysis 

investigat ions during the last decades [1] ï[3] . 

The applications of TiO 2 are very wide and diverse: : gas sen sors [4] , dye -

sensitized solar cells [5] , lithium batteries [6] , biomaterials [7] , environment [8]  

and photo electrolysis of water [9]  are among the main ones. A diagram of photo 

electrolysis of water is presente d in Figure 5.1. The photocatalytic performance 

of TiO 2 is fundamentally limited by the high value of its band gap, which  restricts 

the absorption of light to a reduced UV area. To improve the photocatalytic 

response of TiO 2, it is necessary to develop new  materials with a modified 

structure that allows better use of light radiation.  

 

 

 
Fig. 5.1 Schematic of photoelectrochemical water splitting. Source: Authors.  
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A photocatalytic reaction involves, in global terms a sequence of 3 steps: 

(1) absorption of l ight to generate electron -hole pairs, (2) separation of 

photogenerated charges and transport to the photoc atalyst surface, and (3) 

oxidation/reduction in surface area. To favor the performance of these stages, 

several options have been proposed, such as th e synthesis of semiconductors 

with low band gap values that absorb radiation of greater wavelength, and 

semiconductors with specific physical properties (size, crystalline structure) that 

allow the separation and transport of the photogenerated charges a nd the 

adjustment of the band level to the redox potential of the desired reaction.  

The literature widely supports that TiO 2 nanostructures, specifically TiO 2 

nanotubes (TiNTs), have greater interaction and absorption of sunlight. The first 

development of cylindrical TiO 2 nanostructures (nanotubes) by anodic oxidation 

of a titanium sheet in the presence of flu orine was published two decades ago. 

Through this technique, highly organized nanostructures with specific physical 

dimensions can be obtained. The us e of TiNTs allows to slightly broaden the 

usable spectrum of light and improve the transfer and separation  properties of 

photogenerated charges. [10] .  

Nanostructures have a better photocatalytic performance because they 

offer greater  interaction and absorption of radiation. However, it is necessary to 

promote a shift in light absorption towards lower energy levels and to facilitat e 

reactions on the surface of the semiconductor through catalytic processes. In 

this direction, the develo pment of photocatalysts based on semiconductors has 

explored several alternatives such as: adjusting the structure and size of the 

crystallite [11] , addi tion of metallic or non -metallic elements to the crystal lattice 

[12], [13]  and fun ctionalization with cocatalyst [14], [15] . The synthesis of a 

material composed of cocatalysts and semiconductor generate s interfaces 

known as heterojunctions. These interfaces are obtained by superficially 

decorating the semiconductor with noble or transition metals. Th e use of the 

cocatalyst allows to accelerate or promote the different stages of the 

photocatalytic process  because it serves as active reaction sites, catalyzes the 

reaction and promotes the separation and migration of photogenerated charges.  
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The productio n of hydrogen from the dissociation of water is carried out 

using equations 5.1 and 5.2. These are half - reactions that occur at the anode 

and the cathode of an electrochemical cell respectively and represent the global 

reaction (equation 5.3) to obtain the  constituent elements of water. For this 

reaction to occur, an electrode potential of 1.229 eV is required . 

 

Water oxidation half - reaction:  τὬ ςὌὕ O  ὕ  τὌ  (5.1)  

Proton reduction half - reaction:  ςὩ  ςὌ ᴼ Ὄ  (5.2)  

Global rea ction:  
Ὄὕ  O  Ὄ  

ρ

ς
ὕ  

(5.3)  

 

 

 

Fig. 5.2. Position of the band gap and the conduction and valence bands of some 

semiconductors. Source: Authors.  

 

Figure 5.2 presents the band gap for some semiconductor oxides and the 

maximum wavelength th at radiation must have for the absorbed energy to 

generate a photo response. To carry out the hydrogen formation reaction it is 

necessary that the position of the conduction band is more negative than the 
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reduction potential of the proton. From this point of view, CdS and ZnS are 

effective semiconductors, however, they are susceptible to photocorrosion. 

Regarding TiO 2, it is much more stable, but the level of the conduction band is 

not negative enough.  

The synthesis of a cocatalyst seeks to overcome the lim itations mentioned 

above in the semiconductor. The literature reports surface doping of TiNTs with 

noble metals and transition metals [16] ï[19] . Among  the different transition 

metals, nickel is a very attractive option due to its abundance, chemical stability 

and low cost. A s cheme for surface doping of TiO 2 nanotubes with nickel is 

presented in Figure 5.3. The advantage offered by this type of material s is that 

nickel has a lower fermi energy than TiO 2, so the electrons photogenerated and 

located in the conduction band can be transferred to the metallic particles on the 

surface of the TiNTs. As more electrons accumulate on the metal particle, more 

negat ive energy levels can be obtained. This reduces the possibility of 

recombination of the photogenerated charges because while th e electrons are 

transferred, the photogenerated holes remain in the valence band of TiO 2.  

Due to the previous characteristics in which nickel accepts electrons, it is 

possible to call this type of cocatalyst a n -p heterojunction. Type n is due to the 

intri nsic deficiencies in oxygen that TiO 2 has and type p to the affinity that nickel 

has to receive photogenerated electrons.  

 

 
Fig.  5.3. Schematic of Ni doped TiO 2 nanotubes on a titanium foil: (a) TiO 2 nanotubes 

without any nickel modification and (b) Ni mo dified TiO 2 nanotubes. Source: Authors.  
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Figure 5.3 shows a scheme of surface decoration of TiO 2 nanotubes with 

metallic nickel particles and its corresponding oxide. It is clear that the size of 

the metallic particle on the surface of the nanotube must b e controlled to allow 

an effective interaction between the nanostructure and the light radiation. An 

excess doping blocks the fre e surface of the nanotubes, while a low doping does 

not generate improvement in the photocatalytic performance of the 

semicondu ctor. Bearing this in mind, it is necessary and important to find 

conditions that allow nickel doping at the nanoparticle level t hat reflect an 

improvement in the photocatalytic processes of TiO 2 nanotubes.  

 

5.2.  Electrodeposition setup and procedure  

The synthe sis of the TiO 2 nanotubes superficially decorated with nickel 

was based on obtaining homogeneous and smooth nanostructures under the 

anodic oxidation technique. In the previous chapter, different voltage conditions 

and different composition relationships in the electroly te were studied with the 

aim to know the effect of these variables on the morphology of the nanotubes. 

Based on th e set of structural and textural information of the nanotubes, a 

process was proposed that involved the following stages: (1) surface pre -

trea tment of the electrodes, (2) synthesis of nanotubes on titanium sheets, (3) 

heat treatment to the synthesized nano tubes, (4) surface decoration of the 

nanotubes with nickel and (5) final heat treatment to modified nanotubes.  

5.2.1.  Synthesis if TiO 2 nanotubes.  

 

The TiO 2 nanotubes were obtained by electroanodization  using titanium 

sheets as substrate. Before anodizatio n, the sheets were subjected to a surface 

cleaning treatment by sonication in soapy water (20 min), then, immersed in 

acetone (10 min) and subsequently in ethanol (20 min). Finally, they were dried 

at 5 0 ° C for 10 min. One side of the sheet was coated wit h an electrolyte 

insoluble non -conductive resin.  

Electrochemical anodization was carried out following the protocol 

established in section 4.2. In summary, titanium sheets (thickness 0.05 mm, Ti 
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99.6%, Gallium source) were anodized in two steps in an elect rochemical cell of 

approximately 50 mL, without agitation and at room temperature. Two steps 

were used during the anodization at 60 V for 60 min each and the electrolyte 

were composed of ethylene glycol  (EG) (Ó 99% Sigma-Aldrich), ammonium 

fluoride (FA) (Ó 98.0%, Sigma -Aldrich) and deionized water (DIW). The 

nanotubes obtained during the first anodization step were removed in order to 

obtain a homogeneous surface before the final anodization. Subsequentl y, the 

sheet was again subjected to cleaning and coati ng of the same face.  

The electrolyte used in the first step was used again in the second step. 

Titanium sheets were used as anode (working electrode) and cathode (counter 

electrode) in the electrochemic al cell. The electrodes were 20 mm apart and the 

anode  and cathode had dimensions of 10 mm x 30 mm and 15 mm x 30 mm, 

respectively. Both electrodes, the anode and the cathode, were submerged 

approximately 20 mm in the electrolyte. 10 mm above the free surf ace of the 

electrolyte were reserved for electrical co nnections.  

According to the results of the structural and textural analysis of the 

nanotubes in chapter 4, two electrolyte compositions were used. The 

composition of electrolyte 1 was: 96.65% EG, 0.15% AF and 3.2% DIW, while 

for electrolyte 2 it was: 97.78 % EG, 0.22% AF and 2.0% DIW. These nanotubes 

are hereinafter referred to as TiNTs -1 and TiNTs -2, according to electrolytes 1 

and 2, respectively.  

After the second anodization step, the working electrode  was gently and 

abundantly washed with deionized water  and dried in ambient air. In order to 

favor the anatase phase in the nanotubes formed, a heat treatment was carried 

out on the sheet. It was heated at 450 ° C for 2 hours in ambient air and, the 

heatin g and cooling ramp was 2 ° C min -1. Finally, the insul ated face is covered 

again during anodization with a non -conductive resin. The complete process 

described above is the one used for all nickel -surface -modified nanotubes. The 

surface area for a base sam ple was determined by nitrogen adsorption on a 

Microme ritics Gemini III equipment with a Vac Prep061 degassing unit, 
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degassing was done for 24 hours and the nitrogen adsorption isotherm was 

recorded at 77 K.  

 

5.2.2.  Nickel surface modification of TiO 2 nanotube ar rays  

The surface modification of the TiO 2 nanotubes wa s carried out by means 

of the nickel deposition through 3 techniques: wet impregnation, continuous 

electrodeposition and pulse electrodeposition.  

The wet impregnation on the nanotubes was carried out a t room 

temperature using Ni (NO 3) 2 Å 6 H20 (Ó 97% Sigma-Aldrich) (NiN ) as precursor. 

Deionized water or ethanol (Ó 99.5% Sigma-Aldrich) were used as solvent. The 

concentrations of the baths were 0.01M, 0.05M and 0.1 M with contact times of 

3 and 6 hours with constant gentle agitation. Subsequentl y, the impregnated 

TiNTs wer e gently washed with deionized water to remove excess of salt not 

deposited in the nanostructure. The samples were dried at 30 ° C for 24 hours 

to remove the solvent, and stored for later characterization.  

 

 
Fig. 5.4. Experimen tal setup for the electrodep osition of nickel on TiO 2 nanotubes. 

Source: Authors.  

 

Galvanostatic electrodeposition was also used to dope the TiNTs  with 

nickel. This surface modification was carried out in a two -electrode cell (Fig 5.4) 
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without shaking at r oom temperature. A Tabor electronics WW5061 wave 

generator was used connected to a power supply (Kepco BOP series 200 W 

bipolar operational powe r supply / amplifier). The TiNTs are the working 

electrode, while a sheet of pure titanium was used as counter electrode. A 

solution of Ni (NO 3) 2 Å 6 H20 (Ó 97% Sigma-Aldrich) (NiN) in e thylene glycol (Ó 

99.5% Sigma -Aldrich) was used as electrolyte. The di stance between electrodes 

was approximately 2 cm. Before starting the electrodeposition, one minute of 

wetting of the electrodes was allowed. Two types of electrodeposit ion were 

performed: continuous and pulsed. Experimental conditions are showed in table 

5.1.  

After electrodeposition, the photocatalyst was gently washed with plenty 

of water to remove ethylene glycol and the material that was not firmly 

deposited on the na notubes. Finally, the samples were dried at 30 ° C for 24 

hours to remove the solvent, and stored for later characterization. The Ni x/TiNTs -

y refer to the TiNTs -1 or TiNTs -2 modified by electrodepositing in x mmol L ī1 

NiN solution.  

 

Table 5.1. Experimental conditions for the synthesis of nickel -doped TiNTs by 

electrodeposition.  

 

Synthesis co ndition  Continuous 
electrodeposition  

Pulse 
electrodeposition  

Electrolyte concentration (M)  0.050 to 0.350  0.00625 to 0.250  

App lication time (s)  30 and 60  180 to 600  

Current density (mA cm -2)  12 to 37  30, 50, 70  

Work cycle (%)  100  10, 20, 33  

 

The last synthesis step consists in the calcination of the modified 

nanostructures. To favor NiO formation onto the TiNTs that were sup erficially 

decorated with nickel, the nanostructures were calcined at 450 °C for 2 h in 

ambient air. The heating and cool ing ramps were fixed at 2 °C min -1.  
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5.2.3.  Analysis of photocatalysts  

Morphological analysis of the nanotubes formed during anodization and 

the nickel -doped samples was performed by field emission scanning electron 

microscopy using a Zeiss Leo 982 Gemini coupled to an X - ray microanalysis 

(EDS) system for elemental chemical a nalysis. To support the structural 

analysis, transmission electron micr oscopy (TEM) analysis was performed on an 

FEI Tecnai Osiris equipped with energy dispersive X - ray spectroscopy (EDX) in 

STEM mode at 200 kV. The surface of the anodized sheet was mechan ically 

altered to observe the structural characteristics. The dimension al review of the 

TiNTs was performed using the ImageJ software. The study of the phases 

present in the nanotubes was carried out by means of X - ray diffraction (XRD) in 

a Rigaku Miniflex  diffractometer in 2ȅ continuous mode from 10 Á to 80 Á with a 

step of 0.02 ° s -1 and Cu Ka radiation (longitude 0.15418 Å) at 40 kV / 15 mA. 

The diffractograms were analyzed using X'Pert HighScore Plus software.  

 

5.3.  Structural and Morphological analysis of T iO 2  nanotubes.  

The TiO 2 nanotubes were synthesized by two -step electroc hemical 

anodization at 60 V for 60 min on a titanium sheet using electrolytes 1 and 2. 

The SEM photographs of the synthesized TiNTs are presented in Figure 5.5 and 

the corresponding mor phological characteristics in Table 5.2.  

Table 5.2. Geometric parameter s of TiO 2 nanotubes obtained by two -step 

electrochemical oxidation at 60 V for 60 min. (ab) electrolyte 1: 96.65% EG, 0.15% AF 

and 3.2% DIW; (cd) electrolyte 2: 97.78% EG, 0.22% AF and 2.0% DIW  

  

Electrolyte  Roughness 
factor  

Porosity  
Length to diameter 

aspect ratio  

one  187.79  0.268  35.79  

two  276.36  0.241  54.06  

 

 
 

By using this technique, structural characteristics of nanotubes can be 

controlled with certain reliability. Considering that morphology affects the 

photocatalytic performance of nanotubes, the development of nanostructures 
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with specific characteristics an d dimensions is important. In particular, the 

results presented in Chapter 4 indicate that it is possible to obtain nanotubes 

with lengths between 1 and 38 µm and pore diameter between approxima tely 

25 and 85 nm. Some of the qualitative characteristics wer e, for example, 

smooth, rough walls, spaced nanotubes, nanostructures with a compact 

remaining oxide layer, nanotubes, nanosponges, nanochannels, or differences 

in pore diameter uniformity.  

 
Figure 5.5. Morphological characteristics of the TiO 2 nanotubes obtained by two -step 

electrochemical oxidation at 60 V for 60 min. (ab) TiNTS -1; (cd) TiNTS -2.  

 

The presence of these morphological characteristics affects the implicit 

phenomena during a photoc atalytic process. In the literature, some results 
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report the c ounterproductive effect of very long nanotubes (high roughness 

factor) or with a very high aspect ratio [20], [21] .Despite the great number of 

active sites in this type of nanostructures, there is no appropriate absorption of 

radiation and, on the contrary, active sites favor the recombination of 

photogenerated charges.  

At the other extreme, the synthesis conditions for very short nanotubes 

demonstrated experimentall y (Fig. 4.17 and Fig. 4.18) that they do not favor 

the complete development of the structure. Thus, the pore diameter values are 

very low, the TiNTs are highly packed and have low porosity and a low roughness 

factor. Since the low porosity reduces the ac cess of the electrolyte to the interior 

of the pore, this set of characteristics does not favor the photocatalytic process 

either.  

Based on the previous analysis, the study of the photocatalytic 

performance of the nickel -doped TiO 2 nanotubes requires the u se of 

nanostructures with characteristics that do not interfere negatively with the 

process. Then, desirable nanotubes have a n intermediate, smooth, 

homogeneous length, high porosity and a roughness factor that is not high. 

These morphological characterist ics help to improve the separation of the 

photogenerated charges. In this way, it is possible to obtain a shorter hole 

diffus ion path to the surface and faster electron migration to the metallic 

substrate.  

Using ImageJ software, it was statistically determ ined with a significance 

of 95% that the length and pore diameter of the TiNTs -1 and TiNTs -2 (Fig 5.1) 

are 5.55 ± 0.57 µm, 68 .04 ± 7.54 nm and 9.09 ± 1.81 µm, 67.97 ± 7.56 nm, 

respectively. These measurements are the basis for the data presented in Table 

5.2. From the SEM images, it is observed that the synthesis protocol developed 

in this research allows to reliably obtain orga nized, homogeneous and uniform 

nanotube arrays with smooth walls, open pores, and of high density. This means 

that it is possible t o maintain the surface characteristics regardless of the 

dimensions of the nanotubes. Additionally, it was observed that the pore 

developed a V -shape (Fig. 5.6), which is typical for single -walled nanotubes, as 
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reported by other authors [22], [23] . This does not affect photocatalytic 

processes significantly, compa red with a U -shaped pore, as long as nanotubes 

have similar porosity [24] .  

 

 
Figure 5.6. Variation in pore diameter for TiNTs obtained by two -step electrochemical 

oxidation at 60 V for 60 min in electrolyte 2 (97.78% EG, 0.22% AF and 2.0% DIW).  

 

The TiNTS obta ined by electrochemical oxidation are amorphous and 

particularly unsuitab le for photocatalytic processes because they have a large 

number of localized states in their structure that act as recombination centers 

for photogenerated charges. After anodization , the TiNTs were annealed at 450 

°C for 2 hours in ambient air to induce crystallization. The annealing of the TiNTs 

aims to obtain the anatase phase in the nanostructures and improve their photo 

response by offering greater electronic mobility, with a hig her refractive index 

and a low extinction coefficient [25] . 

Figure 5.7 shows the XRD patterns for the TiNTs after anodization and 

after annealing at 450 °C for 2h in ambient air. Figure 5.7 -b shows the 

amorpho us behavior of TiNTS immediately after oxidation because there is no 

reco rd of diffraction peaks in the low angle zone. It is clear that the heat 

treatment crystallized the TiO 2 to its anatase phase (Fig. 5.7 -c), as evidenced 

by the characteristic peaks (J CPDS no. 21 -1272) at 25.7 °, 38.4 °, 48.8 °, 54.8 

° and 63.8 °. The inten se titanium peaks recorded by the equipment, even after 

annealing, may be due to the measurement made with TiNTs still attached to 

the titanium sheet and to the porous nature of nanos tructure.  
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The absence of diffraction peaks for the rutile phase indicate s that 

annealing at 450 ° C generated the desired changes in the crystalline structure 

and in the properties of the TiNTs. Therefore, the nanostructure was not exposed 

to a phase tran sition between anatase and rutile. These results were also 

observed when the TiNTs were annealed at a temperature between 200 °C and 

500 °C, above this value the anatase phase transforms into rutile [26], [27] .  

The BET specific surface area of the annealed TiNTs obtained with 

electrolyte 2 was 149.87 m 2 g -1. This value is comparable to measurements 

reported under similar synthesis conditions. [28], [29] . The set of properties 

established for the synthes ized TiNTs (high specific surface area, relatively high 

porosi ty, low value of the roughness factor, high aspect ratio, and photosensitive 

crystalline structure) allow to infer a better performance for the photocatalyst.  

 

 
Figure 5.7. XRD standards for Ti NTs obtained by electrochemical oxidation. (a) titanium 

foil, (b) amorphous TiNTs and (c) TiNTs annealed for 2 h at 450 ° C.  
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5.4.  Structural and morphological characterization of Ni doped 

TiO 2  nanotube arrays.  

 

5.4.1  Wet impregnation method.  

 

The nickel surface m odification of the TiNTs  by the wet impregnation 

method was carried out using NiN as a precursor in two different solvents: 

ethanol (EtOH) and deionized water (DIW). The concentration of the solutions 

ranged between 0.01M, 0.05M and 0.1 M. The nanostructur es were immersed 

in each  solution for 3 and 6 hours.  

The SEM images (Fig. 5.8) show the surface characteristics of the 

nanostructure after wet impregnation. It is clear that the nanostructure was not 

altered during surface modification with neither of the solvents. EDS analyses 

show higher percentages of Ni on the nanostructure when DIW is used as solvent 

during impregnation. However, it is necessary to clarify that the uncertainty of 

the measurement in low percentages of an element is greater and makes the  

measurement less reliab le.  

The EDS analysis performed in different areas of the Ni / TNTs -1 obtained 

in DIW shows variations in the nickel concentration. Therefore, the surface 

decoration of TiNTs with nickel by impregnation is not uniform.  

Using X - ray di ffraction patterns (XRD) , the phase of the synthesized co -

catalysts was determined. Figure 5.9 presents the XRD patterns for the 

photocatalysts (NiO / TiNTs -1) obtained by impregnation in different solvents 

and after calcination at 450 °C. Figure 5.9 -a pre sents the XRD pattern of  the 

nanotubes before modification. Figures 5.9 -b and 5.9 -c show the XRD patterns 

of the impregnated nanostructures and after calcination. All the samples present 

the photoactive phase of TiO 2, which indicates that the impregnation did not 

affect the anata se crystalline phase nor did it favor the transition from anatase 

to rutile, regardless of the solvent used and the salt concentration. The 

characteristic peaks of NiO (JCPDS no. 89 -5881) are observed as evidenced in 

37.24 °, 43.28 °, 62.84 °, 79.37 °.  
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Figure 5.8. SEM images and EDS elemental analysis of Ni / TiNTs -1 obtained by 

impregnation using Ni in EtOH at (a) 0.05M and (b) 0.10 M, and obtained in DIW at (c) 

0.05M and (d) 0.10 M  
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Figure 5.9. XRD standards for TiNTs modified  with nickel by impregna tion. (a) TiNTS -1 

annealed before impregnation, using (b) using 0.10 M NiN -EtOH and (c) using 0.10 M 

NiN-DIW.  

 

 

The wet impregnation technique has some disadvantages to superficially 

modify the TiNTs, among them: such as low homogen eity and low concentrati on 

of NiO on the surface. Similar results regarding low or no surface modification of 

the TiNTs by impregnation with nickel salts have also been reported even using 

basic solutions [30] . For contact times of 12 h in aqueous solution of nickel 

nitrate 1.5 M, the deposition was not homogeneous and a maximum elemental 

composition of 1% nickel weight was reached [31] . 

 

5.4.2  Direct Electrodeposition method.  

 

Prior to surface modification, the TiNTs were annealed following the 

procedure described in section 5.2.1. The galvanostatic direct electrodeposition 

was ca rried out on the TiO 2 nanotubes synthesized by electrochemical 

anodization. In this way, the configuration used during anodization is slightly 










































































