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Abstract

This thesis aims to demonstrate a new method to produce thin black TiOz films from pure TiO2
films in the anatase phase. The method consists of immersing the TiOz films for fifteen minutes
in a hydrogen plasma generated by a PECVD-RF system with a hollow cathode geometry,
resulting in an efficient darkening of the TiO2. The growth of pure TiO2 films in the anatase
phase on glass and c-Si substrates was carried out using a magnetron sputtering system and
subsequent heat treatment at 450 °C for 2h in order to achieve a preponderance of the anatase
phase. Before and after the Hz plasma treatment, the samples were characterized for their
morphological, microstructural, chemical, optical, electrical, and wettability characteristics. For
this purpose, analyzes of mechanical profilometry, scanning electron microscopy by field
emission and atomic force, UV-Vis-NIR spectrophotometry, X-ray diffraction, Raman
spectroscopy, X-ray excited photoelectron spectroscopy, measurements of sheet resistance by
four-point probe, and goniometry. In addition, the photocatalytic potential of the films produced
through the degradation of the methylene blue dye was evaluated, in addition to an investigation
of the characteristics of the hydrogen plasma generated during the hydrogenation process. The
results obtained show that the use of a hollow cathode for the hydrogenation process was
decisive for the efficient hydrogenation of the black TiOz films. After treatment in hydrogen
plasma, the films show a significant increase in the absorption of light across the solar spectrum,
a significant decrease in sheet resistance, and a significant increase in the surface area. These
results are mainly related to an increase in O vacancies and an increase in the presence of OH
hydroxyl groups on the surface of the films. These characteristics led to a significant

improvement in its photocatalytic activity under UV-Vis irradiation.
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Resumo

Esta tese visa demonstrar um novo método para se produzir filmes finos de black TiO2 a partir
de filmes puros de TiO2 na fase anatase. O método consiste na imerséo dos filmes de TiO2 por
apenas poucos minutos em um plasma de hidrogénio gerado por um sistema PECVD-RF com
uma geometria de catodo oco, resultando em um eficiente escurecimento do TiO2. O
crescimento dos filmes puros de TiO2 na fase anatase sobre substratos de vidro e c-Si se deu
por meio do método de pulverizagdo catddica (magnetron sputtering) e posterior tratamento
térmico a 450 °C durante 2 h a fim de se conseguir uma preponderancia da fase anatase. Antes
e ap6s o tratamento em plasma de Hz, as amostras foram caracterizadas quanto as suas
caracteristicas morfoldgicas, microestruturais, quimica, ética, elétricas e de molhabilidade. Para
isso, foram realizadas analises de perfilometria mecénica, microscopia eletronica de varredura
por emisséo de campo e de forca atdmica, espectrofotometria UV-Vis-NIR, difracdo de raios-
X, espectroscopia Raman, espectroscopia de fotoelétrons excitados por raios-X, medidas de
resisténcia de folha por sonda de quatro pontas e goniometria. Além disso, foi avaliado o
potencial fotocatalitico dos filmes produzidos por meio da degradagdo do corante azul de
metileno, além de uma investigacao das caracteristicas do plasma de hidrogénio gerado durante
0 processo de hidrogenacédo. Os resultados obtidos mostram que a utilizagdo de um catodo oco
para o processo de hidrogenacao foi determinante para uma eficiente hidrogenacédo dos filmes
de black TiO2. Apos o tratamento em plasma de hidrogénio os filmes apresentam um aumento
significativo na absorcdo de luz em todo o espectro solar, uma diminuigéo significativa da
resisténcia de folha, e um aumento significativo da area superficial. Estes resultados estdo
relacionados principalmente a um aumento das vacéncias de O e com 0 aumento da presenca
de grupos hidroxila OH na superficie dos filmes. Essas caracteristicas levaram a uma melhoria

significativa na sua atividade fotocatalitica sob irradiacdo UV-Vis.
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1 Introduction

1.1 Background

Nowadays, semiconductor materials have received widespread interest in studies, since
these materials are the basis of a variety of electronic/optoelectronic devices that can be applied
in sectors aimed at solving environmental and energy issues [1-3]. Considering technologies
such as solar cells, hydrogen production, or water purification, a key characteristic desired for
the application of semiconductors is the absorption of all radiation, or at least the most part, of
sunlight that reaches the Earth [4]. This is a challenge to be faced, since many of the
semiconductor-based materials used for this purpose generally have wide bandgaps, which does
not allow the absorption of the entire electromagnetic spectrum of the sun, covering the
ultraviolet (UV), visible (Vis), and near-infrared (NIR) range [5]. For this reason, many
researchers have been engaged in the treatment/modification of these materials to improve their
optoelectronic properties, seeking maximum absorption of radiation in the visible region [6-8].

In 2011, Chen et al. published the results from a novel structural modification carried
out in pristine TiOz (also called titania) nanoparticles [6]. It was reported that this new modified
TiO2, called “black TiO2”, was able to absorb electromagnetic radiation from the ultraviolet
(UV) to the near-infrared (NIR) range. This increase in absorption was a consequence of the
bandgap narrowing from 3.3 eV (pristine anatase TiO2) to 1.54 eV (black TiO2) obtained after
heat treatment (200 °C) in a hydrogen atmosphere for 5 days under high pressure (20 bar) [6].
This hydrogenation treatment induced the creation of defects and structural disorder in the TiO2
nanoparticles promoted by the incorporation of hydrogen atoms and removal of oxygen atoms,
which was responsible for the bandgap narrowing and consequent light absorption increase [6].

Considering the extreme experimental conditions used by Chen et al. as high hydrogen
pressure (which is a flammable gas) and the long process time, several studies started to be
developed with the proposal to optimize the hydrogenation methodology [9,10]. So far, the
most used methods are based on laser process [11], plasma-assisted treatment [12], chemical
reduction [13], and low-/high-pressure heat treatments [14—-16]. Among these methods, plasma-
based processes have been used through different configurations: thermal plasma furnace
[13,17], non-thermal dielectric barrier discharge (DBD) [18], plasma spray [19,20], chemical
vapor deposition (CVD) [21,22], and others [12,23]. In this context, the CVD method is one of

the most promising ones for synthesizing black TiOz, mainly for its relatively mild conditions
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(low pressure and short time process) and intense chemical reactions that this technique

provides without harming the material’s internal microstructure.

1.2 Problem Statement

Taking into account what was exposed previously, many research groups started to try
to use CVD-based systems looking for an effective way to produce black titania. In 2013, Yan
etal. treated anatase TiO2 nanoparticles with Hz plasma using inductively coupled plasma (ICP)
equipment under 26.5 - 28.3 mTorr, at a temperature of 390 °C for 180 min. The ICP power
was fixed at 3000 W and the synthesized material was applied to lithium-ion batteries [24]. One
year later, in 2014, Teng et al. synthesized black TiO2 powders using a hot filament CVD
configuration under Hz atmosphere. The treatment was carried out for 3h at 350 °C and 500 °C.
The samples were applied in photocatalysis experiments on the degradation of rhodamine B
(RhB) under simulated sunlight irradiation [25]. In the following year, black TiO2 nanofibers
were obtained by a CVD radio frequency hydrogen plasma system using an RF power of 15 W
and temperatures ranging from 300 °C to 500 °C for 3h [26]. Ren et al. synthesized black TiO2
nanoparticles by ICP instrument for 20 min under a hydrogen atmosphere (25.8 - 27.1 mTorr)
at 150 °C. The ICP power was adjusted to 3000 W and the material produced was applied in
photothermal cancer therapy [27]. In 2018, Islam et al. produced black TiOz2 thin films by a
microwave (2.45 GHz)-assisted plasma CVD (MPCVD) system, and their photocatalytic
activity was tested by photoelectrochemical water oxidation experiments under UV and visible
light [22]. The hydrogenation process was performed under work pressure and discharge power
at 40 Torr and 400 W, respectively, for 30 min. One year later, Pylnev and Wong also
synthesized hydrogenated titania thin films using an MPCVD (2.45 GHz) system [21]. The
treatment lasted 30 min under a working pressure of 10 Torr at 350 W. The authors evaluated
the photocatalytic activity of the synthesized black TiOz2 thin films by methylene blue (MB) dye
degradation when irradiated by a UV-Vis light source.

It is very clear to realize that, among the studies mentioned above, only one performed
the hydrogenation process for less than 30 min. Besides, most of the works had to use extreme
values of power to get great results. These two process variables (time and power) are directly
related to energy consumption, and, consequently, to the cost, which affects considerably the
costs of production mainly when we are talking about production on a large scale.

Moreover, most researchers concentrate efforts on the synthesis of black titania in

powder form steady of thin-film form. As is known, TiO2 in a nanopowder form is conducive
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to surface reactions due to its large active surface area. However, the difficulty in precipitating
and recovering the nanopowder from the treated liquid limits its application [28]. Therefore,
the use of thin films in contaminated liquid photocatalytic processes is interesting and

convenient.

1.3 Objective

Based on what is aforementioned, the main goal of this thesis is to present a new
approach to produce black titania thin films that consist of a fast and efficient method based on
a radiofrequency plasma-enhanced chemical vapor deposition system (RF-PECVD) under a
hydrogen (Hz2) atmosphere using a hollow cathode geometry. It is worth highlighting here that
the hydrogenation method presented in this work, so far, is unprecedented.

In addition, the work also aims to characterize the morphological, microstructural,
chemical, optical, electrical, and wettability properties of the produced black TiOz thin films.
The photocatalytic activity of this material was also investigated by methylene blue (MB) dye
degradation.

In addition, a brief study regarding the hollow cathode hydrogen plasma (HCHP)

generated during the hydrogenation process is explored.

1.4 Organization of the Thesis

A general introduction, the problem statement, and the objectives of the thesis are
presented in chapter 1.

Chapter 2 presents a brief review regarding black TiO2 based on the main papers
presented in the literature. This chapter gives special attention to the main methods used so far
to obtain black TiO2-based materials, the characteristics expected from its synthesis, and the
main applications.

Then, in chapter 3, some theoretical foundations that provide a background for the
discussions in this thesis are presented. There, are presented some concepts concerning hollow
cathode plasmas and others concerning photocatalysis.

Chapter 4 describes the methods and experimental procedures carried out for synthesize,
hydrogenate, and characterize the produced anatase TiO:z thin films. Also, the details
concerning the Hz plasma characterization are presented.

The results obtained from the deposition and hydrogenation of the anatase TiO: thin

films, as well as from the characterization of the hollow cathode hydrogen plasma are presented



21

in chapter 5. The morphological, microstructural, chemical and optical properties of the films
are presented and discussed. Also, the photocatalytic activity of these films is explored.
Chapter 6, the general conclusions related to each of the topics developed are presented,
as well as suggestions for future work.
Chapter 7 exposes the references used in this work and, in Chapter 8, the papers
published during this D.Sc. duration, which was also a prerequisite to defending this thesis.

Also, the works presented in scientific conferences are presented.

2 Literature Review

2.1 Introduction

Since the first report in 2011 concerning the synthesis of black titania, this material
started to be explored by many research groups around the world. However, compared with
other research themes, black TiO2-based materials are still slightly explored. This fact can be
well visualized in Figure 2.1, which shows the panorama of the number of scientific
publications on this topic from 2011 to May 2021. These data were collected through the
bibliographic research platform Web of Science using the expression “Black TiO2” as keyword.

It is possible to observe that the number of publications since 2011 was quite small,
having a more significant evolution in 2018. However, this quantity is still not an expressive
number when compared to the number of publications of pristine TiO2, for example, which
reaches the order of thousands of publications per year. This is a strong indication that there is
still a lot to be explored concerning this material mainly considering that it was reported for the

first time recently.
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In addition, among these publications, it is interesting to highlight that a great part of

the research groups that published on this subject is from China and just two groups in Brazil,

being one of them our group, has published a scientific article related to this topic until the date

of the survey, as shown in Figure 2.2,

China

USA
Germany
South Korea
India

Saudi Arabia
Taiwan
Japan

Others

l Brazil

149

Database: Web of Science
Keywords: "Black TiO,"

Search Date: 05/10/2021

37

(9]

0 50 100 150

200

250 300 350

Number of Publications

400

Figure 2.2. Quantity of scientific articles about black TiO2 published by country from 2011 to

2021.
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Therefore, it is evident that should be of great interest the study of materials used for
renewable energy technologies, especially back TiO2 in this case, considering that Brazil is one
of the few countries in the world that owns the privilege of receiving one of the greatest
incidences of solar light during the whole year.

As was mentioned above, it is undeniable that black TiO2-based materials are still a
novelty for the scientific community both at a global level and mainly at a national level. For
this reason, in addition to the importance of this material for solving current and future
environmental problems, there is still much to be studied about this topic, considering that it is
still a relatively recent material and many questions must be explored and answered.

In this sense, this chapter presents a brief review of the literature concerning black TiO2-
based materials. Some important topics are highlighted, as the main methods used for the
synthesis, the main characteristics desired after the synthesis, as well as the main areas where
this material can be applied. Lastly, considering that this thesis focused on the application of
the produced black TiOz thin films in photocatalysis for pollutant degradation, the main papers

published so far concerning this topic are exposed in section 2.6.

2.2 Black TiO2

Pristine/white TiOz2 is widely used in photodegradation of organic pollutants, solar cells,
photocatalytic water splitting for hydrogen generation, gas sensors, biosensors, textile
industries, as well as cosmetics, drugs, and even food industries. The large use of TiO2 can be
associated mainly with its whitish color and the fact that this material is chemically stable, non-
toxic, cheap, and photosensitivity [29,30]. However, due to the large bandgap (3.0-3.2 eV), this
material has a performance limitation when applied in processes/sectors where the use of solar
energy/light irradiation is necessary for activating chemical reactions or charge mobility. That
is a consequence of the large bandgap that limits the light absorption only in the UV range,
which corresponds to less than 5% of sunlight [31,32].

Amid this impasse, several research groups are concentrating efforts to try to increase
the light absorption rate of TiO2-based materials. In this sense, these researchers use several
strategies, as the doping of TiO2 with metals and also non-metals [33—35], a recurrent strategy.
The doping process can improve the light absorption range of the TiOz2, but sometimes only in
parts of the spectrum of the sun's emission. In addition, the doping sometimes can accelerate
the recombination rate of electron-hole pairs, which is not interesting for photocatalytic and

photovoltaic applications [36-38].
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In this context, in 2011, Chen et. al. published the results from a novel structural
modification carried out in pristine TiO2 nanoparticles [6]. They reported that this new modified
TiOz, called “black TiO2”, was able to absorb light energy from the UV to the near-infrared

(NIR) range, as shown in Figure 2.3.
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Figure 2.3. a) White and black TiO2 nanoparticles produced by Chen et al. and b) absorption

spectra of both samples. Reproduced from [6].

This increase in the absorption was related to the bandgap narrowing from 3.3 eV
(pristine anatase TiO2) to 1.54 eV (black TiO2) obtained after heat treatment (200 °C) under
high pressure (20 bar) at hydrogen atmosphere for 5 days promoted by a Hy-Energy Pressure-
Composition Isotherms (PCTPro) [6]. This hydrogenation treatment induced the creation of
structural disorder in the TiO2 nanoparticles promoted by the incorporation of hydrogen atoms
and removal of oxygen atoms (oxygen vacancies - Vo), which was responsible for the bandgap
narrowing. This combination of changes promoted optical, electrical, and photocatalytic
performance increase. Figure 2.4 shows the microstructure of the black TiOz2 monocrystal
proposed by the authors. The black dots represent the dopant (hydrogen) and the outer layer

represents the disorder.
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Figure 2.4. a) Proposed microstructure from a black TiO2 nanocrystal. Black dots represent the
dopant (hydrogen) and the outer layer represents the disorder. b) Schematic diagram of the
density of states from the black and white TiO2. Reproduced from [6].

In summary, the reason for the optical, electrical, and photocatalytic performance
improvements is that the lattice disorder induced by the hydrogen treatment promotes the
creation of midgap and also tail states inside the bandgap. Those changes decrease the bandgap
and, consequently, increase the light absorption range. Xiu et al. created a table that summarizes

the main differences between pristine and black TiO2 [39]:

Table 2.1. Main characteristics difference between pristine and black TiO2. Adapted from [39].

Pristine TiO2 Black TiO-
Wide bandgap Narrow bandgap
High recombination rate of photogenerated Low recombination rate of photogenerated
electron-hole pairs electron-hole pairs
Narrow light absorption range (UV) Large light absorption range (UV-Vis-NIR)
Fewer Vo More Vo
Low photocatalytic activity High photocatalytic activity

Although the results published by Chen et al. have shown themselves very promising,
the extreme experimental conditions used during the hydrogenation process, as high hydrogen
pressure (which is a flammable gas) and the long process time, motivated several research
groups to develop alternative methods with the proposal to optimize the black TiO2 production
methodology. In view of this, section 2.2.2 presents the main of these methodologies used in
different studies that can be found in the literature. Furthermore, in addition to optimizing
process parameters, these research groups have also been concentrating efforts on production

routes that can further improve the desired properties after the synthesis of black TiO2. Hence,
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beneath is exposed the main characteristics expected from the black TiO2-based materials after

being produced.

2.2.1 Black TiO2 Properties
After the synthesis of black TiO2-based materials, the researchers aim to achieve some
essential properties that make viable the application of these materials in photocatalytic and
photovoltaic applications. Among these properties, the following can be highlighted: structural
disorder of the surface, relatively high concentration of Vo, as well as an increase in the
concentration of Ti%* ions in its crystalline structure, presence of Ti-OH and Ti-H groups on its

surface, in addition to narrowing the gap energy [40,41].

Structural Disorder J

Narrowing Bandgap ] Oxygen Vacancies J

Ti-H bonds and OH groups
on the surface

Ti3* States ]

Figure 2.5. Main characteristics expected from the synthesis of black TiO2-based materials.

Tail States J

The expected structural disorder is caused mainly due to the creation of Vo in the TiO2
lattice. The presence of Vo and Ti* defect states are responsible for the creation of tail states
and midgap states inside the band gap, respectively, and, consequently, the bandgap narrowing,
as is represented in Figure 2.6 [42-44]. The black color is, therefore, a consequence of this
bandgap narrowing, and also is a piece of clear evidence that the material is absorbing light in

the visible range.
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Figure 2.6. Schematic diagram representing the details of the in-gap states of pristine and black
TiOo.

Besides, an amount of Ti-H bonds and OH groups are created on the surface of black
TiO2 after the hydrogenation process. These OH groups are the main oxidative group in
photocatalysis reactions in the dissolution of organic molecules [45].

In addition to all the characteristics mentioned above, some papers also report the
increase in the surface area after hydrogenation, which is also crucial for better performance in
photocatalytic and even photovoltaic processes [46-50].

It is worth mentioning that is not every synthesis process that makes the material
possible to have all these characteristics. This is even one of the challenges that researchers try

to tackle, as will be shown below.

2.2.2 Synthesis Methods

The first studies reported the production of black TiO2 by processes that demanded long
periods and the use of extreme pressure and temperature conditions. However, over the years,
these conditions have become milder mainly because of the efforts that researchers have
devoted to developing more efficient methods.

Among the several proposed methods, some of those have been more explored. The
main ones are heat treatment at high-/low-pressure of pure hydrogen or different gases
combinations (Hz/N2, Hz/Ar, N2/Ar, Ar) [38,46,51-73], chemical reduction [13,74-78], high-
energy particles bombardment (laser, electron) [11,79,80], plasma treatment [17,25,81-87],

electrochemical reduction-anodization [88-92], and others [93-95].
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Figure 2.7. Main black TiO2 synthesis methods reported in the literature so far.

In general, the focus of the researchers was the reduction of the work pressure, due to
the dangerous nature of Hz under high pressure, or the use of other gases combined with
hydrogen, as well as the reduction of process time. Furthermore, the possibility of using milder
process conditions means that the material matrix is not negatively modified.

It was aligned with these ideas that plasma processes began to be proposed as potential
routes for the synthesis of black TiO2. Plasma processes began to be used for
blackening/hydrogenate TiO2-based materials only in 2013 with Wang et al [96]. On this
occasion, the authors reported the preparation of black TiO2-xHx nanoparticles using a thermal
plasma furnace. Was generated a hydrogen plasma with an input power of 200 W, and the
nanoparticles were kept inside the furnace for 2 hours at a temperature of 500 °C.

That report concerning TiO2 hydrogenation by plasma process motivated many other
researchers to begin studying this theme with the purpose to obtain this material with the
expected characteristics in a short time by an efficient treatment. The graph in Figure 2.8 shows
how the amount of publications related to the production of black TiO2 using plasma processes

has evolved.
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Figure 2.8. Quantity of scientific publications on black TiO2 produced by plasma processes
since 2013.

The next section exposes the main contributions in the literature concerning the use of
plasma-based methods to produce black TiO2. The objectives and general idea of the works are
mentioned throughout the next sections, but the most important details of each of these papers

are organized in Tables 2.2 - 2.6.

2.2.2.1 Plasma Enhanced Vapor Deposition - PECVD
The first works reporting the use of PECVD systems for the production of black TiO2
were published in 2013. The first one was developed by Yan et al. and the main objective was
hydrogenating commercial TiO2 anatase nanoparticles and apply them in lithium-ion batteries
[24]. Soon after, Wu and collaborators produced hydrogenated TiO2 nanotube films for

application in supercapacitors [97].
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Table 2.2. Main operation parameters and main characteristics of the black TiO2 produced by

solution PECVD-based processes.

Year/ref. 2013/[24] 2013/198] 2014/199] 2015/[26] 2018/[22]
Ga(sé] F’Trgii‘; re sz(gg Szcgrg) [ He (1030755C°m) / HZZ(:%S;;T) / Hz (500 scem) Hs (100 sccm) / 40000
Power (W) 3000 (ICP) 40 (RF) 3000 (ICP) 15 (RF) 400 (microwave)
Process Time 180 90 0.5-20 180 30
(min)
Process
Temperature 390 320 150 300-500
(°C)
Morphology ~ Nanoparticles  Nanotube films Nanoparticles Nanofibers Mesoporous thin films
Defects Ti%* Ti%*, OH Ti%* Ti**, Vo Ti%*, Vo, Ti-H, Ti-OH
Bandgap (eV) - - - -
Phase Anatase Anatase Anatase/rutile Anatase Amorphous/anatase
Photocatalysis
. Lithium-ion . (MB Photoelectrochemical ~ Photoelectrochemical
Application Supercapacitors

batteries degradation and water oxidation

CO:z reduction)

processes

After the publication of his first work in 2013, Yan et al. published another work in 2014
[98] where they use the same PECVD system as the previous work. However, was used lower
process temperature and commercial TiO2 P25 nanoparticles, instead of pure anatase.
Furthermore, instead of applying them in lithium-ion batteries, he applied them in MB
degradation photocatalysis and CO2 reduction.

A year later, Lepcha et al. produced electrospun black TiO2 nanofibers and stained them
to be applied in photoelectrochemical processes [26]. Finally, in 2018 Islam and his
collaborators produced mesoporous black TiOz thin films by hydrogenating them using a
PECVD system activated by a microwave power source [22]. The authors tested the samples in
photoelectrochemical water oxidation.

2.2.2.2 Thermal Plasma Furnace

The first work reporting the use of a thermal plasma furnace system for synthesizing
black TiO2 was published in 2013 [96]. Wang et al. produced black TiO2 nanoparticles with a
core-shell microstructure and applied them in photocatalytic processes for both MO degradation
and hydrogen generation. In 2016, Tian and his colleagues published a study on the production
of hydrogenated TiO2 also synthesized by a thermal plasma furnace system [99]. In this study,
they applied the material in photoelectrochemical water-splitting. In that same year, Xu et al.
produced black TiO2 nanoparticles with a core-sell type structure to be applied in lithium-ion
batteries [100].
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Table 2.3. Main operation parameters and main characteristics of the black TiO2 produced by

thermal plasma furnace-based processes.

Year/ref. 2013/[96] 2016/199] 2016/[100]
Gas/Pressure
(mTorr) H2 H: H2
Power (W) 200 200 200
Process Time (min) 240-480 60 120
Process
Temperature (°C) 500 350-500 400
. . Core-shell
Morphology Core-shell nanoparticles Nanowires Nanoparticles
Defects Ti%*, Ti-H Ti%*, Vo Ti%*
Bandgap (eV) 0.8 2.76-2.96
Phase Amorphous/anatase/rutile TiO2-B Anatase
L Photocatalysis (Hz generation and MO Photoelectrochemical water- Lithium-ion
Application . . .
degradation) splitting batteries

2.2.2.3 Reactive Sputtering

Singhand and collaborators published in 2016 a study showing how they produced black
TiO2 thin films using a reactive sputtering system [101]. The authors did not apply the produced
films. However, from the characteristics obtained, they could infer that the material is suitable
for photoelectrochemical and photocatalytic applications.

Liang and his colleagues produced amorphous black TiO2 thin films, which they found
to be the reason for getting a wider bandgap than normal (3.78 eV) [102]. After that work,
Pylnev et al. prepared, in 2018, black TiO2 thin films also using a reactive sputtering system
[103]. The authors investigated the Hz flow rate influence on the properties of the thin films
and found that the produced black TiO2 presented lower photocatalytic activity compared with

the pristine one.

Table 2.4. Main operation parameters and main characteristics of the black TiO2 produced by

reactive sputtering processes.

Year/ref. 2016/[101] 2017/[102] 2018/[103]
Gas/Pressure (mTorr) Ar/Hz2/ 25 Ar/Hz2/ 4 Ar/H2/8
Power (W) 75 (RF) 380 (pulsed DC) 200 (DC)
Thin-film Thickness (nm) - 280 ~500
Process Temperature (°C) 300 - 300
Morphology Thin film Thin film Thin film
Defects TiZTi% - Vo
Bandgap (eV) 2.56 3.78 2.6-3.55
Phase Anatase Amorphous Anatase/rutile

Application - - Photocatalysis (MB degradation)
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2.2.2.4 Solution Plasma Process

In addition to the more conventional processes mentioned above, some researchers have
used plasma in an aqueous medium to produce black TiO2. In 2017, Jedsukontorn et al. used
such a system to produce black TiO2 nanoparticles [104]. Despite not having applied these
nanoparticles in any application, the authors well explored the parameters of the system used
and showed how they influenced the properties of the synthesized material.

A year later, An et al. proposed a modified sol-gel method using underwater discharge
plasma [105]. They synthesized nanospheres and tested them in photocatalysis by degradation
of rhodamine B and phenol. In the same year, Han and his colleagues synthesized black titania
by plasma electrolytic oxidation [106]. The main point of the work was to evaluate the influence
of the oxidation time on the synthesized material properties. Some details related to the works

mentioned above are represented in Table 2.5.

Table 2.5. Main operation parameters and main characteristics of the black TiO2 produced by

solution plasma-based processes.

Year/ref. 2017/[104] 2018/[105] 2018/[106]
Solution HNO3 TiOCl2/HCI/H20 NazSiO3-9H20/NaOH
Pressure (Torr) Atmospheric Atmospheric -
Power (W) i 800 5000 (pulsed power
source)
Process Time (min) 240 5,10 0.46-15.0
Process Temperature 60 65 i
(°C)
Morphology Nanoparticles Spheres Coating
Defects Ti%*, Ti-OH Ti%*, Vo Tizt/Ti%*
Bandgap (eV) 244 2.99,2.88 -
Phase Anatase/rutile Anatase/rutile Amorphous/rutile

Application i RhB, and phenol degr_adatlon by i
photocatalysis

2.2.2.5 Others
In addition to the works presented above, two others used slightly different methods but
are also based on plasma processes. The first one was published in 2013 by Li et al. and was
based on a hot filament hydrogen plasma system [107]. In this study, the authors synthesized
black TiO2 nanoparticles for the RhB degradation by photocatalysis. The second study deals
with the use of an air plasma treatment system, where the authors evaluated the influence of

treatment time on the properties of black TiOz thin films [108].
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Table 2.6. Main operation parameters and main characteristics of the black TiO2 produced by
other processes.

Year/ref. 2013/[107] 2016/[108]
Synthesis Method Hot Filament CVD Air plasma treatment
Pressure (mTorr) - 0.7

Power (W) - 22.7
Process Time (min) 180 0-1
Process Temperature (°C) 350, 500 -
Morphology Nanoparticles Thin film
Defects Vo, Ti-H Ti%*, Vo
Bandgap (eV) 2.8-35 3.00-3.62
Phase Anatase/rutile Amorphous
Application RhB degradation by photocatalysis -

2.2.3 Main Applications
Due to the interesting properties and versatility, black TiO2-based materials have been
applied in several areas, such as photocatalysis for pollutant removal from water
[25,43,62,70,76,109-113] and for hydrogen production [53,77,78,94,111-119], dye-sensitized
solar cells [123,124], supercapacitors [89,125,126], batteries [63,82,127-134], and
photoelectrochemical water-splitting [74,76,99,135-138].

Pollutant Removal from
Water

Dye-sensitized Solar Cells ] ] ‘ Hydrogen Generation J

Photoelectrochemical ]

Water Splitting ‘ Supercapacitors ]

E 3

Figure 2.9. Main application fields in which black TiO2-based materials have been applied.

In addition to the more common applications listed above, black TiO2 has also been
applied in other interesting areas, as CO2 reduction [139,140], solar desalination [10,141], and
photothermal therapy [27,79,142].



34

3 Theoretical Foundations

3.1 Introduction

This thesis is grounded on a variety of concepts related to the study of plasmas, materials
sciences, and photocatalytic processes. Therefore, is necessary to address some topics related
to these major themes that will provide a basis for a better understanding of the obtained results
in this thesis. Hence, this chapter summarizes the main concepts related to hollow cathode
plasmas, photocatalytic processes, and the use of pristine and black TiO2-based materials on

photocatalysis.

3.2 Hollow Cathode Plasmas

The use of plasma systems in the hollow cathode (HC) configuration is well established
and has been extensively studied [145-158]. The first HC was used in 1916 by Friedrich
Paschen operating with a DC discharge in an atmosphere of helium gas [149]. Although several
authors have already observed an abrupt increase in the discharge current when using hollow
cathode geometry compared to planar cathodes [147], the first experimental evidence of this
HC effect was reported in 1954 by Little and von Engel [157]. In this episode, an abrupt increase
in the discharge current (almost 10° times more) was measured when two parallel plates of the
cathode in question were gradually brought together from a distance of a few millimeters. It
was concluded on this occasion that, for the same DC potential established between the anode
and the cathode, was possible to obtain a discharge current 10° times higher and corresponding
plasma density only by establishing a suitable geometry for the cathode.

After that, several authors reported the possibility of using alternating current (AC)
instead of DC to generate the HC discharge in order to obtain an even denser plasma [147]. In
this context, the hollow cathode discharges generated by radiofrequency (RF) sources were first
studied by Horwitz [145] and, later, by many other researchers, who described other types of
configuration for the use of hollow cathodes with RF sources [144,147,155-157].

In general, the physical and chemical processes that occur inside an HC are more intense
when compared to a conventional parallel plate configuration [147]. This is a consequence of a
combination of effects that occur in plasma. These main effects are briefly described below and

are illustrated in Figure 3.1.
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Figure 3.1. Schematic representation of the main phenomena that occur in a hollow cathode
plasma. Adapted from [158].

High-energy electrons emitted from the walls of the cathode oscillate between the
repellent potentials of the walls. These electrons are accelerated by the sheath's electric field
and, during their oscillatory movement, they can suffer several collisions with the gas along
their paths, increasing the degree of ionization and consequently the density of the plasma
[147,157]. This oscillatory motion of electrons was named by L. Bardos§ as pendular motion
[147]. The origin of these electrons is due to two mechanisms:

(i) Thermionic effect due to overheating of the cathode walls as a consequence of ion
bombardment on it;

(ii) as a consequence of the bombardment of positive ions on the cathode walls, which
leads to the ejection of secondary electrons [147].

Furthermore, species from the cathode walls may eventually be further/sputtered due to
both ion bombardment and walls' heating. This species can be ionized and also contribute to

the phenomena described above [147].
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3.3 Photocatalysis

The photocatalysis process is inspired by the natural process of photosynthesis [159].
Basically, this process is characterized by the ability to conduct chemical reactions using light
energy [160,161]. The process that has been known today as photocatalysis was first reported
in 1972 by Honda and Fujishima when the photo-induced decomposition of water was
discovered [162].

The photocatalysis process can be summarized in three steps:

ELECTRON-HOLE PAIRS

LIGHT ABSORPTION ] — FORMATION

J—> SURFACE REACTIONS ]

Figure 3.2. Necessary steps to occur photocatalysis process.

(1) electron-hole pairs are generated in the bulk phase after being irradiated by light with
energy higher than the material bandgap;

(i) these electrons and holes migrate to the surface of the photocatalytic material;

(iii) the photogenerated electrons will act in the reduction reactions and the holes in the
oxidation reactions [163].

In general, this photocatalytic process is mainly used for three purposes: water splitting,
degradation of pollutants, and CO2 conversion [160]. However, because of their intrinsic
properties, in most cases, materials suitable for photocatalytic processes are also suitable for
photovoltaic devices.

Considering that this thesis will focus on the evaluation of the photocatalytic
performance of black TiOz thin films on the degradation of pollutants, it is worth highlighting
the main mechanisms and reactions that occur in this type of process. A schematic
representation of these mechanisms is presented in Figure 3.3, and the equations 3.1 — 3.6

explain the main chemical reactions.
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Figure 3.3. Representation of the mechanisms that govern processes of pollutant degradation.

Photocatalyst + hv > hyg* +ecp™ (3.1)
hygt + ecg™ = energy (heat) (3.2)

H,0 + hyg™ —+* OH (hydroxylradical) + H* (3.3)
0, + ecg~ = 0, * (superoxide radical) (3.4)

* OH + pollutant - H,0 + CO, (3.5)

0, * + pollutant - H,0 + CO, (3.6)

where hv is the light energy, h, 5" and e~ represents the holes and electrons photogenerated,
respectively [40]. After being irradiated by light energy, electrons from the valence band (VB)
of the photocatalytic material are excited and migrate to the conduction band (CB) leaving
behind holes in the VB (eq. 3.1). Photogenerated holes can react with H2.O molecules and form
hydroxyl radicals (*OH), while photogenerated electrons can react with Oz and form superoxide
radicals (O2™), which is represented in equations 3.3 and 3.4, respectively. In turn, as described
in equations 3.5 and 3.6, *OH and O radicals can react with pollutants present in the system,
most often organic pollutants, forming H20 and CO: as a product.

Is important to highlight that, amidst the reactions of equations 3.2 and 3.3, the
photogenerated electron-hole pairs can recombine and release energy as heat (see equation 3.2)
[40]. This recombination can occur both in the bulk and on the surface of the photocatalyst
[164]. This, consequently, decreases the photocatalytic efficiency of the process/material and,
hence, is an important issue to taking into account during the synthesis and characterization of

the photocatalysts [40].
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3.4 Pristine and Black TiO, Thin Films for Photocatalysis

Assuming that the TiO2 produced in this thesis will be applied in photocatalysis
processes, two important questions must be answered before its synthesis: (i) will we work with
this material in which morphology (nanoparticles, thin films, nanotubes, etc)?; and (ii) which
TiO2 phase will allow us better performance in photocatalysis processes?

Most photocatalytic studies use TiOz2 in the form of nanoparticles. Indeed, nanoparticles
have some important advantages compared to thin films/bulks, mainly concerning their high
surface area. However, the reuse of these nanoparticles in a photocatalytic system is difficult
and may also end up modifying the natural properties of the environment in which they are
being applied, since their removal is difficult. In addition, TiOz2 thin films can be easily used in
several other relevant applications, as in photovoltaic devices. Therefore, for some situations,
the use of TiO: as thin-film /bulk is necessary and more suitable.

Furthermore, considering that TiO2 can be found in three main phases (anatase, rutile,
and brookite), the choice of which phase will be used is extremely important to achieve the best
possible yield in the process in which this material will be applied. Table 3.1 shows the main
parameters of each TiO2 phase [165,166].

Table 3.1. Main parameters from TiO2 phases [165,166].

Phase Anatase Rutile Brookite
Crystal structure Tetragonal Tetragonal Orthorhombic
Atoms per unit 4 2 8

Lattice parameters a=b=0.39;c= a=b=046;c= a=c=054,b=

(nm) 0.95 0.30 0.91
Space group 14\/amd P42/mnm Pbca
Density (g/cm?) 3.83 4.24 4.17

Electron mobility
~10 ~1 -
(cm?/V.s)

Bandgap (eV) 3.26 3.05 2.96
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In the case of photocatalytic and photovoltaic applications, the phase that manifests the
highest performance, in general, is the anatase phase [167,168]. This is because the anatase
phase presents relatively higher electron mobility. This characteristic is related to a more open

structure, as shown in Figure 3.4 [38].

Anatase Rutile Brookite

Figure 3.4. Main crystal structures of TiO2. Adapted from [38].

Taking this into account, the vast majority of researchers who have been producing
black TiO2-based materials aim to synthesize that in the anatase phase. Is important to say that
the minority of studies in the literature present a phase change during the process of converting
pristine into black TiO2 [169]. The main idea is to achieve a process efficient enough to obtain
the properties described in Chapter 2, but at the same time mild enough time not to change the

phase of the material.

4 Materials and Experimental Procedures

The experimental procedures of this thesis are divided into two main parts: one related
to the deposition of the anatase pristine TiOz thin films and another related to the hydrogenation
of these films to form the black TiOz2 thin films. For both cases, is described in this chapter the
analytical instruments and conditions used to produce and analyze these films before and after
the hydrogenation process. Finally, is presented the experimental setup used for the

photocatalytic activity evaluation.
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4.1 Deposition of Anatase Pristine TiO2 Thin Films
The growth procedure of the pristine TiO2 thin films was divided into three steps:
substrates cleaning, deposition by magnetron sputtering, and subsequent heat treatment. Details

on each of these steps are detailed below.

4.1.1 Substrates Cleaning

Before the deposition step, glass substrates were cleaned using a routine used in the
LPP-ITA. First, the substrates were washed with the aid of Extran detergent and sponge in order
to remove coarse dirt and grease residues. After this stage, the substrates were submitted to
three ultrasonic baths, each lasting 8 min with different solvents: ethyl alcohol, acetone, and
isopropyl alcohol. After bathing, the substrates were dried with the aid of a thermal blower. The
entire cleaning process was carried out using gloves.

The c-Si substrates were cleaned by a solution of sulfuric acid with hydrogen peroxide
(H2S0O4/H202, 4:1) for 10 min; then, they were washed with deionized water and subjected to a
solution of hydrofluoric acid with deionized water (HF/H20, 1:10) for 1 min and, finally, the

substrates were again washed with deionized water.

4.1.2 Pristine TiO2 Thin Films Deposition by Magnetron Sputtering
After being cleaned, the substrates (glass and c-Si) were submitted to the deposition
procedure using a magnetron sputtering system. This system belongs to the LPP-ITA. Figure
4.1 presents a photograph and Figure 4.2 a schematic diagram of this magnetron sputtering

system.
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Figure 4.1. Photograph of the magnetron sputtering deposition system.
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Figure 4.2. Schematic diagram of the magnetron sputtering deposition system.
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The process chamber is made of Pyrex glass measuring 300 mm in length and 110 mm
in diameter. The magnetron cathode used is positioned on one of the bases of the chamber. The
titanium target is fixed on the cathode which is surrounded by the shield. The arrangement of
permanent magnets existing in the cathode creates a preferential circular erosion zone, which

can be seen in Figure 4.3.

Figure 4.3. Photograph of the titanium target showing the circular erosion zone.

The vacuum system used is formed by a mechanical pump (E2M-18-Edwards)
connected in series with a diffuser pump (CR 63/150 Diffstak-230 1/s-Edwards) and allows the
system to reach a residual pressure in the order of 10° Torr after approximately 90 minutes.
The diffuser pump is cooled with the aid of a fan and a closed water-cooling system.

The pressure inside the chamber was monitored using pressure sensors Pirani-type (p >
102 Torr) and ion gauge (p < 10 Torr), both from Edwards models APG100-XM and
AIGX-S, respectively. The pressure values were monitored by a pressure panel also from the
Edwards, TIC model.

The argon and oxygen gas injection system consist of a maximum flow rate controller
of 50 sccm (MKS model 1159B), which is controlled by a control center with four channels,
also MKS, model 247C.
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The substrate's temperature was monitored through a thermocouple inserted in the side
of the substrate holder, as shown in Figure 4.4.

The plasma is generated by a direct current (DC) source (Advanced Energy, model
MDX 1K) that allows varying the output power from 0 V to 1000 V. The target used was a
titanium disc, 33 mm in diameter, 3 mm thick, and 99.999% purity. The already cleaned
substrates were positioned on the substrate holder at a distance of 30 mm from the target. Figure

4.4 presents a photograph of the substrate holder used.

Substrate fasteners

Figure 4.4. Photograph of the substrate holder highlighting details of the thermocouple and

substrate fasteners.

The parameters used in this stage were based on previous studies carried out at LPP
[170]. This care was important once, taking into account that it is a reactive sputtering process,
a target poisoning phenomenon can occur. This happens when, in our case, the oxygen species
in the plasma bind to the target, decreasing the deposition rate. Table 4.1 shows the parameters

that were used for the deposition.

Table 4.1. Deposition parameters of pristine TiO2 films.

Parameter Value
Ar flow (sccm) 15
O2 flow(sccm) 3

Work Pressure (Torr) 1.0x103
Residual Pressure (Torr)  3.0x10°
Deposition time (min) 30
DC Power (W) 150
Thin-film thickness (nm) 300 — 400
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Before starting the deposition process, the target was cleaned (pre-sputtering) for 3
minutes in order to eliminate impurities from the surface due to the manipulation and exposure
to the atmosphere. In this procedure, the substrate is protected by a shutter that prevents the
sprayed material from the target from being deposited on it. During the deposition process of
the films, the working pressure was maintained at 1,010 Torr and the source power was
adjusted to 150 W. The deposition time lasted 30 minutes.

The TiO2 thin films were deposited at room temperature but, at the end of the process,
the substrates reached a temperature of approximately 100 °C due to the Kinetic energy of the
particles ejected from the target. Figure 4.5 shows the evolution of the substrate temperature

as a function of the deposition time.
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Figure 4.5. Variation of substrate temperature as a function of deposition time (To = 25 °C).

The dashed line is only a guide for the eyes.

The films were deposited on glass slides with dimensions of 20 mm x 20 mm and on ¥4
of a 4-inch disk of Si wafers. After deposition, this Si was cleaved into small parts of
approximately 5 mm x 5 mm. Figure 4.6 shows the arrangement of each type of substrate

placed in the substrate holder with a diameter of 40 mm.
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A B
Substrate holder
C D

Substrate holder

Figure 4.6. Representation of the arrangement of a) glass and b) silicon substrates on the
substrate holder.

The A-D identification allowed a strict control and better criterion for comparing the
analyzes of each sample concerning their position in the substrate holder because there is a
small difference in the thickness values of the films produced according to their position in the
substrate holder. Thus, comparisons between samples have always been made for samples

deposited in the same position.

4.1.3 Heat Treatment

After the deposition process, to ensure the predominance of the anatase phase, the TiO2
thin films were submitted to an annealing treatment at 450 °C using a tubular oven (INTI FT-
1200) under atmosphere pressure for 120 min. The heating and cooling rates were 10 °C/min
and -2 °C/min, respectively. Figure 4.7 shows photos from the furnace used for the heat

treatment.
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Temperature panels

Figure 4.7. Photographs of the (a) furnace used for the heat treatment of pristine TiO2 films
and (b) the furnace opened showing the positioning of the samples inside it on a quartz sample-
holder.

4.2  Hollow Cathode Plasma Hydrogenation System

This section presents some details concerning the experimental setup used for
hydrogenating the pristine anatase TiOz thin films deposited, as described above. Also, details
concerning the techniques used to characterize the Hz plasma are described.

The hollow cathode hydrogen plasma was generated by a capacitive plasma system
using a 13.56 MHz Kurt J. Lesker model R601 radio frequency (RF) power source. Details
concerning the electrical circuit are schematized in Figure 4.9b. In this figure, can be seen the
presence of a capacitor connected to the RF power and to the reactor electrode, through which
the Vbias can be measured. That system belongs to LPP-1TA and the photography and schematic

diagram can be seen in Figure 4.8 and Figure 4.9, respectively.
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Figure 4.9. a) Schematic diagram of the setup used for the hydrogenation of TiOz thin films
and the acquisition of optical emission spectra. Figure b) is a cross-section highlighting details

of the electrode cooling and the electrical circuit of the system.

The lower electrode is 150 mm in diameter and made of copper with the surface in

contact with the plasma covered by a 2 mm thick aluminum plate. The hollow cathode (diameter
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= 30 mm, length = 120 mm) is positioned over this electrode, as shown in the photograph in
Figure 4.10.

Figure 4.10. Photograph of the interior of the hydrogenation chamber with the hollow cathode

positioned.

The TiO2 samples were placed inside the hollow cathode (HC), as schematized in
Figure 4.9. To avoid undesired contamination, the hollow cathode is entirely titanium-built
(99.99%).

The electrode is cooled by an autonomous system (Tecnal, model TE184), which allows
the variation of the temperature from -10 °C to 40 °C using water as a coolant (see Figure
4.9b). For this work, during all studies and processes, the water was maintained at a temperature
of approximately 20 °C. The process chamber owns five flanges around it that can be used to
connect pressure gauges, temperature sensors, plasma diagnostic tools, optical windows, etc.

The chamber was evacuated using a roots plus mechanical pump system (Edwards),
reaching the residual pressure of 3.0 x 107 Torr. The pressure in the chamber was monitored
through a Pirani-type sensor (Edwards, model APG100-XM). The pressure values were
monitored by a pressure panel also from Edwards model TIC. The Hz gas injection system is
similar to that used in the deposition system (see section 4.1). It is worth noting here that tests
were carried out with H2 mixed with argon (Ar) in order to obtain an even more energetic
plasma than with pure Hz. However, it was found that using this combination of gases the
sputtering effect was very pronounced since the Ar atom is relatively much heavier than
hydrogen. As a result, occurred pronounced flaking of the TiOz film during the hydrogenation
process. This effect was not advantageous for our process as we wanted to prioritize the
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chemical interactions of the reactive hydrogen species with our samples rather than sputtering,
which is explained in more detail in section 5.1. Because of that, we use a plasma atmosphere
composed of only Hz gas.

The parameters used for hydrogenating the anatase TiO:z thin films during different
times are summarized in Table 4.2. The samples were named according to the duration that
they were exposed to the Hz plasma; e.g., “B-15" corresponds to the sample treated in the

hydrogen plasma for 15 min. The non-hydrogenated (pristine TiOz) film is named P-TiOx.

Table 4.2. Parameters used for the plasma hydrogenation process.

Parameter Value
H2 flow (sccm) 45
Work pressure (Torr) 1.0x10%
Residual pressure (Torr) 3.0x10®
RF power (W) 200
Vbias (V) 380

Hydrogenation times (min)  0; 15; 30; 45 e 60

Is important to highlight that, using an optical pyrometer (Raytek, Raynger 3I), the
interior of the hollow cathode wall reaches a temperature of about 256 °C after 8 min and

maintains this temperature up to the end of the treatment.

4.2.1 Curves P X Vpias Acquisition
P X Vbias curves were obtained by applying different values of RF power. These values
ranged from 0 W to 300 W (in increments of 5 W) and, for each RF power, the Vbias Was
acquired. This procedure was performed for different work pressure, ranging from 10 mTorr to

100 mTorr (in increments of 10 mTorr).

4.2.2 Optical Emission Spectroscopy (OES)

For the acquisition of optical spectra, an OCEAN OPTICS USB 4000 UV-VIS emission
optical spectrometer with a resolution of 1.5 nm was used, operating in the ultraviolet and
visible ranges. The radiation was captured by an optical fiber located perpendicularly to the
quartz window positioned on the side (with the conventional geometry) and at the top (with the

HC geometry) of the reactor. The spectrum is obtained through the OOIBase32 program.
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4.3  Pristine and Black TiO2 Thin Films Characterization

The thickness measurements of the films before and after the deposition and
hydrogenation process were obtained using the mechanical profilometry technique. The
morphological properties were analyzed by scanning electron microscopy by field emission
(SEM-FEG) and atomic force (AFM). The microstructural properties were analyzed using X-
ray diffraction (XRD) and Raman spectroscopy. Information regarding the chemical
composition and chemical bonds were analyzed by X-ray excited photoelectron spectroscopy
(XPS) and the optical properties were analyzed by spectrophotometry. Also, the wettability
behavior and surface energy of the samples were evaluated by goniometry using deionized
water and dilodomethane as polar and apolar liquids, respectively. Finally, the evaluation of the
electrical resistance of the films was performed by measuring the sheet resistance using a four-
point probe.

Table 4.3 briefly summarizes all the techniques used, with their respective equipment
information (brand and model), the characteristics investigated by each technique, and the
location where the measurements were performed. Table 4.4, on the other hand, presents the
parameters/methodology used for the operation of the equipment and also presents the

substrates that were used for the characterization of the samples.
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Table 4.3. Description of the characterization techniques of pristine and hydrogenated TiO2

thin films.
Technique Equipment Analysis Objective Laboratory
Mec?hanlcal KLA Tencor P-7 Thickness measurement LPP-ITA
profilometry
. LABAS -
FEG-SEM Mira 3 Tescan Morphology INPES
AFM Shimadzu SPM Morphology, topography e LPP-ITA
9500 surface area
XRD PANalytical Microstructural characteristics ~ LPP-ITA
Empyrean
Raman Horiba Evolution M|crostructural{w_bratlonal LPP-ITA
Spectroscopy characteristics
XPS Kratos Axis Ultra Chemical composition L'?E?: )
Spectrophotometry Jasco V-570 Optical properties IEAV
. JANDEL model : :
Four-point probe RM3000 Electric resistance LPP-ITA
Ramé-Hard model -
Goniometry 500 — Advanced Wettability and surface LPP-ITA

Goniometer

energy
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Table 4.4. Operation modes from the utilized equipment for the characterizations.

Technique Operation mode Substrate

Scan speed: 50 um/s. Sample rate: 200 Hz. Applied
Mechanical force: 2 mg. Resolution:13um/0,0078A.

profilometry Measurements were carried out through steps Silicon
produced in the samples.
FEG-SEM Magnification: 100kx; beam intensity: 10 eV; Silicon
secundar electrons mode detector.
AFM Intermittent contact mode. Silicon

Cu Kq (1.5405 A for Kq1) as an incident radiation
source using 40 kV and 40 mA. The measurements
were performed in the range from 20° to 80°
XRD (Bragg-Brentano) with a scan speed of 3.2°/min Glass
using step size and time per step of 0.013° and 60
s/step. The mean crystallite size was calculated
using the Scherrer equation.
Range: 100 — 700 cm™. Spectral resolution lower

Raman than 1 cm™. Laser: 532 nm (power < 10mV). Glass
Spectroscopy Diffraction grade: 600 lines/mm. Acquisition time:
30 segs. Accumulation: 2.
Excitation source: Al Ka (hv = 1486,69 eV). -
XPS Operating with 120W. Silicon
Spectrophotometry Range: 190 - 2500 nm in normal incidence with Glass

integration sphere of 150 mm.

It was adjusted the function “auto current”. Thus,
Four-point probe the equipment set the most appropriate current Glass
value for the analyzed film.

Was measured the contact angles between the
sample’s surface and the droplets. Both contact
Goniometry angle and surface energy values were Glass
determined/calculated by the software DROPimage
Advanced, version 2.4.

4.4  Photocatalytic Activity Evaluation
In order to evaluate the photocatalytic properties of the black TiO2 thin films, a
qualitative experiment was carried out using the films deposited on glass substrate by detecting

the degradation rate of methylene blue-dye (MB) using a homemade reactor (see Figure 4.11)
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equipped with 6 UV-visible germicide lamps with 15 W (Osram, model HNS G13 -
G15T8/OF), that mainly emits radiation at 250 nm (4.95 eV).

—

Water cooling
system

Figure 4.11. Photo of the photocatalysis homemade system used for the photocatalytic activity

evaluation.

The lamps were fixed at a distance of 70 mm from the sample, which has an active area
of 2 x 2 cm? (see Figure 4.12), delivering an irradiance of 2.2 mW.cm at the sample position
which was measured using a calibration cell (Abet Tech, model 15151), as reported elsewhere
[171,172]. Is important to note that the main emission peak of the lamp (250 nm) is not detected
by this reference cell who operates between ~300-1100 nm and, therefore, the irradiance can

be slightly higher than the value herein reported.
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Figure 4.12. Schematic diagram of the photocatalysis homemade system used for the

photocatalytic activity evaluation.

The samples were displaced in 6 mL of deionized water mixed with 10 mg/L of MB
inside a backer equipped with a water jacket system, which maintained the solution at room
temperature.

First, the solution was maintained for 1 h in the dark, and only after that were the lamps
turned on. The MB degradation was inferred by the UV—Vis spectrophotometer (Thermo
Fischer Scientific, model Evolution 220) every 10 min. The solution was stirred constantly

during all the processes described above.
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5 Results and Discussion

This chapter presents the results regarding the hydrogenation of the thin films of TiO2
anatase produced through the methodology exposed in Chapter 4. The parameters used during
hydrogenation were chosen from the plasma study carried out. Therefore, this chapter presents

at the beginning the results and discussions related to the Hz plasma characterization.

5.1 Hollow Cathode Hydrogen Plasma Characteristics

A brief description of the characteristics of the hollow cathode hydrogen plasma
proposed in this thesis is presented. The discussions are focused on the source power (P) against
Vbias curves (P X Vbias) for different pressure values, ranging from 10 mTorr to 100 mTorr.
These curves were obtained using both a hollow cathode and conventional configurations. The
purpose is to evaluate how the ion current increases/decreases with the variations of the
parameters and at what moment the plasma enters the hollow cathode regime.

Furthermore, optical emission spectroscopy (OES) analyzes are also performed in order
to observe which are the main chemical species present in the plasma. For this analysis,
measurements were also performed with a conventional and hollow cathode geometry.

Before presenting the results related to this section, it is worth emphasizing here that
hydrogen plasmas are a very relevant topic in the literature and, more than that, in the
technological sector. Recent studies report the possibility of using this type of plasma both for
the corrosion of silicon dioxide and other materials and for the production of hydrogen from
natural gas [146,151]. Hydrogen plasma draws a lot of attention for purposes like those mainly
because it is extremely reactive, due to the production of atomic hydrogen. Furthermore, the
vibration of excited neutral H2 molecules itself can contribute to the chemical composition and

also energetic properties of the plasma [146].

5.1.1 P X Vbias Curves
The Vbias Variation as the RF power applied to the plasma was increased (for different
values of working pressure) can be observed in Figure 5.1a and Figure 5.1b, operating without

and with the hollow cathode, respectively.
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Figure 5.1. P X Vbias curves for different values of pressure (varying from 10 to 100 mTorr)
using a) conventional geometry and b) hollow cathode geometry. All experiments were
performed under H2 atmosphere.

First, we can observe that, as the RF power applied to the plasma increases, the Vbias
also increases. This was observed for both geometries, without and with the hollow cathode.
Furthermore, for a fixed power value, there is a decrease in Vbias When the pressure is increased,
which also occurs for both geometries. Besides, for pressures greater than 50 mTorr the Vbias iS
higher in the conventional than in the hollow cathode configuration.

Finally, it is also possible to notice that when the hollow cathode geometry was used,
the system only actually entered this regime at pressures higher than 60 mTorr. We can also
observe that there is an abrupt decrease in Vbias, Which is directly related to the fact that in this
regime there is a significant increase in the current of ions [143,144]. This increase is attributed
to the significant increase in the plasma ionization degree, i.e., in the plasma density.

Considering what was discussed above and that this previous study of the characteristics
of the hollow cathode hydrogen plasma was carried out in order to choose ideal conditions that
would allow hydrogenation in mild but, at the same time, efficient conditions, the pressure of
100 mTorr and 200 W of RF power were chosen to be the parameters used for the
hydrogenation. This is because, at these conditions, the system is in a hollow cathode regime,
but with an intermediate Vbias vValue, if compared to the other conditions. It is known that the
Vhias IS directly related to the energy with which the plasma ions reach the walls of the cathode,
in one of which the TiOz2 films will be placed. Therefore, operating the system with higher Vbias
values, the physical interaction (etching) of the plasma with the films would be higher than the

chemical interaction, which is more important for this work.
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5.1.2 Optical Emission Spectroscopy (OES) Characterization
In Figure 5.2, the OES spectra collected using conventional and hollow cathode
geometry are presented. For these analyses, an RF power of 200 W and a pressure of 100 mTorr
was used. The spectrum in Figure 5.2b was performed with the TiO2 film sample inside the

hollow cathode.

A Without hollow cathode B With Hollow Cathode
T T T T T T T T T T T T T T T T
Poe: 200 W H, Pre: 200 W H,
P: 100 mTorr H P: 100 mTorr
B With sample
~ H ~
5 . 2 O/N 5
8 N/ Ti | &
2 | 2
= =
c c
(0] (O]
IS £
. OH H, H H
Ti T 6/ ! B
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Wavelength (nm) Wavelength (nm)

Figure 5.2. OES spectra of the hydrogen plasma generated using a) conventional and b) hollow

cathode setups.

As can be observed, both configurations present similar OES peaks. The main peaks can
be assigned to titanium (Ti) (258.45 nm); hydroxyl groups (OH) (306.31 nm); nitrogen (N2)
and Ti in the range of 310.16 nm - 402.2 nm; hydrogen (H2) (426.2 nm and 564.9 nm - 646.87
nm); exited Hy (432.4 nm), Hp (485.5 nm) and Hq (659.4 nm); oxygen (O) and nitrogen (N)
(712.4 nm — 887.7 nm), which are species expected to be detected in these conditions [173—
179]. Even though the spectra of the two situations are very similar, some interesting points can
be discussed.

We can observe that the peaks are more intense in the spectrum without the cathode,
which occurred due to the region from the chamber where the spectrum was collected. As the
analysis was performed on the side flange where there is a plasma region very close to the
quartz window, the peaks became more intense.

The OH species possibly come from H20 molecules that are part of the residual
contamination [180]. Besides, most of the peaks observed from 300 nm to 400 nm are related
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to nitrogen species also from residual contamination of the chamber since these peaks also
appeared in the spectrum without the hollow cathode (which is made of titanium). Although
there is a chance of titanium atoms being ejected from the cathode walls, this possibility is very
low, considering the mild conditions used. Furthermore, it is possible to infer this here quite
properly, since in the XPS analyzes presented in the next section the presence of metallic Ti on
the surface of the samples was not verified.

However, possibly there is a contribution of Ti species in the condition with the hollow
cathode, which would come from the anatase TiO2 sample. In order to confirm this possibility,
an OES spectrum was acquired from the hollow cathode hydrogen plasma setup without the
TiO2 sample inside the cathode, as shown in Figure 5.3.

With Hollow Cathode
T T T

T T
Pot: 200 W H
P: 100 mTorr “
Without sample

Intensity (a. u.)

300 400 500 600 700 800 900
Wavelength (nm)

Figure 5.3. OES spectrum of the hydrogen plasma generated using hollow cathode setup

without sample inside.

We can observe quite clearly that the relative peak intensities of the 300-400 nm region
decrease a lot, which is a strong indication that for the condition presented in Figure 5.2b there
are chemical species of Ti being ejected from the sample. Indeed, this is confirmed through
analyzes that are best presented in the next section.

In this sense, we can highlight here the importance of using the hollow cathode effect
for the synthesis of black TiOz2: the same treatment performed with the parameters presented
above (100 mTorr and 200 W) for 240 min without the hollow cathode showed no significant
change in the properties of the TiO2 film when compared to the use of the same parameters

using the hollow cathode configuration (see Figure 5.4). This observation can be a consequence
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of the most intense plasma processes that occur inside a hollow cathode [158], which increase
the efficiency of the incorporation of hydrogen in the films. In synthesis, this is a consequence
of the high-energy electrons oscillating motion between repelling potentials of the walls in the
cathode [157,158], as already explained in Chapter 3. This phenomenon can increases 10-100
orders of magnitude the plasma density inside the hollow cathode, that is, under these conditions
we have 10 to 100 times more chemical species that can react with the sample. This explains
the fact that we have obtained in Figure 5.4 a black sample using a processing time at least 10

times shorter compared to the conventional method.

Figure 5.4. Photograph of TiO2 films treated in Hz plasma using the hollow cathode for 15 min

and without using the hollow cathode for 240 min.

Therefore, the use of a hollow cathode geometry is necessary to reach a fast and efficient
hydrogenation route. Also, it was verified that the pressure of 100 mTorr presented better
operation conditions to favor the higher ion current between the parameters' values studied
above. For these reasons, the hydrogenated anatase TiOz thin films presented in the next section

were produced using the hollow cathode H2 plasma setup described above.

5.2 Thin-film Characteristics
5.2.1 Morphological Characteristics
The morphological aspects of produced pristine and black TiO2 thin films were

characterized by FEG-SEM and AFM techniques. The acquired images (Figure 5.5) showed
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that the pristine TiOz2 film presents round-shaped grains with approx. 70 nm average diameter
whereas the B-15 sample presents smaller grains with approx. 40 nm average diameter. A subtle
change was observed on the morphological aspects for samples with treatment time higher than

15 min, with the appearance of some valleys and the decrease of the grains size diameter.
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Figure 5.5. SEM-FEG, AFM 2D and 3D images of (a) pristine TiO2 and the black TiO2 thin
films treated in the HCHP process during (b) 15, (c) 30, (d) 45, and (e) 60 min.
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The measured surface area for all samples is shown in Figure 5.6a. Short treatment time
(15 min) has produced significant changes on the TiOz2 surface, reaching the higher surface area
value of ~1.3 um?. This effect is reduced and presents a slow decrease for longer treatment
times. This is an indication that, up to 15 min, the hydrogen plasma etches the borders of the
large grains presented in the pristine film leading to a rougher surface. As the treatment time
increases, the etching process causes a smoothening on the film surface. Indeed, the black TiO2
thin film thickness decreases as the HCHP treatment time increases at a rate of about -2.3

nm/min (see Figure 5.6b) due to the etch process.
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Figure 5.6. Graphs presenting the (a) surface area and (b) thickness values of the thin films as

the HCHP treatment time increases. The red line corresponds to a linear fit.

The etching caused by the hydrogen plasma species has already been observed in other
similar works [45,181]. The authors also observed the appearance of valleys and holes caused
by the hydrogen radicals etching effect, which can be explained by the desorption of oxygen
atoms that reacted with hydrogen radicals. Additionally, from the oxygen desorption, some Ti
atoms can volatilize after absorbing energy provided by the activated hydrogen radicals from
the plasma [45]. This is even more pronounced in this present work, mainly regarding treatment
times superior to 15 min. This happens due to the use of the hollow cathode, which makes the
hydrogen plasma denser than a conventional geometry, resulting in more reactive species
interacting with the TiO2 surface [182].
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5.2.2 Microstructural Characteristics

The crystalline microstructure was determined by XRD analysis. Anatase TiO2 patterns
(ICOD 01-089-4921) were observed in both pristine and black TiO2 samples, as can be
observed in Figure 5.7a. This indicates that neither the incorporation of hydrogen on the TiO2
microstructure or the temperature of the hydrogen plasma treatment (~260 °C) was enough to
significantly change the original TiO2 anatase tetragonal microstructure. However, slight
changes could be observed in the main anatase peak (101) as the treatment time increases: (i) a
shift of approx. 1° to lower angles; (ii) a decrease of its relative intensity; and (iii) an increase
of the FWHM. These results can be an indicator of an increase in the structural disorder of the
films, due to the treatment in hydrogen plasma. This can be attributed to a lattice disorder
induced by the creation of Vo, mainly due to the chemical interaction between the reactive
species (H* and OH" mainly) formed in the hydrogen plasma with the TiO2 thin film surface,
which results in volatiles water molecules [42,182], and also due to the high kinetic energy that
the hydrogen ions from the plasma reach the film surface [26]. Correlating to that, we can

observe in Figure 5.7b that the average crystallite size decreases only to the sample B-60.
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Figure 5.7. (a) TiO2 anatase XRD patterns and (b) mean crystallite size values as the HCHP

treatment time increases.

Liu et al and Panomsuwan et al. also observed a slight reduction in the average crystallite
size after the hydrogenation process and attributed this reduction to the increase of Vo, and,
consequently, to the lattice disorder created [121,183]. Although in the present work we observe
that the crystallite size decreases only after 60 min of hydrogenation (Figure 5.7b), we cannot

ensure that did not happen changes in the other samples, once possibly the HCHP treatment can
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hydrogenate only the surface of the film [182]. Therefore, considering that the Cu-Kq’s X-rays
might penetrate ~15 pum depth in the samples, the changes that occurred on the hydrogenated
layer on the surface of the black TiOz thin films are covered up by the higher counts detected
by the diffraction of the plans referring to the pristine TiO2 crystalline layer located below the
hydrogenated layer, as outlined in Figure 5.8. Hence, as the B-60 possibly obtained the thicker
hydrogenated layer, the average crystallite size change was sharply observed only in this

sample.
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Figure 5.8. Schematic illustration of the pristine and black TiO2 thin films highlighting its

microstructures and the hydrogenated layer after HCHP treatment.

Therefore, in order to obtain more structural information of the film surface, we
performed micro-Raman spectroscopy analysis. As can be observed in Figure 5.9a, all samples
present peaks related to the anatase TiOz vibrational modes, confirming the XRD results, which
also shown that the HCHP treatment did not modify the film structural phase. However,
analyzing the position and the profile of the main Ey anatase vibrational mode (~140 cm) is
possible to observe some interesting behaviors. Figure 5.9b shows that this peak presents a
blue-shift of 0.04 cm™*/min as the hydrogen treatment time increases. Is already established that
the blue-shift of Raman peaks is attributed to a lattice distortion by compressive strain, whereas
a red-shit is attributed to a tensile strain [184]. Moreover, the FWHM of this peak also presented
the same increase tendency, but in a ratio of ~0.1 cm™/min, as we increase the HCHP treatment
time.

Both blue-shift and FWHM increase of the main Eg vibrational mode detected after TiO2

hydrogenation was also observed in previous works and is attributed to the structural changes
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that the TiO2 suffers by the induced lattice defects, i.e., structural disorder promoted by the
creation of Vo [73,185].
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Figure 5.9. (a) Raman spectra with the main anatase vibrational modes indicated; (b) peak
center and FWHM of the main Eg anatase vibrational mode values; (c) strain variation for the
ionic bonding character and for (d) covalent bonding character as the HCHP treatment time

increases. The linear lines in graphs (b), (c) and, (d) are a linear fit.

From the blue-shift of the main Eq mode, is possible to calculate the strain (gg) of the

black TiO2 films using the following equation:

(5.1)

where the constants “a” and “r” are related to the attractive and repulsive potential of each bond

[184,186]. The constants a and r correspond to different values according to the bonding type
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presenting in the material structure, being respectively 6 and 12 for van der Waal’s bonding, 1
and 9 for ionic bonding, and 3 as a result of the sum (a + r) for covalent bonding [184,186].
Although the authors of the reference “[184]” have considered that the TiO2 molecule owns
100% of the covalent bonding type, this statement is not considered in this current study, since
we hardly have molecules with 100% of covalent or ionic bonding character type. In almost all
molecules there is a certain amount of bonding with ionic character and the remainder with
covalent character, which is precisely the case of TiO2. Therefore, is necessary to calculate the
bonding type character percentage of each of these two bonding types present in the TiO2

molecule, which can be determined by the following expression:

% ionic character = {1 — exp[—(0.25)(X, — Xg)?]} x 100 (5.2)

where X, and Xp are the electronegativities of each element (A and B), being A the most

electronegative element [187].

Thus, from Eq. 5.2, we obtain that the TiO2 owns 64% of ionic bonding character and,
consequently, 36% of covalent bonding character. Therefore, even the portion of the covalent
bond being small than the ionic bond, this portion exerts a significant influence on the TiO2
structure and cannot be ignored. Hence, the strain was calculated for both situations, which is
plotted in Figure 5.9c and Figure 5.9d. Considering the pristine sample as a starting point and,
therefore, with a strain value of zero, and considering that positive values are attributed to
tensile strain whereas the negative ones refer to compressive strain, we can observe a
compressive strain ratio increase for both figures (-4.66x10°/min of HCHP and -
1.01x10 */min of HCHP for ionic and covalent bonding character, respectively) as longer is
the exposure of the TiO2 thin films to the hydrogen plasma.

This increase in the compressive strain behavior was expected, once it is a direct
consequence of the increase of defects in the black TiOz2 lattice, which was also reported in
previous studies [188,189]. Moreover, Naldoni et al explained that the structural defects
founded in the black TiOz2 can be classified in linear 1D (i), 2D (ii), and 3D (iii) defects, being
assigned to (i) dislocations caused by the plastic deformation of crystal lattice; (ii)
uncoordinated atoms in the surface and also grain boundaries; and (iii) atoms vacancies in the
lattice [190]. All these defect types are possible in the samples studied in this work, however,

considering the hydrogenation process performed and the acquired results from the produced
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samples, we consider the defects caused by the creation of Vo more determinant to the structural
changes build in the black TiOz thin films, which will be better discussed in the next section.

5.2.3 Chemical Characteristics

Surface chemical states and compositions relating to each sample were investigated by
XPS analysis. Figure 5.10 shows the survey spectra of each sample and Figure 5.11a and

Figure 5.11b show the deconvolution of the Ti 2ps2 and O 1s high-resolution spectra,
respectively.

Intensity (a. u.)

1350 1200 1050 900 750 600 450 300
Binding Energy (eV)

Figure 5.10. Survey spectra of each sample before and after the HCHP process during 15, 30,
45, and 60 min.

It is possible to observe that, in addition to the expected O1s, Ti2p, and C1s peaks, we
also can observe peaks assigned to N1s peaks. This corroborates the results of OES (see section

5.1.2) through which we could observe nitrogen species in the plasma.
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Figure 5.11. High-Resolution XPS spectra of (a) Ti 2pszand (b) O 1s peaks of each sample
before and after the HCHP process during 15, 30, 45, and 60 min. Open circles and lines

represent the experimental data and the fit, respectively.

The Ti 2pss2 curve of the pristine sample can be deconvoluted in only one peak centered
at ~459.7 eV, which is related to the Ti** oxidation state [42]. The same Ti 2pz2 peak undergoes
a redshift of ~0.8 eV after the hydrogen treatment (precisely to the B-60 sample), which is
related to an electron density decrease around Ti atoms, which is a strong indication that the
HCHP treatment induces a Ti reduction reaction [191]. Indeed, the Ti 2ps/2 curves acquired
from the black TiO2 samples can be deconvoluted in three peaks centered at ~458.88 eV,
~456.91 eV, and ~455.54 eV, which is assigned to Ti*, Ti%*, and Ti?" oxidation states,
respectively [42,106]. The reduction of Ti** to Ti®*?* species is a consequence of the
hydrogenation process through the formation of Vo [189], which were formed mainly by the
removal of oxygen atoms from the TiO: lattice by the formation of H20 volatiles molecules
resulted from the interaction between hydrogen ions, from the plasma, with the oxygen atoms
from the film [42,182]. The Ti atoms with 3+ and 2+ oxidation states, created after the

hydrogenation process, were also detected in previous studies and attributed to Ti** ions in
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Ti203 and Ti?* ions in TiO [192]. Hereupon, two chemical reactions are possible to occur as a
result of the interaction between the reactive species generated in the hydrogen plasma and the
TiOz thin films during the HCHP treatment [182]:

. Hydrogen Plasma
2TiO, +2H

Ti,0;+ H,0 T
and

Hydrogen Plasma
+H

TiO, TiO + H,0 1

We can also observe that in the presence of hydrogen plasma, TiO2 molecules might
interact with H atoms resulting in both Ti203 and/or TiO and H20 volatile molecules.

It is important to highlight that several authors attributed the oxidation state reduction
of titanium atoms only to Ti%* species, after the hydrogenation process [10]. However, previous
studies reported the Ti** reduction to Ti?*, besides the Ti** [42,106,183]. In general, these works
reported the presence of Ti?* species in the produced black TiO2 mainly due to the direct
reduction of Ti* oxidation states to Ti?* induced by the efficient/assertive method used to
induce structural defects in TiO2. In our case, the presence of Ti?* species can be related to the
high density and energy of the hydrogen plasma generated through the use of a hollow cathode
geometry, which was able to accelerate hydrogen ions with high energy (~380 eV) against the
TiO2 thin films, improving the capability to promote the direct reduction of Ti*" to Ti?".

Moreover, considering the percentage area under each curve, we can note in Figure
5.12a a significant increase (~26.41%) of Ti*?* species after 15 min of treatment. However,
above 15 min, the black TiO2 films achieve a slight increase of Ti%*?* species concentration,
reaching an increase of ~30% for the sample B-60.

Concerning the O 1s high-resolution curve (Figure 5.11b), both pristine and black TiO2
thin films can be deconvoluted into two peaks centered at around 532.1 eV and 530.8 eV, which
might be assigned to hydroxyl groups bonded to Ti atoms (Ti-OH) or/and Vo (TiOx)
neighboring the Ti atoms with 3+/2+ oxidation state, and Ti-O bindings, respectively
[65,121,183]. From the acquired percentage area under each deconvoluted curve, it can be
observed in Figure 5.12b expressive concentration increase (from ~45% to ~53%) of hydroxyl
groups/Vo on the sample B-15, and a slight variation around this value to superior treatment
times, reaching an enhancement of 53% for the sample B-60. The acquired 45% concentration
to the peak centered at 532.1 eV for the pristine TiOz2 thin film can be assigned mainly to OH
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species from the atmosphere adsorbed on the film surface or even to intrinsic structural defects
on the thin film [42]. At the same time, in Figure 5.12c, is possible to observe an opposite
behavior for the Ti-O bonding concentration, reaching a significant decrease for the sample B-
15 (from 54.5% to 47.0%), and a slight variation around 47% for superior times, reaching 46.7%
for the B-60 sample. This means evidently that our black TiO2 thin film surface contains less
Ti bonded to oxygen atoms as the HCHP treatment time increases.

Finally, in Figure 5.12d, is possible to observe a linear increase behavior, at a ratio of
0.25%, of hydroxyl groups/oxygen vacancies and Ti®*/?* species concentration on the black
TiO2 thin film surface as a function of hydrogenation process time. These results are in
agreement with the literature that has shown that the appearance of Ti**?* could be a
consequence of the creation of Vo, as previously mentioned [42,189].

Therefore, the results obtained from the Ti 2pszand O 1s deconvoluted spectra indicate
that the HCHP treatment was effective to promote both Vo and Ti*?* defects, which can narrow

the bandgap of TiO2[6], as will be discussed later.
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Figure 5.12. (a) Percentage of Ti**/?* species, (b) Ti-OH/TiOx chemical groups, and (c) Ti-O
bonds as the HCHP treatment time increase; (d) dependence relation between the percentage

variation of Ti%*'?* species and Ti-OH/TiOx chemical groups. The red line is a linear fit.
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5.2.4 Optical and Electric Characteristics

The optical characteristics of the produced black TiOz thin films were investigated by
transmittance measurements, as shown in Figure 5.13. The dashed line represents the glass
substrate. As expected, all the films present a well-defined band-gap energy Eg of ~3.2 eV at
~390 nm (UV), where the transmittance goes rapidly from zero to some value above 30%,
depending on the HCHP treatment time. The oscillations observed above 400 nm are due to the
well-known interference effect caused by the multiple reflections on the film/substrate and
film/air interfaces [193,194].
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Figure 5.13. a) UV-Vis-NIR transmittance spectra of the glass substrate, pristine and black
TiOz thin films hydrogenated by the HCHP process during 15, 30, 45, and 60 minutes. Figure

b) is a zoom highlighting the transmittance decrease in the gap region.

From Figure 5.13, is possible to observe that the absorption in the visible and NIR
regions increases proportionally to the hydrogen plasma exposition time. Additionally, is
important to highlight that even for the longest treatment time (sample B-60) the black TiO:
thin films continue translucent, as shown by the inset of Figure 5.13.

The optical changes verified above are a direct result of a significant increase of Ti®*/?*
band states defect density and the increase of tail states (TS) among the valance (VB) and
conduction (CB) bands for the black TiO2 [6]. Indeed, the presence of both phenomena was
confirmed by the XPS valance band spectra, as shown in Figure 5.14, and schematically
represented in Figure 5.15a.
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Figure 5.14. XPS valance band spectra of pristine and black TiOz2 thin films treated by the

HCHP process during 15, 30, 45, and 60 min.

We can observe that all samples display TS, which are represented as A in Figure 5.14.

As the HCHP treatment time increases, the TS also tends to increase, presenting a quasi-linear

tendency with a ratio of 6.8x10° eV/min of HCHP, as shown in Figure 5.15b. From Figure

5.14, it is also possible to note an important increase of the Ti**/?* defect band states from

pristine to 15 min HCHP treated sample, confirming the results from Figure 5.12a. Besides,
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the close values obtained for both A (TS of 0.67 and 0.65 eV, respectively) and Ti**/?* states
percentage (Figure 5.12a) from samples B-30 and B-45 can explain the similar light absorption
performance observed by the spectrophotometry results (Figure 5.13).

Fan et al also reported similar changes concerning the TS in the valance band after the
hydrogenation process and attributed the presence of these TS as a result of the structural
disorder induced on the TiO2 structure, mainly through the creation of Vo [43], which is
therefore in line with the results presented in the above sections. Besides, we can highlight that
the existence of a TS of 0.29 eV in the P-TiOz2 is due to intrinsic structural defects, as was

previously mentioned.
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Figure 5.15. (a) Schematic of the defect Ti**/?* and tail states between the valence and

conduction bands; (b) tail state as the HCHP treatment time increase. The red line is a linear fit.

Furthermore, the valance band (Figure 5.14) can be deconvoluted into four curves
centered at 10.3 eV (y), 7.7 eV (o), 5.7 eV (), and 4.5 eV (for the pristine sample), which are
assigned to OH groups, o-type molecular orbital, n-type molecular orbital, , and nonbonding O
2p orbitals, respectively [42]. Besides, another curve centered in 0.8 eV (for the pristine TiO2)

can also be fitted in the acquired spectra and is related to the Ti**/?* 3d states. These in-gap
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states, as well as the TS, are responsible to narrow the bandgap and consequently increase the
light absorption [195], which is consistent with the spectrophotometry results.

From the areas of the deconvoluted fitted curves, we can analyze quantitatively the
progress composition concerning each species and orbitals as we increase the hydrogenation
treatment time. The percentage area of the y curve increases at a ratio of 0.11 %/min, indicating
an increase of the OH groups’ concentration on black TiO2 thin film as the HCHP process
increase. At the same time, while the concentration of n-type molecular orbitals increases, the
o-type molecular orbitals decrease at the same ratio (~0.7 %/min of HCHP). We can observe,
in Figure 5.14, that the increase of the n-type molecular orbitals curve contribution was the
main factor that results in the TS size increase. Moreover, the nonbonding O 2p orbitals
concentration presents a decreasing behavior at a ratio of -0.14 %/min as the exposition of the
TiO2 thin films to the hydrogen plasma increases, which is consistent with the XPS results
presented previously. These nonbonding O 2p orbitals are related to the removal of oxygen
atoms from the TiOz2 structure [42].

Furthermore, the modifications inside the bandgap of the produced black TiOz thin films
influenced the changes in electric properties. Figure 5.16 shows a meaningful sheet resistance
decrease of 99.98% after 15 min of hydrogenation, and for longer times the sheet resistance of
the samples continues to decrease but with a slightly lower rate of -20 Q/o.min™. This
conductivity improvement can be a consequence of the increase of Ti suboxides (Ti®*?*) in the
black TiO2 thin films, once these species are responsible to increase the excess of electrons on

the electronic states neighboring the Fermi edge [42,44].
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Figure 5.16. Sheet resistance as the HCHP treatment time increases. The deviation bars are

covered by the ball symbols.

5.2.5 Wettability and Surface Energy Characteristics
The contact angles measured for all samples (using water) are presented in Figure 5.17.
All samples presented a hydrophilic behavior with contact angle values smaller than 90°. The
contact angle values decreased from 49° (pristine TiOz2) to 33° for short exposition to the HCHP
treatment (15 min) and start to increase with the increase of treatment time, achieving 69° for
the sample B-60. This is an indication that the exposure to the HCHP treatment for times longer

than 15 min decreases the film surface energy turning the surface more hydrophobic.

- g - .

P-TiO, B-15 B-30 B-45 B-60
Figure 5.17. Photos of the water droplets showing the contact angles formed with the thin film

surface of each sample.

As presented in Figure 5.18, the surface energy of the treated samples follows the same
tendency of the water contact angles. Is already known that wettability, and consequently the
surface energy, depends on the chemical surface composition, as well as the morphological
pattern of the film surface [106,196].
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Figure 5.18. Surface energy values as the HCHP treatment time increases. The deviation bars
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Then, the acquired results can be attributed to the morphological pattern change
achieved to the sample B-15 and the significative enhancement of OH species concentration on
its surface, as presented previously. Han et al. obtained similar results and attributed the
hydrophilicity enhance to the presence of OH radicals that can form hydrogen bindings with
water molecules [106]. However, for HCHP treatment times longer than 15 min, we believe
that the morphological changes were the preponderant factor for decreasing the surface energy,
once we acquired approx. similar content of OH groups to the samples B-15, B-30, B-45, and
B-60, but different morphological patterns and surface area decrease after 15 min of
hydrogenation. Then, we propose that the changes observed in B-15 (the emergence of more
pronounce valleys among the minor grains, as well described in section 5.2.1), were the main
factor for the decreasing tendency of the hydrophilic behavior, i.e, for the decrease of the

surface energy after 15 min of HCHP treatment.

5.3 Photocatalytic Activity Evaluation

The photocatalytic activity (PA) of pristine and hydrogenated TiO2 at different times
are compared from the photodegradation rate of MB under UV-Vis irradiation, as presented in
Figure 5.19a. The PA was evaluated by measuring the MB optical absorption using a UV-Vis
spectrophotometer. Prior to exposing the samples to the UV-visible light source, they were kept
in the MB solution for 1 h to reach the adsorption/desorption stability. Then, the first absorbance
measurement (Co) was performed. Finally, the light source was turned on and measurements

were taken every 10 min.
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As is readily observed, MB pure solution did not exhibit any significant photocatalytic
activity under light exposure. In contrast, the photocatalytic activity of the films under the test
conditions was substantially increased because of hydrogenation treatment in comparison to
pristine one, as can be seen, by the concentration ratio (Co/C) of MB plotted against light
irradiation time in the presence of the photocatalysts.

Figure 5.19a shows that B-15 and B-30 samples presented higher photodegradation
rates, where around 60% of MB dye was decomposed, while B-45 and B-60 presented
photodegradation performance at around 45%. Even so, all-black TiO2 samples showed better
photocatalytic performance than pristine TiOz film, which after 90 min of reaction, decomposed
only ~25% of MB. This enhancement in the photocatalytic activities of the black TiO2 films
may be due to the concentration of Ti**/?* interstitials, Vo, and hydroxyl radicals (OH) onto the
film surface [98,197], which is in accordance with the XPS results. Although Ti**?* and Vo
species present an important role in improving the PA, the formed OH groups are the principal
oxidative species in photocatalysis reactions, once they have a great performance on the
photodecomposition of organic molecules [198,199]. Besides, the increase of the film’s surface
areas may also improve the PA, once it is a determining factor in increasing dye degradation,
which can be seen by AFM results [168].
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Figure 5.19. a) MB photodegradation comparison over pristine TiO2 and black TiO2
hydrogenated by different conditions under UV light; b) -In(Co/C) vs. time plot for
photocatalytic degradation of MB system under UV light.
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The photodegradation reaction rates of pristine TiO2, pure solution, and all-black TiOz
films are compared with each other by the kinetic plot, as shown in Figure 5.19b. A linear

behavior can be observed for all samples. This behavior allowed us to use the equation below:
- ln% = kt, (5.3)

where C is the concentration after a determined period of UV-visible light irradiation, t
represents the irradiation time, and k is the apparent rate constant (min~!) [200,201]. The
constant k is known to be independent of the dye concentration or temperature, whereas
photodegradation is a function that depends only on the irradiation flux and light source

spectrum [201,202]. The k values from each sample are presented in Table 5.1.

Table 5.1. Apparent rate constant k of each sample.

Sample k (x10°min)

P-TiO2 2.5
B-15 9.6
B-30 7.1
B-45 5.1
B-60 6.7

Is possible to observe that the photoactivity of black TiO2 varies depending on the
hydrogenation time and the PA did not increase as the time extended. Compared with the PA
of pristine TiO2 (k = 2.5x10° min™"), black TiOz2 films had their photoactivity increased at a
minimum by a factor of 2 after the hydrogen treatment. Figure 5.19b shows that black TiO2
hydrogenated for 45, 60, 30, and 15 min presented significant improvement in their
photoactivity, in this order. The k values were 5.1x10° min™!, 6.7x10° min™!, 7.1x10 min!,
and 9.6x10° min~!, respectively. Long periods of hydrogenation may generate a high
concentration of Vo located at the TiO2 bulk, inducing charge annihilation centers, and may also
increase the electron-hole recombination rate [203-205]. These factors combined with the
reduction of the thin film surface suggest some reasons for the efficiency of photocatalytic
degradation have been impaired [206]. This can cause an improvement in the visible light
absorption combined with a negative effect in the photocatalytic activity of black TiO2
nanomaterials which may be the reason for the B-15 and B-30 samples have been shown better

results than the others.
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6 Conclusion and Recommendations for Future
Works

6.1 Conclusion

Black TiOz thin films hydrogenated during different times by an RF-CVD system using
a hollow cathode geometry were successfully produced by the methodology proposed in
Chapter 4. The results show that the HCHP hydrogenation treatment used was effective to
create Ti®*2* species and oxygen vacancies on the TiO: structure. These achievements were
determinant to the light absorption increase and conductivity improvement, reaching ~30% and
~99.98% of improvement, respectively, after 60 min of treatment. The results indicate that these
optical and electrical improvements occur mainly due to in-gap states created by the presence
of Ti%*'?* species and Vo in the black TiO2 thin film structure, with such species showing a
quasi-linear increase ratio behavior with the hydrogenation treatment time.

The investigation of morphological properties evidenced that the surface area increases
by 24% after 15 min of HCHP, but starts to decrease for longer treatment times, in addition to
obtaining different morphological patterns with the increase of hydrogenation process time.
This non-linear behavior was also observed in the wettability and surface energy results,
indicating that the morphological aspects were the main characteristic response to the best
hydrophilicity of the sample hydrogenated for 15 min, and the decrease of this characteristic
for longer times. Moreover, it was found that even the longest treatment time (60 min), which
created more structural disorder in the TiOz2 thin film, was not enough to alter the TiO2 phase,
which was confirmed as anatase in all samples by the acquired diffractograms.

In general, considering our sample set, the results showed that the modifications
produced by the HCHP treatment are more pronounced after just 15 min, although the changes
continue to occur at longer times, but at a slight rate. Therefore, the present study brought
insights into the role of the hydrogenation time using the HCHP treatment route on the anatase
TiOz2 thin films. Besides, it was possible to show that the produced black TiOz2 thin films own
the potential to be tested in photovoltaic and photocatalytic applications.

Furthermore, this study allows a consistent comprehension concerning the
characteristics of the hollow cathode hydrogen plasma generated for the hydrogenation of the
anatase TiOz2 thin films. At this point, it was found that the hollow cathode geometry allowed
much faster hydrogenation compared with a conventional geometry and, at the same time,
without harming the bulk structure of the film.
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In this sense, this doctoral thesis, based on the studies carried out, might pave the way
for further studies concerning the use of plasma processes to produce black TiO2-based
materials suitable for photocatalytic and photovoltaic applications. Hence, as a means of
disseminating the results obtained here, some scientific work was published, which is presented
in Chapter 8.

Even having achieved the objectives proposed in Chapter 1, there are still important
points to be explored regarding the theme of this thesis. These points are highlighted in the next

section.

6.2 Recommendations for Future Works

Considering that the use of the methodology proposed in this thesis for the production
of black TiO2-based materials has not yet been reported in the literature, except for our works,
there are still many points to be explored. These points can be divided into four study sections:
(i) hollow cathode hydrogen plasma (HCHP) study; (ii) production of black TiO2-based
materials by HCHP; application of these materials in (iii) photocatalysis and (iv) solar cells. In
this way, the main points to be developed within each of these study sections are point out
below:

(i) Perform a characterization/quantitative study of the plasma properties through
theoretical calculations and simulations, through which it would be possible to determine
physical and chemical characteristics of the plasma in a more complete and in-depth way. This
could be done by combining the analyzes already performed (see Chapter 5) in combination

with Langmuir probe analyzes and simulations using the Global Model as a theoretical model.

(i) In order to better understand the properties of the black TiO2 produced, some more
characterizations can be performed. Three are considered very important: Rutherford
backscattering spectrometry (RBS), high-resolution transmission electron microscopy
(HRTEM), and photoluminescence spectroscopy. The first one could favor the investigation
with more precision of the hydrogenated layer (thickness, composition, etc); the second one
will allow a better understanding of black TiO2 microstructure; the third will enable to measure
the electron-hole pairs recombination rate. In addition, it would be important to perform the
XPS analysis for the N1s peak at high resolution to see how the nitrogen species are affecting
the structure of black TiOs.
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(iii) For a more complete analysis, it would be interesting to evaluate the photocatalytic
performance of the black TiO2 thin films produced in the degradation of other types of dyes and
even drugs. Furthermore, it would also be interesting to carry out this evaluation under different
sources of light irradiation, e. g., solar simulator, and also in isolated ranges, only UV and then

only visible.

(iv) Finally, it would be interesting developing a study focused on the application of

these black TiOz thin films as an absorber layer in a heterojunction solar cell.
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