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Abstract

Gil Londono, Jessica; Marinkovic, Bojan (Advisor). Nano-TiO,-based
charge transfer complexes with oxygen vacancies for visible
light photocatalytic processes. Rio de Janeiro, 2022. 94p. Dissertacao
de Mestrado — Departamento de Engenharia Quimica e de Materiais,
Pontificia Universidade Catolica do Rio de Janeiro.

TiOy-based visible-light-sensitive nanomaterials are widely studied for
photocatalytic applications under UV-Vis radiation. Among the mechanisms of
visible light sensitization, extrinsic oxygen vacancies have been introduced into
TiO4 and charge transfer complexes (CTCs) have been formed between chelat-
ing ligands, such as acetylacetone, and nanocrystalline TiOy (TiO2-ACAC).
On the other hand, it was found in the literature that nanocrystalline anatase-
coupled glutaric acid (TiO2-GA) exhibits high photocatalytic efficiency under
UV due to its high surface area. However, the influence of extrinsic oxygen
vacancies on the photocatalytic performance of TiOy-based CTCs is unknown
and the sensitization of TiO, to visible light by functionalization with glu-
taric acid (TiO2-GA) and its photocatalytic performance under visible light
radiation have not yet been investigated. In this work, surface/bulk extrinsic
oxygen vacancies were introduced into TiO,-ACAC through calcination at 270
°C under static air, Ar and Hy, atmospheres and visible-light-sensitive TiO-
GA nanomaterials were synthesized via sol-gel and calcined under static air at
270 °C. TiO9-ACAC and TiO9-GA CTCs were characterized by XRPD, FTIR,
TGA, DRS, PL, EPR and XPS techniques. FTIR results proved the forma-
tion of the CTC through bidentate chelating interaction between TiOy and GA.
TiO2-GA CTCs calcined at 270 °C under static air exhibited a long absorption
tail in the visible light spectrum due to the formation of F* centers and bulk
Ti*T defects. Tetracycline (TC) photodegradation using scavengers and the
correlation with EPR-spin trapping highlighted the key role of the superox-
ide radical in the TC degradation by TiOy-ACAC and TiOy-GA CTCs under
low-power visible light radiation. The increased extrinsic oxygen vacancies con-
centration was not beneficial for photocatalytic performance of TiOy-ACAC
CTCs, since bulk extrinsic oxygen vacancies additionally acts as recombination
centers. In fact, the TiO,-ACAC CTC with the lowest extrinsic oxygen vacan-

cies concentration exhibited the highest photocatalytic performance for TC
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degradation due to an adequate distribution of extrinsic bulk oxygen vacan-
cies, which led to the trapped electrons undergoing repeated hopping, reducing
the recombination rates and improving the efficiency in the superoxide radicals
production. On the other hand, the high content of GA organic molecule in-
effectively bounded to the TiO, surface were not beneficial for photocatalytic
performance of TiO5-GA CTCs, since the organic molecule that is not effec-
tively bounded to the TiO, surface reduced the active sites in the TiOy-GA
nanostructure. Our findings indicated that TiO-ACAC and TiO,-GA CTCs
are able to degrade pollutants wvia interactions with electronic holes and prin-
cipally superoxide radicals and also, provided fundamental information about
the influence of surface/bulk extrinsic oxygen vacancies on photocatalytic per-
formance, lattice parameters, optical and photochemical properties of TiO»-
based CTCs.

Keywords
TiO2-ACAC; TiO2-GA; Charge-Transfer Complexes; Reactive Oxygen

Species; Oxygen Vacancies; Photodegradation.
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Resumo

Gil Londonio, Jessica; Marinkovic, Bojan. Complexos de transferéncia
de carga baseados em nano-TiO,; com vacancias de oxigénio para
processos fotocataliticos a luz visivel. Rio de Janeiro, 2022. 94p.
Dissertacao de Mestrado — Departamento de Engenharia Quimica e de
Materiais, Pontificia Universidade Catodlica do Rio de Janeiro.

Os nanomateriais sensiveis a luz visivel baseados em TiO, sdao ampla-
mente estudados para aplicagoes fotocataliticas sob radiagdo UV-Vis. Entre os
mecanismos de sensibilizacao a luz visivel, vacancias de oxigénio extrinsecas
foram introduzidas em TiOs e complexos de transferéncia de carga (CTCs)
foram formados entre ligantes quelantes, como acetilacetona, e TiOs nano-
cristalino ( TiO2-ACAC). Por outro lado, foi encontrado na literatura que o
acido glutérico acoplado a anatase nanocristalina (TiOo-GA) apresenta alta
eficiéncia fotocatalitica sob UV devido a sua alta area superficial. No entanto,
a influéncia das vacancias de oxigénio extrinsecas no desempenho fotocatali-
tico dos CTCs a base de TiOy é desconhecida e a sensibilizagao do TiOg a
luz visivel por funcionalizagdo com acido glutarico (TiO2-GA) e seu desem-
penho fotocatalitico sob radiacao de luz visivel ainda nao foram investigados.
Neste trabalho, vacincias de oxigénio extrinsecas de superficie/volume foram
introduzidas em TiO9-ACAC através de calcinagao a 270 °C sob ar estatico,
atmosferas de Ar e Hy e nanomateriais de TiO,-GA sensiveis a luz visivel fo-
ram sintetizados via sol-gel e calcinados sob ar estatico a 270 °C. Os CTCs de
TiO2-ACAC e TiO9-GA foram caracterizados pelas técnicas de XRPD, FTIR,
TGA, DRS, PL, EPR e XPS. Os resultados de FTIR comprovaram a forma-
¢ao do CTC através da interacdo quelante bidentada entre TiO, e GA. Os
CTCs de TiO5-GA calcinados a 270 °C sob ar estatico exibiram uma longa
cauda de absorcao no espectro de luz visivel devido a formacao de centros F*
e defeitos Ti**. A fotodegradagao da tetraciclina (TC) usando sequestrantes
e a correlagdo com EPR-spin trapping destacaram o papel fundamental do
radical superoxido na degradacao da TC pelos CTCs de TiO,-ACAC e TiO»-
GA sob radiagao de luz visivel de baixa poténcia. O aumento da concentragao
de vacancias de oxigénio extrinsecas nao foi benéfico para o desempenho fo-
tocatalitico dos CTCs de TiO,-ACAC, uma vez que as vacancias de oxigénio
extrinsecas no volume também atuam como centros de recombinacao. De fato,

o CTC de TiO2-ACAC com a menor concentragdo de vacancias de oxigénio
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extrinsecas exibiu o maior desempenho fotocatalitico para degradagao da TC
devido a uma distribuicao adequada de vacancias de oxigénio extrinsecas no
volume, o que fez com que os elétrons aprisionados sofressem saltos repetidos,
reduzindo as taxas de recombinacao e melhorando a eficiéncia na produgao de
radicais superéxido. Por outro lado, o alto teor de molécula organica de GA
ineficientemente ligada a superficie do TiO, nao foi benéfica para o desempe-
nho fotocatalitico dos CTCs de TiOs-GA, uma vez que a molécula orgénica
que nao é efetivamente ligada a superficie do TiO, reduziu os sitios ativos na
nanoestrutura de TiO,-GA. Nossas descobertas indicaram que os CTCs de
TiO2-ACAC e TiO,-GA sao capazes de degradar poluentes via interagoes com
buracos eletronicos e principalmente radicais superoxido e também forneceram
informacgoes fundamentais sobre a influéncia das vacancias de oxigénio extrin-
secas de superficie/volume no desempenho fotocatalitico, parametros de rede,

propriedades Opticas e fotoquimicas dos CTCs baseados em TiOs.

Palavras-chave
TiO2-ACAC; TiO9-GA; Complexos de Transferéncia de Carga; Espécies

Reativas de Oxigénio; Vacéancias de Oxigénio; Fotodegradacao.
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1
Introduction

Semiconductor-based nanomaterials such as TiO, have attracted the
interest of researchers and industry due to their potential applications for
environmental remediation through the activation of photocatalytic processes
[11, 12], which allow the photodegradation of pollutants [13, 14] and the
generation of Hy from water splitting [3].

Anatase is the most stable TiO5 phase for nanoparticles smaller than 14
nm [15] and it is also the TiO4 phase that has shown the highest photocatalytic
efficiency [16, 17]. However, its low absorption of visible light [3] is the main
limitation for the application of photocatalysts, that can be excited through
renewable and sustainable energy sources such as solar radiation [14].

In order to solve this limitation and to promote visible light photocat-
alytic processes, charge transfer complexes were synthesized in this study via
sol-gel through the anchoring of small organic molecules, such as acetylacetone
and glutaric acid, at the anatase TiOy surface. Additionally, the influence of
point defects (oxygen vacancies) on the photocatalytic performance, optical
and photochemical properties of TiOs-based complexes were studied.

As the authors are aware, the influence of oxygen vacancies on the photo-
catalytic performance of TiOs-Acetylacetone and the sensitization of TiO5 to
visible light by functionalization with glutaric acid and its photocatalytic per-
formance under visible light radiation have not yet been investigated. There-
fore, this dissertation arises from the interest in filling these knowledge gaps.

This document is structured in 7 chapters, including the introduction. In
chapter §2, the fundamentals of photocatalytic process and the mechanisms
that will be used to synthesize TiOs-based visible-light-sensitive nanomaterials
are succinctly presented. Chapter §3 is focused on the proposal of this research
work. Chapter §4 describes the synthesis and characterization techniques
of the charge transfer complex formed between TiO, and Acetylacetone. In
addition, this chapter presents the study of the extrinsic oxygen vacancies in
TiOs-Acetylacetone charge transfer complex and their effects on optical and
photochemical properties. In chapter §5, the synthesis processes of the charge
transfer complexes formed between TiO, and Glutaric acid are described and
the study of the functionalization of anatase nanoparticles with Glutaric acid
and their photochemical and photocatalytic properties are presented. Finally,
Chapter §6 presents the general conclusions and prospects for future works

and Chapter §7 contains the bibliographical references.
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Previous work

2.1
Environmental pollution and antibiotic residues in wastewater

In recent years, the presence of drugs and pharmaceuticals products
in water has generated a worldwide concern, being classified as emerging
contaminants [18, 19] due to the presence of high levels of biologically active
residual antibiotics with high biological stability and high hydrophilicity
[20], resulting in ecological toxicity and extreme antibiotic resistance [21].
Among broad-spectrum antibiotics, tetracycline (TC) is one of the most widely
used antibiotics in humans [22] and is also used as a growth promoter in
animals [20, 23]. However, more than 50% of tetracycline is not absorbed
by humans and animals. Therefore, the removal of tetracycline antibiotic
residues from wastewater becomes important, since the high concentration
of these metabolites, transmitted mainly through the food chain (Figure
2.1), can generate potential long-term adverse effects for human health and
for ecosystems [24, 25]. Traditional methods to treat antibiotics, such as
tetracycline, have low efficiency [23, 26] and some of them are expensive and

require high energy consumption [20].
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Figure 2.1: Human exposure to antibiotic metabolites coming from antibiotic
residues in the environment. [1].

In this context, photocatalysis emerges as an alternative and sustainable

method to degrade this type of pollutants due to its low cost, high efficiency
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and low energy consumption. Additionally, this method allows for reducing or
eliminating the antibacterial activity of antibiotics. Table 2.1 summarize the
advantages, disadvantages and influencing parameters of the different methods

to TC removal.

Table 2.1: Comparison between tetracycline removal methods. Table taken
from the reference [10].

Method Advantages Disadvantages Influencing parameters
High process efficiency High cost Ozone dose
Lesser O3 consumption Lesser solubility in water pH and temperature
Ozonation Environmentally safe, Possible production of carcinogenic of the reaction medium

i.e., no sludge production

Improve efficiency by catalyst utilization

by-product (bromate)

Mass transfer limitation

Type of catalyst

Initial TC concentration

Fenton process

High performance
Simplicity

Non-toxic

Environmentally safe end products generation,

ie., HoO, Oy

Possibility of catalyst utilization

to improve the efficiency

Possibility of combination with other non-bio-

degradable methods to improve efficiency

Strict pH range
High HyO, consumption

Ferric sludge generation

Operating pH and
temperature

Ferrous ion concentration
H,0, concentration

Initial TC concentration

Photolysis /
Photocatalysis

Reaction conditions easily met

Complete decomposition of organic matter
Strong redox ability

Low cost

Long durability

No adsorption saturation

Potential upscale possibility

Inefficient visible light utilization
Rapid degradation of photogenerated
intermediate compounds

Mass transfer limitations

Intensity of radiation
Type of catalysts

Water hardness

pH

Redox conditions

Initial TC concentration

Humic acid concentration

Sonolysis /
sonochemical

oxidation

Green or safe technique

No or negligible secondary pollution
Ultrasound waves clean catalyst surface
thereby increasing catalyst efficiency
Low cost reactors

In combination with Fenton process

reduce sludge generation

Non-selective mechanism
High energy consumption

High maintenance cost

Ultrasonic power

pH

Initial TC concentration
Reaction time

Redox potential

Photocatalysis is also a promising alternative for the development of
cleaner energy through the Hy production [27, 28, 3], for the removal of NOy
[29], sulfur and gaseous sulfur dioxide [13], for bacterial inactivation [30, 31, 32]
and for the reduction of COs, CHy, chlorofluorocarbons (CFCs), tropospheric
O3, black carbon (BC) and other major contributors to climate change [14, 33].

2.2
Fundamentals of the photocatalytic process

The main goal of current research in photocatalysis is related to the use
of energy from renewable sources, such as the sun, through which chemical
reactions can be accelerated, contributing to environmental remediation [11,
12].

Photocatalytic processes, shown in Figure 2.2, involve a series of oxida-
tion and reduction (redox) reactions at the semiconductor surface, promoted

through the light absorption with energy higher than the band-gap energy of
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the semiconductor material. As a result of photoexcitation of the semiconduc-
tor, electrons (e™) are excited from the valence band (VB) to conduction band
(CB) and electronic holes (h™) are generated in the valence band of the semi-
conductor. The photogenerated charge carriers can undergo different pathways:
(1) migration of charge carriers to the surface and (2) recombination of e~ /h*

pair at the surface/bulk of the semiconductor.

Superoxide anion
0z

Sun
- 0,

e .___.....2:::..-.'
CB

hv
OH

o T

N

Oxidation

Semiconductor

OH- Photocatalyst
Hydroxyl radical (¢ TiO,)

Figure 2.2: Mechanisms involved in the photocatalytic process. Imagen adap-
ated from [2].

The migration of photogenerated charge carriers to the surface leads to
the generation of reactive oxygen species (ROS), such as superoxide (O5*)
and hydroxyl (OH®) radicals, as a consequence of the reducing and oxidizing
oxygen and water molecules, originating from the reaction medium. These
types of radicals decompose organic and inorganic compounds adsorbed on
the semiconductor surface [7]. The main reactions of the photodegradation of
pollutants in the presence of a metal oxide semiconductor are described below
[14]:

Semicondutor 4+ hv — e~ +h* (2-1)
Oy +e — 0O5° (2-2)

H,0 + h* — H* + OH* (2-3)
03 + H" — HO$ (2-4)

HOS + HO3S — Hy05 + O, (2-5)

e /ht 02120 RO Peluant 1 organic prod (2-6)
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2.3
TiO,-based photocatalytic materials

Photocatalytic reactions are promoted in the semiconductor material
only if the electronic band structure of the semiconductor satisfies some of

the following conditions:

* The minimum energy level of the conduction band must be more negative

than the redox potential of the acceptor species.

* The maximum energy level of the valence band must be more positive

than the redox potential of the donor species.

TiO, is the most widely used semiconductor for photocatalytic applica-
tions since it satisfies the condition previously described, as shown in Figure
2.3, and also due to its high chemical stability, non-toxicity, low production

cost and chemical compatibility [34].
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Figure 2.3: Band-gap energies and position of the CB and VB edges of different
semiconductors in relation to the redox potentials of water splitting and ROS
species. Imagen adapted from [3].

TiOs can adopt 11 different crystal structures [35]. However, the main
crystalline polymorphs of titania are anatase, rutile and brookite. Although
rutile is thermodynamically stable, the phase stability of titania is a function of
particle size, with anatase being the most stable phase for nanoparticles smaller
than 14 nm [15]. Anatase and rutile are the most widely used TiOy polymorphs
in photocatalysis applications. The difference of these crystal structures can
be described by different arrangements of their (TiOg) octahedra. The crystal
structures of rutile and anatase have a tetrahedral structure. However, the
octahedra are edge and vertex-connected for rutile, while for anatase, the

octahedra are vertex-connected, as shown in Figure 2.4.
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Rutile

Figure 2.4: Crystal structure motifs of Anatase and Rutile. Image adapated
from [4].

Anatase exhibits better photocatalytic efficiency due to higher density of
active sites on the surface [16] and long electron-hole pair lifetime compared
to rutile [17]. However, TiO,, like other semiconductor materials, has intrinsic
limitations associated with low light absorption in the visible spectrum and

high recombination rate of photogenerated charge carriers [3, 14, 34].

2.4
Visible light sensitization of TiO,

In order to use the renewable source such as solar radiation, whose emis-
sion in the visible spectrum corresponds to 44%, to activate the photocatalytic
processes, different mechanism to sensitize TiOs to visible light have been stud-
ied [14, 36, 37].

Among the mechanisms of visible light sensitization, the introduction
of extrinsic oxygen vacancies [38, 39, 40, 41, 42] and the functionalization
of nanomaterials by anchoring organic molecules at the nanomaterial surface
[8, 43, 44, 45, 46, 47| are being developed, since organic molecules,; such as
diketones and dicarboxylic acids, can form charge transfer complexes (CTC)
with the nanocrystalline TiOs via chelating ligands.

On the other hand, studies conducted by Scolan et al. [48] and Siwinska
et al. [49] have revealed that the hydrolysis-condensation rates of the metal

alkoxide can be controlled through the addition of the chelating ligands, such
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as acetylacetone (ACAC), during sol-gel synthesis, allowing the synthesis of
metal oxides with smaller crystallite sizes and consequently, with high specific

surface area.

2.5
Sol-gel as a versatile synthesis route to produce metal oxide nanostruc-
tures

Sol-gel is a widely used wet chemistry method to produce ceramic
nanoparticles in general and is also one of the most versatile synthesis routes
to obtain metal oxides nanostructures due to its relatively low complexity, low
energy cost and high control of the reaction pathways, which allow synthesizing
different types of nanostructures with several shapes and high homogeneity
[5, 50, 51]. In this synthesis method, inorganic and organic-inorganic hybrid
nanomaterials are obtained through water-induced polymerization reactions.
The main steps involved in the sol-gel synthesis method are hydrolysis,
polycondensation and gelation [5]. Figure 2.5 shows the steps involved in the

sol-gel route and its versatility.
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Figure 2.5: Steps of the sol-gel synthesis route and different products obtained
by this synthesis method [5].

The TiO4 nanopowders are obtained wvia sol-gel route, using titanium (IV)
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isopropoxide, as metal alkoxide precursor, dissolved in ethanol and mixed with
an acidic aqueous solution to promote hydrolysis and condensation reactions
[43, 52, 53]. During hydrolysis, titanium alkoxide (TiOR) reacts with water,
substituting alkoxy groups (OR) for hydroxyl groups (OH) (Equation 2-7),
coming from water [54]. Simultaneously, the condensation process is activated,
forming a colloidal suspension (sol), this reaction mechanism involves the
bonding between metal hydroxide groups, which causes a hydrated metal-oxide
network (Equation 2-8) [54]. The condensation process proceeds, increasing the
polymeric chains and the viscosity, leading to the formation of the gel (network

in continuous liquid phase).

TiOR + mH,0O — Ti(OR),_,,(OH),, + mROH (2-7)

Ti—-OH+OR—-Ti—Ti— 0O —-Ti+ ROH

(2-8)
Ti— OH + OH — Ti — Ti — O — Ti + H,0

Metal alkoxides, such as titanium (IV) isopropoxide, are very reactive,
giving rise to long polymer chains that make difficult the obtaining of titanium
nanoparticles via the sol-gel synthesis route [48, 52, 54]. To obtain nanopar-
ticles with desirable properties, chelating ligands, such as diketones and car-
boxylic acid, have been added during the sol-gel synthesis process. Scolan et
al. [48] and Siwinska et al. [49] showed that the addition of these complexing
agents allows to control the hydrolysis and polycondensation rates, giving rise

to the formation of nanoparticles. In fact, Scolan et al. [48] reported that in-

[ACAC]
(7]

agent, from 1 to 5 led to a reduction in the nanoparticles size from 7 to 1.5 nm.

creasing of the complexing ratio ( ), using acetylacetone as complexing
Habran et al. [52] synthesized nanoparticles with a diameter of ~4 nm using

acetylacetone, as a complexing agent, and a complexing ratio of 2.

2.6
Visible light sensitization of anatase through extrinsic oxygen vacancies:
colour centers

The physicochemical properties of materials can be tuned through defects
formation. Oxygen vacancies (V& - oxygen ion missing from its lattice site),
titanium vacancies (V7 - titanium ion missing from its lattice site), oxygen
interstitial (Of - oxygen ion located at an interstitial lattice site) and titanium
interstitial (Ti*** - titanium ion located at an interstitial lattice site) are the
common point defects found in TiO, [55].

& is one of the most common point defects on titania reported in the

literature due to its low formation enthalpies [55], therefore, its relative ease
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of creation [7]. Among all the synthesis methods to create oxygen vacancies in
the TiOs structure, thermal treatments under reducing atmospheres are one
of the most used approaches [7].

Ceramic ionic materials, such as TiOs, must maintain charge neutrality
[56]. Therefore, using the standard Kréger-Vink notation, the defect equilibria
of oxygen vacancies formation in titania could be governed through a charge
balance described by the following equation [38, 55, 57]:

205 <= 2Vy +4¢' 4 0. (2-9)

The formation of the oxygen vacancy in TiO, involves the creation of the
color centers, called F-centers (from Farbe, the German word for color), where
the oxygen vacancy site can be occupied by zero, one or two electrons, leading

to the formation of color centers F™+ FT and F [55, 58], respectively:

Vo+0e =Vy =F. (2-10)
SETOV = Vo + le” = V& = F* (2-11)
Vo 42 = V5 =F (2-12)

Additionally, depending on the formation mechanism and defect equilib-
ria, oxygen vacancies in titania could also lead to the presence of divalent and

trivalent titanium [6, 59], as shown in Figure 2.6.

- .V° s F* Center Vo+2e w F
Vot € mummp F'

F Center
Vo f—————] F

Figure 2.6: Charge compensation process in oxygen deficient TiOs. Creation
of F-centers, divalent and trivalent titanium [6].

Therefore, oxygen vacancies have a direct effect on the electronic struc-
ture and, consequently, on the optical properties of TiO,, since the F-centers
and trivalent titanium form donor levels below the conduction band of titania,
sensitizing TiOs to visible light [6, 38]. Oxygen vacancies in TiO,, also affect
the structure of titania. In fact, other authors have related that the oxygen
vacancies induce changes in the binding energies of titanium and oxygen atoms
and have also observed lattice distortions in the TiO, unit-cell [38, 39, 40, 60].

Some authors have reported that the photocatalytic performance of TiO,

can be described as a function of the location and concentration of oxygen
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vacancies, since bulk oxygen vacancies act as recombination centers while
surface oxygen vacancies act as electron traps and active sites, improving the
photocatalytic performance [7, 40, 41, 61], as shown in pathways (4) and (6)
in Figure 2.7.

wA ¢ Reduction Oxidation
30
PYA

NS

—_» TiO,
@ V,on the surface
@ V,in the bulk

Photoexcitation of e and h* Reduction by e n Oxidation by h*

n Recombination at V;, in the bulk Surface recombination n e trapped at surface V,

Figure 2.7: Pathways of charge migration and/or recombination in oxygen-
deficient TiO under photoexcitation. [7].

2.7
Visible light sensitization of TiO; by coupling with chelanting ligands:
ligand-to-metal charge transfer (LMCT) mechanism

The photosensitization of TiOs to visible light with organic molecule such
as acetylacetone [8, 43, 44], cathecol [45], dopamine [46] and carboxylic acids
[47], such as glutaric acid (GA), is generated wvia the ligand-to-metal charge
transfer (LMCT) mechanism. In this mechanism, electrons are transferred from
the highest occupied molecular orbital (HOMO) of the organic molecule to
the conduction band (CB) of the semiconductor (transition (1) in Figure 2.8)
[8, 62], increasing the light absorption capacity of the semiconductor material

in the visible spectrum.

S,
A (3) S
— e-\
S N (1) -
A_ CB . (2)\\ hV m
TiO, &\ /@
§0
VB Adsorbate
(catechol, EDTA,...)

Figure 2.8: LMCT mechanism [§].


DBD
PUC-Rio - Certificação Digital Nº 2020946/CA


PUC-Rio- CertificagaoDigital N° 2020946/CA

29

As a result of the electronic transition generated in the LMCT mech-
anism, electronic holes are generated in the HOMO of the organic molecule,
being able to recombine with e~ (transition (2) in Figure 2.8) and/or migrate
to the surface to interact with donor species (transition (4) in Figure 2.8). In
addition, electrons in CB are being able to migrate to the surface to interact
with acceptor species (transition (3) in Figure 2.8).

The LMCT mechanism have been widely reported for TiOs-based nano-
materials [8, 43, 44, 45, 46, 47] and also for other semiconductors materials,
such as Mg, TiO4 [63] and Fe alkoxide [64]. Sannino et al. [44], Habran et al. [52]
and Almeida et al. [43] photosensitized TiO, to visible light using acetylacetone
as complexing agent (TiO-ACAC). However, Sannino et al. [44] obtained the
TiO2-ACAC charge transfer complex (CTC) in amorphous state following a
different synthesis route than the one proposed in this work. Habran et al. [52]
and Almeida et al. [43] obtained crystalline TiO-ACAC CTCs and observed
the presence of oxygen vacancies in the CTCs. However, the work carried out
by these authors did not focus on studying the effects of oxygen vacancies
on the physicochemical properties and on the photocatalytic performance of
TiO2-ACAC CTCs.

On the other hand, among all the studies carried out on the function-
alization of TiOy by anchoring carboxylic acids on the nanomaterial surface,
only four studies on the interaction between GA and TiOy surface have been
reported [65, 66, 67, 68]. Zapata-Tello et al. [65] studied UV degradation in low-
density polyethylene (LDPE) films through heterostructures based on TiOs,
LDPE and GA (LDPE/GA-TiO,). Montes-Zavala et al. [66] and Gonzélez-
Rodriguez et al. [67] studied the effects of the functionalization of titanium
dioxide particles with a GA layer on the rheological properties. Bakre et al. [68]
reported that TiOs modified with GA (TiO5-GA) exhibited better photocat-
alytic activity under UV radiation than Degussa TiOy P-25 in the degradation
of methylene blue. Nonetheless, as the authors are aware, the sensitization of
TiO; to visible light by functionalization with glutaric acid (TiO2-GA) and
its photocatalytic performance under visible light radiation have not yet been

investigated.
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Proposal

3.1
General objective

Develop visible light-sensitive structures based on TiO5 anatase nanopar-
ticles anchored to complexing agents to increase the efficiency of the pho-

todegradation of aqueous organic pollutants.

3.2
Specific objectives
1. To synthesize via sol-gel two nano-hybrids sensitive to visible light based
on anatase conjugated with acetylacetone (TiO5-ACAC) and glutaric
acid (TiO2-GA) in order to evaluate their photocatalytic efficiencies for

the degradation of tetracycline.

2. To evaluate the influence of oxygen vacancies on the physicochemical
properties and photocatalytic activity of the TiOo-ACAC nano-hybrids,
such as TiOy-ACAC and TiO,-GA.

3. To evaluate the efficiency of formation of reactive oxygen species by the
charge transfer complexes (CTCs) formed between TiOy and complexing
agents (ACAC and GA) through photocatalytic tests in aqueous media

using suitable scavengers.
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Extrinsic point defects in TiO,-Acetylacetone charge trans-
fer complex and their effects on optical and photochemical
properties

4.1
Experimental methods

4.1.1
Synthesis of TiO,-ACAC CTCs nanopowders

The synthesis of TiOs-Acetylacetone Charge Transfer Complexes was
carried out through the sol-gel route [48, 52], using the initial molar ratio of
[ACAC]/[Ti] = 2.0. The synthesis process was carried out in five steps. In
the first step, 30 mL of titanium (IV) isopropoxide Ti(OiPr), ( 97%, Sigma
Aldrich, San Luis, MO, USA) was slowly dropped under magnetic stirring into
the alcolic solution of 20 mL of Acetylacetone ( 99%) with 100 mL of ethanol
(> 99.8%), provided by Sigma Aldrich, San Luis, MO, USA, whereupon a
yellow solution was obtained. The yellow solution remained for 40 minutes
under magnetic stirring at room temperature. Later, in the second stage of the
process, 180 mL of the aqueous solution of HNOj3 (0.015M), where the HNO3
was provided by Sigma Aldrich, San Luis, MO, USA, were added dropwise
into the yellow solution to generate hydrolysis reaction. In the third stage,
the solution was heated to 60°C and kept under magnetic stirring for 8 h to
promote condensation reaction. Afterward, the yellow sol of TiOy was dried on
Petri dishes at room temperature for 15 h, obtaining a gel TiO,-ACAC RT.
Next, in the fifth stage, the gel was dried at 100 °C for 15 h to obtain an orange
xerogel of TiO, coated with acetylacetone, denoted as TiO9-ACAC. Figure 4.1
shows the scheme of the synthesis process of the TiO5-ACAC nanoparticles by

the sol-gel route.
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Figure 4.1: Schematic illustration of the synthesis process of TiO,-ACAC
nanoparticles through sol-gel route.

The TiO2-ACAC xerogel was grounded in an agate mortar and calcined
for 2 h, using a horizontal tubular furnace, at 270 °C under static air, pure ar-

gon and hydrogen atmospheres. Table 4.1 presents the samples nomenclature.

Table 4.1: TiO,-ACAC CTC nanopowders nomenclature.

Samples Description
TiO3-ACAC 270 TiO2-ACAC Calcined at 270 °C under static air
TiO2-ACAC Ar 270 TiO2-ACAC Calcined at 270 °C under argon atmosphere with a flow rate of 50 mL - min 1

1

TiO2-ACAC Hs 270 TiO2-ACAC calcined at 270 °C under hydrogen atmosphere with a flow rate of 50 mL - min™

4.1.2
Characterization techniques

The phase composition of TiO,-ACAC CTCs was characterized through
X-ray powder diffraction (XRPD), using a Bruker D8 Advance diffractome-

ter (Bruker, Karlshure, Germany) and operating with Cu Ko radiation in the
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Bragg-Brentano configuration within the 26 range between 20° and 80° with a
step size of 0.02° per 1 second. In order to extract the information related to
the phase composition and the unit-cell parameters of the CTCs, X-ray powder
diffraction data were analyzed by the Rietveld method through Topas-Version
5 software (Bruker, Karlshure, Germany). Fundamental parameters approach
was used for the definition of instrumental profile of the diffractometer, i.e.,
a standard sample (LaBg) was used for the adjustment of the fundamental
parameters. Unit-cell and background parameters, together with scale factor,
were only used for the refinement of experimental patterns. Structural param-
eters were not considered for refinement.

The diffuse reflectance spectroscopy (DRS) was carried out using
a Perkin-Elmer Lambda 650 UV/Vis spectrophotometer (Perkin-Elmer,
Waltham, MA, USA), in a wavelength range from 800 nm to 250 nm in steps
of 1 nm, using a-Al;O3 as a reference. The band-gap energy of the CTCs was
computed from diffuse reflectance spectra using the Kubelka-Munk function

for indirect semiconductors, described by the following equation:

(R = O (o — B,); F(R) = & (1)

where the F'(R) function represents the absorption coefficient, E, corre-
sponds to the band-gap energy and %R is the reflectivity of the materials.

The thermogravimetric (TGA) analysis were performed using a Perkin-
Elmer Simultaneous Thermal Analyzer, STA-6000 (Perkin-Elmer, Waltham,
MA, USA), within a temperature range between 30 °C and 800 °C with a
heating rate of 10 °C - min~!, under static air flow of 20 mL - min~".

The photoluminescence emission spectroscopy (PL) was carried out at
room temperature using a Spectroflurometer Photon Technology International,
model Quanta Master 40, under Xenon lamp excitation at 350 nm.

The valence states of titanium on the surface of TiO,-ACAC CTCs
were identified by X-ray photoelectron spectroscopy (XPS) using an Alpha
110 hemispherical analyzer (VG Thermo Scientific, Waltham, MA, USA)
and the Al K, line (1486.6 eV) radiation. For the analysis, the spectra of
the photoelectrons associated with the electrons of Ti 2p energy levels were
measured, using the C 1s line with the energy of 284.7 eV for the energy
correction. The intensities of the spectra were calculated through the integrated
areas of the different peaks using the CasaXPS software.

Bulk extrinsic oxygen vacancies of TiOs-ACAC CTCs were determined
by electron paramagnetic resonance (EPR) at 300 K using a commercial MiniS-

cope MS400 spectrometer (Magnettech, Germany) operating at 9.43 GHz with
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a 100 kHz field modulation and an amplitude of 0.2 mT. The magnetic field is
generated by a Varian (9") electromagnet coupled to a Heinzinger (Germany)
current source. The temperature (300 K) was guaranteed by a He flux cryosys-
tem, ESR 900 (Oxford, England). For Landé g-factor calibration, a standard
sample of 2,2-Diphenyl-1-picrylhydrazyl (DPPH) with g = 2.0037 was used.
The experimental parameters used in the measurements were 10 mW of mi-
crowave power, field centered at 337 mT with application interval of 10 mT,
scan time of 60 s and 4096 integration points.

The ROS involved in the photocatalytic mechanism of TiO,-ACAC
CTCs were analyzed through EPR measurements coupled to the spin trap-
ping method and EPR detection with probe reagents. ROS generated by TiOs-
ACAC CTCs under visible light radiation were identified using 0.2 M of DMPO
(5,5-dimethyl-1-pyrroline n-oxide, CAS 3317-61-1, 96%, Oakwood, EUA), as
spin trap, and 10 mg of photocatalyst, both in aqueous medium and in acetoni-
trile (ACN) solution. The formation of DMPO-OH* and DMPO* adducts in
aqueous solution was detected by EPR simulation employing Easyspin@ rou-
tine in Matlab. For the DMPO-OH* adduct, the spin Hamiltonian parameters
given by the electron spin S = 1/2 interacting with the nuclear spins of N (I
= 1) and 'H (I = 1/2) with ay = ag = 1.49 mT were used [69]; while for the
DMPO* adduct, the parameters given by S = 1/2 with ay = 1.46 mT were em-
ployed. Additionally, the formation of DMPO-OOH* and DMPO* adducts in
ACN solution was detected using the spin Hamiltonian parameters for DMPO-
OOH* adduct, given by S = 1/2 interacting with the nuclear spin of 4N and
'H with axy = 1.30 mT and ag(g) = 1.00 mT; and S = 1/2 interacting with I =
1 of N with axy = 1.36 mT for DMPO*. The quantification of superoxide rad-
ical production by TiOy-ACAC CTCs was carried out by double integration
of the EPR spectra of the aqueous solution containing 0.1 M Hydroxy-TEMP
(2,2,6,6-tetramethylpiperidinol, CAS 768-66-1, 99%, Sigma-Aldrich, EUA), as
probe reagents, and 10 mg of photocatalyst.

4.1.3
Measurement of the photocatalytic performance for the TC photodegra-
dation and the efficiency of reactive oxygen species (ROS) production
The photocatalytic performance of TiO,-ACAC CTCs was measured
using the same equipment and following a similar procedure to that reported
by Almeida et al. [70]. The measurements were carried out using 5 mg-L~!
of Tetracycline, as a testing pollutant, and 50 mg-L~! of the photocatalysts
(TiO2-ACAC CTCs). Figure 4.2 shows the setup of the photocatalytic system
used in this study.
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The photocatalysts were activated through photons supplied by a DU-
LUX D/E 26 W residential fluorescent lamp with visible light emission (wave-
length range from 400 nm to 700 nm) and irradiance of 0.23 W -cm~2 [70]. The
lamp was placed inside a transparent quartz sleeve with a cylindrical geometry
(internal diameter 3.2 cm, thickness 0.15 cm and length 11 cm).

L
amp Lamp

Sleeve

I | | N\
| — » Cooling
| = Water - Out
Cooling p— <« Reactor vessel
Water -In with cooling
(—— ] J jacket
J

Figure 4.2: Photocatalysis system set-up, image adapted from [9].

To keep the temperature fixed at room temperature during the testing
process, cold water was circulated around the outer wall of the cylindrical
reactor cavity. The total time of the experimental process was set to 420 min,
including adsorption-desorption equilibrium and photocatalysis; during this
time, the solution contained in the reactor was kept under continuous magnetic
stirring.

The experimental process was divided into two stages. In the first stage,
the pollutant and photocatalyst in an aqueous solution remained in the
dark for 1 h to reach the adsorption—desorption equilibrium. After that, the
lamp was switched on and 5 mL aliquots were withdrawn from the reactor
at intervals of 1 h for 6 hours. The aliquot was filtered using a Merck
Millipore filter of 0.45 pum and deposited in a quartz cuvette to be analyzed
through an Agilent 8453 UV-Vis spectrophotometer. The percentage of the
TC photodegradation was determined by the decrease in the absorption peak
of TC at the wavelength of 358 nm. To ensure the reliability of the results,
photodegradation measurements were performed in duplicate. Therefore, the
photodegradation results presented in this study correspond to the mean value
with its respective error.

On the other hand, to determine the efficiency of ROS formation in the
TiO2-ACAC CTCs, the concentration of photocatalyst was increased from
50 mg - L™! to 100 mg - L' to increase photoactive sites. The scavenger

molecule benzoquinone (BQ) (5.4 mg - L™') was added, before starting
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the photocatalytic test, to the initial aqueous solution of the pollutant.
This molecule inhibits the participation of *O; radicals in the pollutant
degradation process. The *OH radicals efficiency in the TiO,-ACAC CTCs
for the photodegradation process was evaluated through the addition of the
isopropanol (IPA) scavenger (6.0 mg - L) to the initial aqueous solution of
the pollutant. In this case, the IPA molecule restricts the participation of *OH

radical in the pollutant degradation process.

4.2
Results

4.2.1
XRPD of TiO,-ACAC CTCs

The crystal phase analysis of the TiOs-ACAC 270, TiOy-ACAC Ar
270 and TiO9-ACAC Hy 270 nanopowders were carried out by XRPD. The
XRPD patterns of TiOs-ACAC CTCs, presented in the Figure 4.3, exhibited
diffraction peaks corresponding to the (101), (004), (200), (211), (204), (220),
and (215) crystallographic planes of anatase phase (PDF-2: 21-1272).

The calcination process under reducing atmospheres led to slight dis-
placement towards higher angles in the diffraction peaks of TiOy-ACAC CTCs
(inset of Figure 4.3a). This slight shift in the diffractions peaks is directly
related to the decrease of the lattice parameters due to crystal structure re-
laxation generated by the increasing of the extrinsic oxygen vacancies con-
centration in the TiOo-ACAC structure (vide infra §4.2.4). This shift in the
diffraction peaks was also observed for defective TiO, with oxygen vacancies
by Pan et al. [38] and Chen et al. [39]. The decrease in the unit-cell volume of
the CTCs calcined under reducing atmospheres, compared to the cell volume
of the CTC calcined under static air, is presented in Figure 4.3b.

The lattice parameters of the TiOs-ACAC CTCs, as determined by the
Rietveld refinement (see the XRPD patterns fitting in Figure S1, Supplemen-

tary Information), are shown in Table S1 (see the Supplementary Information).
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Figure 4.3: (a) XRPD patterns of TiOs-ACAC 270, TiOo-ACAC Ar 270 and
TiO5-ACAC Hy 270, (b) Comparison between the unit-cell volumes of the
CTCs calcined at 270 °C.

4.2.2
TGA of TiO,-ACAC CTCs

The quantity of the acetylacetone in the TiOy-ACAC CTCs was deter-
mined through the overall mass loss due to acetylacetone fragmentation, which
occurs in the temperature range from 150 °C to ~ 490 °C (Figure 4.4) [43, 71].
As expected, the calcination process led to a decrease in the organic molecule
content in the CTCs, from 13.1% for xerogel to 3.5% for TiO,-ACAC 270, due
to the partial volatilization of ACAC during the calcination at 270° [43, 71].
However, a higher percentage of acetylacetone was detected for CTCs calcined
under reducing atmospheres (7.4% for hydrogen atmosphere and 5.5% for ar-
gon atmosphere) compared to CTC calcined under static air (3.5%). This result
is in accordance with the observation by Almeida et al. [70], who reported that
the acetylacetone fragmentation corresponds to an oxidative process. There-
fore, as observed in Figure 4.4, calcination under reducing atmospheres was
expected to lead to the presence of a higher percentage of acetylacetone in
the TiOo-ACAC CTC. Nevertheless, a high amount of ACAC bounded to the
TiO, surface can be undesirable, since ACAC could occupy the active sites at
the photocatalyst surface and might negatively impact on the photocatalytic
performance of the TiOo-ACAC CTCs.
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Figure 4.4: TGA curves of all TiO,-ACAC CTCs. The vertical dashed lines
denote the temperature range corresponding to the overall mass loss of ACAC
onto TiO, surface. The percentages represent the total mass loss of ACAC in
the temperature range from 150 °C to 490 °C.

4.2.3
Optical properties of TiO,-ACAC CTCs

Figure 4.5 represents the DRS spectra of TiO5-ACAC xerogel, TiOs-
ACAC 270, TiO9-ACAC Ar 270 and TiOo-ACAC H, 270, where the sensitiza-
tion to the visible light of the TiO, was evidenced due to two processes. The
first process corresponds to ligand-to-metal charge transfer (LMCT) mech-
anism formed between ACAC and TiO,, observed for TiO,-ACAC xerogel
[72, 44, 52], while the second process corresponds to extrinsic oxygen vacan-
cies, formed through the calcination process, in the TiOy-ACAC CTCs.

As a result of the ligand-to-metal charge transfer (LMCT) mechanism
and the coupling between the LMCT mechanism and the extrinsic oxygen
vacancies, three features were identified in the DRS spectra (Figure 4.5). The
first feature (Figure 4.5a) corresponds to xerogel absorption, presented a long
absorption tail in the visible light spectrum compared to TiOy [39], with an
apparent band-gap energy of 2.40 eV (Figure 4.5b), in accord to Habran et al.
[52], Almeida et al. [43] and Sannino et al. [44]. The sample showed orange
color.

A second feature, showed by TiO9-ACAC 270, exhibited a higher visible
light absorption compared to xerogel with a slight decrease in light absorption
starting at 600 nm and an apparent band-gap energy of 1.14 eV (Figure
4.5b), showing a dark brown color, similar to that reported by Almeida et
al. [43] for TiOy-ACAC 300 material. The dark brown color presented by
the TiO9-ACAC 270 can be attributed to the extrinsic oxygen vacancies

created through volatilization of the acetylacetone molecules bounded to
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TiO, surface, during the calcination process under static air, as proposed by
Almeida et al. [70]. Wang et al. [73], Pan et al. [38] and Sinhamahapatra et
al. [74] reported that extrinsic oxygen vacancies create intermediate energy
levels within semiconductor band-gap, resulting in increased visible light
sensitization in TiO9-ACAC 270.

On the other hand, the CTCs calcined under reducing atmospheres
(TiO5-ACAC Ar 270 and TiOy-ACAC Hy 270 materials) were classified within
the third regime of visible light absorption. These complexes evidenced a darker
coloration than the previously described sample (TiO5-ACAC 270), showing
almost complete visible light absorption, with an apparent band-gap energy
close to 0.5 eV (0.44 eV for TiOo-ACAC H, 270 and 0.46 eV for TiO,-ACAC
Ar 270, see Figure 4.5b). This significant increase in visible light absorption
resulted from the interplay between the increase of extrinsic oxygen vacancies
concentration, through the calcination under reducing atmospheres, and the
LMCT mechanism.

100 7
Y a) ——TiO,- ACAC Xerogel b)
/T-“\ TiO,- ACAC 270
69| —Tio,-AcACAr270
80 TiO,- ACAC H, 270 "
7
ES 54
Py o
g 907 T 4
g =
5 3
7] T 34
o 404 .,
< ——TiO,-ACAC Xerogel
TiO,-ACAC 270 ] b
—— TiO,-ACAC Ar 270 ’.
20 TiO,-ACAC H, 270 P
1 Z
g /
2 ’
.
0 . . . . ; 0 R R T T
300 400 500 600 700 800 0.0 0.5 1.0 15 20 25 3.0 35 4.0 4.5
Wavelength / nm Energy / eV

Figure 4.5: (a) DRS curves and (b) Kubelka-Munk plots of the TiOy-ACAC
xerogel, TiOy-ACAC 270, TiO5-ACAC Ar 270, TiO5-ACAC H, 270.

Photoluminescence (PL) emission spectra of the TiOo-ACAC CTCs were
acquired to evaluate the LMCT mechanism between ACAC and TiOs and the
creation of the optical centers due to extrinsic oxygen vacancies. Emission
spectra, in the energy range of 1.82 - 3.0 eV, with excitation at 3.57 eV
(Aeze = 350 nm), were deconvoluted keeping the same parameters of the known
bands. Figure 4.6 illustrates the deconvolution of PL emission spectra of TiOs-
ACAC xerogel (a), TiOo-ACAC 270 (b), TiO2-ACAC Ar 270 (c¢) and TiO,-
ACAC H, 270 (d).
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Figure 4.6: Photoluminescence emission spectra of (a) TiOy-ACAC xerogel,
(b) TiOs-ACAC 270, (c) TiOo-ACAC Ar 270 and (d) TiO,-ACAC H, 270.

In all PL emission spectra, two bands were observed with maxima at
2.85 eV and 2.40 eV, and HWHM of 0.17 and 0.25 eV, respectively. The
band centered at 2.85 eV was attributed to the exciton photoluminescence
[75, 76, 77] and the other band (at 2.40 eV) to the emission photons due to
decay of free electrons from the anatase conduction band (CB) to the highest
occupied molecular orbital (HOMO) of ACAC, through the LMCT mechanism
[43, 52, 72, 44].

In the photoluminescence emission spectra of the calcined CTCs (TiOq-
ACAC 270 (b), TiO2-ACAC Ar 270 (c) and TiO3-ACAC H, 270 (d), a third
emission band was observed with a maximum at 1.97 eV and a HWHM of
0.32 eV. Serpone [58] and Chen et al. [59] attributed the band situated around
1.7 — 2.1 eV region (729 — 590 nm) due to transition from the excited state
of the F* center (denoted F** center) to its corresponding ground state. This
means that the third band of PL emission spectra of calcined TiO,-ACAC
CTCs can be attributed to deep trap states originated from oxygen vacancy
associated with F' center, i.e., single electron trapped in oxygen vacancies
(SETOV) [77] (Equation 4-3).

Vo+2 =V5=F (4-2)
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SETOV =Vo +1le” =Vg =FF (4-3)
Vo+0e =Vy =F*F (4-4)

Additionally, a significant decrease in the intensity of the photolumines-
cence emission spectra was observed for the CTCs calcined under reducing
atmospheres, feature that could be attributed to the increased concentration
of extrinsic oxygen vacancies (vide infra §4.2.4), that can lead to different pro-
cesses such as: (1) Auger recombination [78, 79], (2) shallow electron trapping
[39, 80], and (3) radiative recombination wvia the trap-assisted recombination
mechanism [81, 82], which do not contribute to the intensities in the range
between 1.82 and 3.0 eV.

4.2.4
Electron paramagnetic resonance and X-ray photoelectron spectroscopy
of TiO,-ACAC CTCs

The presence of the oxygen vacancies in the calcined CTCs was also evi-
denced through electron paramagnetic resonance spectra at room temperature.
Figure 4.7 shows the EPR signals of the TiOy-ACAC CTCs, where the first
derivative of the absorption spectra of all CTCs in the resonance condition
showed the same behaviour, with a Landé g-factor = 2.00, characteristic of
the SETOV (attributed to bulk extrinsic oxygen vacancy Vg) in the anatase
[83]. Trivalent titanium ions (g = 1.96 — 1.99) [84] were not evidenced in the
EPR signals of the CTCs. Therefore, charge compensation in the structure
of TiOo-ACAC CTCs would occur predominantly through an electronic com-
pensation process, where the removal of an oxygen atom in TiOs implies the
presence of zero, one or two electrons in the oxygen vacancy site, leading to
the formation of color centers F*+ F* and F (Equations 4-2 - 4-4 in section
§4.2.3) [58, 55|, respectively.

In addition, the SETOV concentrations of the CTCs were determined by
double integrations of the EPR signals and their comparison with a standard
CuSO, sample. The SETOV concentration of TiOy-ACAC Hy 270 (1.30 x 1016
cm™?) is approximately 1.3 times of SETOV concentration of TiOy-ACAC
Ar 270 (1.06 x10'® cm™2) and about five times higher than in TiOy-ACAC
270 (2.80 x10' cm™2), evidencing an increase in the concentrations of bulk
extrinsic oxygen vacancies for CTCs calcined under reducing atmospheres, in

agreement with the photoluminescence, DRS and XRPD results.
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Figure 4.7: Electron paramagnetic resonance spectra of TiOo-ACAC 270, TiO-
ACAC Ar 270 and TiO,-ACAC H, 270.

X-ray photoelectron spectra of the TiOs-ACAC CTCs were evaluated to
determinate the valence states of the titanium on the CTCs surface. Figure 4.8
represents the Ti 2p spectra of TiOo-ACAC 270 (a), TiO5-ACAC Ar 270 (b),
TiO-ACAC Hy 270 (¢) and the comparison between Ti 2p spectra of CTCs
(d). All CTCs exhibited a distance between the binding energies (ABE) of the
Ti 2p1/2 and Ti 2p3/e XPS peaks (ABE = BE(Ti 2py/2) - BE(Ti 2p32)) of 5.7
eV, a characteristic of Ti*"-O bonds in TiO, [85].

In addition, a shift to higher energies for the Ti 2p binding energies (BE)
was observed for the CTCs calcined under reducing atmospheres compared
to the CTC calcined under static air (Figure 4.8d), evidencing a BE positive
displacement of 1.0 eV for TiO,-ACAC H, 270 in comparison to TiOo-ACAC
270 and a BE positive shift of 0.88 eV in comparison to TiOy-ACAC Ar
270. This positive displacement in the Ti 2p binding energy was attributed
to the lattice distortions generated by the increase of surface/bulk extrinsic
oxygen vacancies concentration in the CTCs [38, 40|, previously reported
through the XRPD results (Figure 4.3b), where the removal of an oxygen atom
generates a repulsion between the second nearest neighbors, i.e., causing an
outward relaxation between the nearest titanium atoms and as a consequence,
a reduction of Ti-O bond lengths and an increase in the Ti 2p binding energy
(60, 38, 39]. Additionally, Ti*" signal was not identified in the XPS spectra of
Ti 2p, since a shift to lower binding energy was not evidenced and no additional
peaks were observed at lower binding energies [39]. This is in agreement
with the EPR results (Figure 4.7), confirming that the charge compensation
process in the TiO,-ACAC CTCs occurs, predominantly, through electronic

compensation.
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Figure 4.8: X-ray photoelectron spectra of Ti 2p for (a) TiO5-ACAC 270, (b)
TiO5-ACAC Ar 270, (c) TiO2-ACAC H, 270 and (d) comparison between Ti
2p binding energy of the CTCs calcined at 270 °C.

4.2.5
Photocatalytic performance of TiO,-ACAC CTCs

The photocatalytic activity of the TiO,-ACAC CTCs was evaluated by
monitoring the TC degradation in an aqueous medium using a very low pho-
tocatalyst concentration (50 mg-L~') under low-power visible light (26 W).
Figure 4.9a shows the tetracycline evolution during its photocatalytic degra-
dation in the presence of the TiO,-ACAC CTCs as photocatalysts. Adsorption-
desorption equilibrium (1h in dark) and TC photocatalytic degradation curves
using TiO-ACAC CTCs as photocatalysts are shown in Figure S2 (see the

Supplementary Information).
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Figure 4.9: (a) Tetracycline evolution during its photocatalytic degradation
using TiO,-ACAC CTCs as photocatalysts and (b) Tetracycline photodegra-
dation using TiOs-ACAC CTCs after 6 h under visible light radiation.

As shown in Figure 4.9, photolysis showed insignificant TC degradation.
On the other hand, all TiO,-ACAC CTCs caused photocatalytic abatement
of tetracycline. However, a variation in the photocatalytic performance of the
different CTCs, studied in this work was evidenced. The CTC calcined under
static air, TiOo-ACAC 270, presented the highest photocatalytic degradation
after 6 h (70.1% =+ 0.6%). Additionally, it was observed that among the CTCs
calcined under reducing atmospheres, TiOs-ACAC Ar 270 presented a better
photocatalytic performance than the TiOs-ACAC Hy 270. After 6 h of visible
light radiation, the TiO,-ACAC Ar 270 CTC photodegraded 52.2% =+ 2.9%
of the TC, while the TiO,-ACAC Hy 270 CTC exhibited a photocatalytic
abatement of 39.6% =+ 3.7%. This difference in the photocatalytic performance
of TiO,-ACAC CTCs for tetracycline abatement could be attributed to two
factors. The first one is the increase in the concentration of bulk extrinsic
oxygen vacancies in TiO,-ACAC Ar 270 and TiO-ACAC H, 270 samples,
determined through EPR, which would be acting as recombination centers.
In fact, Li et al. [40] already reported photocatalytic inactivity for COq
reduction using TiO,-BO (TiO, coupled to bulk extrinsic oxygen vacancies),
as photocatalyst, after 6 h exposure to 250 W high-pressure Hg lamp (visible
light radiation). Additionally, Huang et al. [41] observed a decrease in the
photocatalytic performance of Black-TiOs for NO removal with increasing
concentration of oxygen vacancies. The second factor could be the higher
amount of ACAC bound to the surface of the TiO5-ACAC Ar 270 and TiOs-
ACAC H, 270 CTCs (Figure 4.4), which could be occupying the active sites
on the CTCs surface, resulting in a reduced photocatalytic abatement.

In order to evaluate the ROS production by TiO,-ACAC CTCs, addi-
tional photocatalytic tests were carried out in aqueous medium using benzo-

quinone and isopropanol as superoxide (*O5 ) and hydroxyl (*OH) scavengers,
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respectively, and a higher photocatalyst concentration (100 mg-L~!) than the
used in the previously performed tests.

Figure 4.10 shows the TC photodegradation in the presence of TiO»-
ACAC 270, as photocatalyst, with and without the addition of scavengers. As
observed in Figure 4.10b, without the addition of scavengers, TiOs-ACAC 270
photodegraded 78.4% =+ 1.3% of TC after 6 h.
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Figure 4.10: (a) Tetracycline evolution during its photocatalytic degradation
using TiO,-ACAC 270 as photocatalysts with and without addition of scav-
engers (BQ and IPA) and (b) Tetracycline photodegradation using TiO,-
ACAC 270 with and without addition of BQ and IPA after 6 h under visible
light radiation.

The addition of the hydroxyl radical scavengers (IPA) did not reduce the
photocatalytic performance of the TiOs-ACAC 270 in the TC photodegrada-
tion (Figure 4.10), and even exhibited a 10% higher photocatalytic abatement
(88.5% =+ 4.6%) compared to that measured without the addition of quenchers
(78.4% + 1.3%). This result could be firstly attributed to the low efficiency
in the hydroxyl radical production and also, to the reaction between hydroxyl
scavengers and electronic holes (h™), coming from the HOMO of ACAC, [86, 3],
as subsequently reported in the spin trapping analysis (Section §4.2.6). On the
other hand, it was observed that the addition of benzoquinone, as a superoxide
radical scavenger, to aqueous solution, caused a decrease of the TC photodegra-
dation, exhibiting a photocatalytic abatement of 42.1% =+ 2.2% after 6 hours
(Figure 4.10), indicating that the superoxide radical plays the main role in
the TC photocatalytic degradation by TiO9-ACAC 270 CTC. In addition, this
reduced but considerable photocatalytic degradation obtained by using BQ as
scavenger, could be an indication of the possible participation of electronic
holes in the TC degradation [87] and/or formation of the hydroxyl radical by
the TiO5-ACAC 270 CTC (wvide infra in the Section §4.2.6).

The evolution of the TC photocatalytic degradation in the presence of the
TiO5-ACAC Ar 270 as photocatalyst with and without addition of scavengers
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is shown in Figure 4.11a. As displayed in the Figure 4.11b, the use of 100
mg-L~! TiO,-ACAC Ar 270 without addition of scavengers led to an TC
photodegradation of 66.5% + 0.9%.
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Figure 4.11: (a) Tetracycline evolution during its photocatalytic degradation
using TiO5-ACAC Ar 270 as photocatalysts with and without addition of
scavengers (BQ and IPA) and (b) Tetracycline photodegradation using TiO,-
ACAC Ar 270 with and without addition of BQ and IPA after 6 h under visible
light radiation.

The addition of the superoxide scavenger (BQ) had a significant impact
on the tetracycline photodegradation, reducing photocatalytic degradation to
only 7.5% £ 0.1% after 6 hours (Figure 4.11), indicating that the superoxide
radical (*O3) plays a dominant role in the photocatalytic performance of
the TiO9-ACAC Ar 270 in the TC photodegradation. On the other hand,
the addition of the hydroxyl radical scavengers (IPA) did not significantly
change the photocatalytic performance of the TiOy-ACAC Ar 270 for the
TC photodegradation. This result suggested that the TiOy-ACAC Ar 270 is
not efficient for the production of hydroxyl radicals (*OH) under visible light
radiation.

TC photodegradation in the presence of TiOy-ACAC H, 270 as photo-
catalyst with and without addition of scavengers is shown in Figure 4.12. The
use of 100 mg-L~! of TiO,-ACAC H, 270 without addition of scavengers led
to 65.1% =+ 2.0% abatement of TC, after 6 h.
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Figure 4.12: (a) Tetracycline evolution during its photocatalytic degradation
using TiOo-ACAC Hy 270 as photocatalysts with and without addition of
scavengers (BQ and IPA) and (b) Tetracycline photodegradation using TiO-
ACAC H, 270 with and without addition of BQ and IPA after 6 h under visible
light radiation.

The addition of the hydroxyl radical scavenger (IPA) led to a slight
reduction in TC photodegradation. However, this decrease is within the error
of the measurements (Figure 4.12b), evidencing the low efficiency of TiO,-
ACAC H; 270 CTC for the formation of hydroxyl radical. On the other hand,
the addition of the superoxide radical scavengers (BQ) caused a significant
reduction in the photocatalytic performance of the TiO-ACAC Hy 270 in the
TC photodegradation (Figure 4.10), exhibiting a photocatalytic abatement
of 13.1% £ 1.7% after 6 hours. This result could be an indicative of two
phenomena: the first is the high efficiency of TiOo-ACAC H, 270 to produce
the superoxide radical and the second is the important role that the superoxide

radical plays in the TC photodegradation.

4.2.6
Spin trapping of TiO,-ACAC CTCs

In order to further investigate the photocatalytic mechanism involved in
the TC photodegradation and to correlate it with the results of ROS formation
study, obtained from TC photodegradation with scavengers (Section §5.2.6),
EPR measurements using the spin trapping method were performed (Figure
4.13). The spin trap 5,5-dimethyl-1-pyrroline n-oxide (DMPO) was used to
identify reactive oxygen species (ROS) generated by TiO,-ACAC CTCs under
visible light radiation (white LEDs with 16 mW -cm~2). The identification of
the adducts, associated to ROS generated by TiOs,-ACAC CTCs, was carried
out through the simulations of the EPR spectra using the Easyspin® routine
in Matlab (Figures 4.13c and 4.13d).

Figures 4.13a and 4.13b represent the time evolution of the EPR-spin
trapping signal of TiOy-ACAC 270 under visible light radiation, with a max-
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imum excitation time of 15 minutes and different solvents (water and ACN).
The calculated EPR spectra, Figure 4.13c, indicated that the experimental
spectrum in water is composed of DMPO-OH* and DMPO* adducts. The
sum of both spectra (Figure 4.13c¢) reproduced the experimental one (Figure
4.13c), suggesting that the hydroxyl radical might be produced by the TiO,-
ACAC 270 CTC. However, it was evidenced in Figure 4.10 that the addition
of TPA, as hydroxyl radical scavenger, did not reduce the photocatalytic per-
formance of the TiOo-ACAC 270 in the TC photodegradation, suggesting that
the TiOo-ACAC 270 is not efficient for the production of hydroxyl radicals
under visible light radiation. In addition, it is known that the formation of the
DMPO-OH* adduct may also be a result of two other different processes: (1)
decomposition of hydroperoxyl adduct (DMPO-OOH*), formed through the
capture of the superoxide radical by DMPO (Equation 4-5); (2) via oxidation
of DMPO (Equation 4-6), where the cationic radical DMPO™, due to DMPO
oxidation, transforms to DMPO-OH* adduct through the hydrolysis process
[88].

DMPO + ®*O; — DMPO — OOH* ““2%°° DMPO — OH*  (4-5)
DMPO + h* — DMPO* 2 DMPO - OH* + HT (4-6)

On the other hand, Figure 4.10b evidenced that the addition of BQ, as a
superoxide radical scavenger, led to a significant reduction of the TC photocat-
alytic abatement by TiO,-ACAC 270, showing a photocatalytic degradation
of 42.1% =+ 4.6% after 6 hours. Considering the reactions described by Equa-
tions 4 and 5, the inefficient production of hydroxyl radical by TiO,-ACAC
270, previously discussed, and the scavenging of the superoxide radical due to
the addition of BQ, the TC photocatalytic degradation of 42.1% + 4.6% by
TiO2-ACAC 270 can be attributed to the TC degradation via electronic holes
from HOMO, as proposed by Ren et al. [87]. In fact, the TC photocatalytic
abatement increased with the addition of TPA (10% higher compared to the
percentage measured without addition of scavengers, Figure 4.10b) might be
attributed to the interaction between electronic holes, coming from the HOMO
of ACAC, with hydroxyl scavengers [86, 3], which could cause an inhibition
of the subsequent secondary reactions, involving the interaction between H™
(formed through electronic holes, Equation 4-7) and the superoxide radical
(Equations 4-8-4-9). As a consequence, the addition of isopropanol, as a scav-
enger, would limit the chemical reactions of the superoxide radical, allowing
only interaction between *O; and tetracycline, which results in increased TC

photocatalytic degradation.
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OH,0 + 4h* — O + 4H* (4-7)
*O; + H" — HO3 (4-8)
.02_ +e + 2H+ — HQOQ (4—9)

In order to detect superoxide radical, the spin trapping method were
carried out using ACN as a solvent. The ACN was used, because of its high
solubility for molecular oxygen (much higher than in water) and aproticity.
The time evolution of the EPR spectra is shown in Figure 4.13b, where the
EPR spectra simulation (Figure 4.13d) evidenced the formation of the DMPO-
OOH* and DMPO* adducts (Figure 4.13d). The DMPO-OOH* adduct is
the result of capture of superoxide radicals by DMPO, which afterwards are
protonated [89].

From Figure 4.13b it was observed that the intensity of the EPR spectra
of DMPO-OOH* adducts in ACN, determined by integration of the EPR
signal, is ~ 7.5 times higher compared to that of DMPO-OH* adducts in
water, indicating that superoxide radicals are the dominant radical species
produced by the TiO-ACAC 270 photocatalyst under visible light radiation.
This result is in accord with the high TC photocatalytic abatement by TiO,-
ACAC 270 when IPA is used as scavenger and with the reduction in the
TC photodegradation when BQ is used as scavenger in the aqueous solution
(Figure 4.10).
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Figure 4.13: EPR spectra as a function of visible light (VL) radiation of
(a) DMPO (0.2 M) spin trap in water and (b) DMPO (0.2 M) spin trap
in acetonitrile (ACN) both containing in suspension 10 mg of TiO,-ACAC
270 photocatalyst under magnetic stirring. EPR spectra simulations (c) and
(d) using the Easyspin routine in Matlab for the spectra of (a) and (b),
respectively.

In order to quantify the superoxide radicals production by TiOs-ACAC
CTCs, an indirect method was applied using the 2,2,6,6-tetramethylpiperidinol
(TEMP) redox probe. TEMP is a spin trap that has singlet oxygen specificity,
10,, which after capture is transformed into the very stable free radical
TEMPOL [90]. Furthermore, some authors reported that superoxide radicals
can directly form TEMPOL, since superoxide radical often decays into singlet
oxygen [90, 91, 88]. The EPR spectrum of the TEMP adduct, TEMPOL, is
a characteristic triplet spectrum caused by hyperfine interaction between the
electronic spin S = % and the nuclear spin I = 1 of 1*N nucleus with hyperfine
constant of ay = 1.58 mT in water. Due to the high stability of TEMP
adduct (> 24 h) it could be reliably quantified by double integration of the
EPR spectra and compared with a sample containing a known concentration
of TEMPOL (0.1 M). The experiments with TEMP were performed using
the same experimental method employed with DMPO spin trap, substituting
DMPO with TEMP (0.1 M).
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Figure 4.14: (a) EPR spectra of TEMPOL radical formed by 10 mg of TiO,-
ACAC 270 (magenta line), TiOo-ACAC Ar 270 (cyan line) and TiO-ACAC Hy
270 (violet line) after 30 min under visible light radiation and (b) TEMPOL
radical formation as a function of time under visible light radiation for all

CTCs.

A comparison between the EPR spectra of TEMPOL radical formed by
TiO2-ACAC CTCs after 30 min under WL illumination is shown in Figure
4.14a. EPR spectra of TEMPOL radical formed by TiOs-ACAC 270 exhibited
the highest intensity compared to the TEMPOL formed by the CTCs calcined
under reducing atmospheres. In order to quantify the TEMPOL formed by
the TiO-ACAC CTCs, the TEMPOL radical concentration as a function of
time under visible light radiation was evaluated in Figure 4.14b. Figure 4.14b
revealed that the highest concentration of TEMPOL radical is produced by the
TiO,-ACAC 270 CTC, which indirectly implies that CTC calcined in static air
produces superoxide radical with higher efficiency compared to CTCs calcined
under reducing atmosphere. Consequently, the TC photodegradation efficiency
of TiO9-ACAC 270 should be higher compared to TiOs-ACAC Ar 270 and
TiO,-ACAC Hy 270, as evidenced in Figure 4.9. In addition, the correlation
between TC photodegradation results using scavengers and the DMPO spin
trap experiments allows inferring that the superoxide radicals are the dominant
ROS species formed by the TiO-ACAC CTCs under visible light illumination.

4.3
Discussion

43.1
Influence of extrinsic oxygen vacancies on the lattice parameters, optical
and photochemical properties

The XRPD results of TiOo-ACAC CTCs (Figure 4.3) evidenced a de-
crease in the lattice parameters of the CTCs calcined under reducing atmo-
sphere (TiO2-ACAC Ar 270 and TiO5-ACAC H; 270) in comparison to CTC
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calcined under static air due to crystal structure relaxation generated by the
increase of extrinsic oxygen vacancies concentration in the TiO-ACAC CTCs.
This lattice distortions, also observed by Pan et al. [38] and Chen et al. [39],
led to positive displacement in the Ti 2p binding energy (Figure 4.8d).

The EPR and XPS measurements (Figures 4.7 and 4.8) did not reveal the
presence of Ti*T, which would imply a negative shift in the Ti 2p binding energy
and as a consequence an increase in the lattice parameters [39, 42, 92, 93]. In
addition, this result is an indication that the charge compensation in the TiO,-
ACAC CTCs occurs, predominantly, through electronic compensation, which
led to the formation of F* centers (see Equation 4-3 in section §4.2.3 and
Figure 4.6).

The increase of surface/bulk extrinsic oxygen vacancies in the TiOq-
ACAC CTCs extended the visible light sensitization of the CTCs due to the
simultaneous action between the LMCT mechanism and the optical centers
created through the calcination process (Figures 4.5 and 4.6).

Tetracycline photodegradation results (Figure 4.9) confirmed the hypoth-
esis that TiO9-ACAC CTCs are able to degrade pollutants in aqueous medium,
using a low concentration of photocatalytic material (50 mg - L™!) under low-
power visible light (26 W). Wu et al. [42] reported 66.2% removal efficiency of
TC after 4 h, using 20 mg - L™! of Black-TiO, exposure to very high-power
visible light (1000 W). Additionally, Almeida et al. [70] related 68.6% of TC
photocatalytic abatement after 6 h, using 200 mg - L=! of TiOy covered by
ACAC and calcined at 300 °C exposure to low-power visible light excitation
(26 W). Therefore, the TC photodegradation reported in our study (70.1%),
using 50 mg - L™ of TiO,-ACAC 270 after 6 h under low-power visible light
(26 W) was higher than that reported by Wu et al. [42] with 2.5-fold higher
photocatalyst concentration but under ~ 38.5-fold lower visible light power
and was also slightly higher than that related by Almeida et al. [70] but with
four times lower concentration of photocatalyst under the same visible light
power (26 W).

In contrast to what has been reported by some authors [42, 43, 39, 14], it
was observed that the calcined CTC with lowest light absorption (TiO-ACAC
270) exhibited the highest photocatalytic performance for TC degradation.

The results of TC photodegradation by TiO5-ACAC CTCs (Figures 4.9 -
4.12) allowed for indirect determination of the presence of oxygen vacancies on
the TiOo-ACAC CTCs surface, since as reported by Li et al. [40] the coupling
of TiOs-based nanostructures with only bulk extrinsic oxygen vacancies would

induce low photocatalytic activity.
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4.3.2
ROS production capacity of TiO,-ACAC CTCs

One of the main goals of this work was to study the ROS generation
capacity of TiOs-ACAC CTCs and to understand the mechanisms involved in
the degradation of pollutants, using tetracycline as a testing pollutant. The
photodegradation tests using BQ and IPA scavengers (Figures 4.10 - 4.12)
revealed that the superoxide radical plays the main role in the TC degradation.
Therefore, the highest photocatalytic performance of TiO-ACAC 270 in the
TC degradation was directly related to its high efficiency in the superoxide
radicals production compared to TiO-ACAC Ar 270 and TiO,-ACAC H, 270
(Figura 4.14).

This efficiency in the superoxide radicals generation for the TiOy-ACAC
270 might be attributed to the coupling between an adequate concentration of
extrinsic oxygen vacancies with LMCT mechanism, since, as reported by other
authors [40, 41, 61], the oxygen vacancies in the bulk act as recombination
centers, while the oxygen vacancies on the surface favor the photocatalytic
process through the increase of the active sites on the surface and the
enhancement of charge separation in the nanostructure. Furthermore, a higher
content of ACAC in the TiO3-ACAC Ar 270 and TiO,-ACAC Hy 270 was
not necessary beneficial for the photocatalytic process. This would be because
ACAC might be occupying the active sites on the surface of CTCs, hindering
the interaction of Oy and H,O with the nanostructure surface, and as a
consequence, causing a reduction in the ROS generation.

To understand the mechanisms involved in the TC photodegradation
by TiO,-ACAC CTCs, the electronic bands scheme represented in the Figure
4.15 was proposed. The electronic bands model for LMCT mechanism, shown
in Figure 4.15a, has been widely reported in literature [8, 44, 43]. In fact,
the PL peak of TiOy-ACAC CTCs centered at 2.40 eV (Figure 4.6) is the
fingerprint of LMCT mechanism formed between organic molecule (ACAC)
and anatase. Figure 4.15b represents the electronic band structure model for
the oxygen vacancies in the anatase. This model, reported by Nakamura et
al. [94], was based on the work carried out by Cronemeyer [95], who found
that the bandgap energy between the conduction band and the donor states
attributed to extrinsic oxygen vacancies varies between 0.75 - 1.18 eV for TiOs.
However, an extension of these donor states can be induced by increasing the
concentration of extrinsic oxygen vacancies, being able to partially overlap the
conduction band in the highly oxygen-deficient TiOy [96].

Considering the two previously described models, the electronic bands

scheme for anatase with extrinsic oxygen vacancies coupled to the LMCT
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mechanism was proposed in Figure 4.15¢, where the visible light absorption by
TiO-ACAC CTCs could promote four electron transitions: (1) from HOMO
of ACAC to CB of anatase, (2) from HOMO of ACAC to bulk extrinsic
oxygen vacancies levels, (3) from bulk extrinsic oxygen vacancies levels to CB
of anatase and (4) from the ground state of FT center to its corresponding
excited state FT* [39].

As a result of the electronic transitions (1) and (2), i.e., from the
HOMO to CB and from HOMO to bulk extrinsic oxygen vacancies, electronic
holes are generated in the HOMO of ACAC. Additionally, there are different
pathways for charge carriers as result of the electronic photoexcitation: (1)
migration of charge carriers to the surface, where surface extrinsic oxygen
vacancies can capture electrons promoting the separation of photogenerated
charge carriers; (2) recombination of e”/h™ pair at the bulk. The migration
of the photogenerated charge carriers to the surface leads to the generation
of the superoxide radical, as a consequence of the interaction between the
electron and oxygen (Equation 4-10), coming from conduction band of TiOs
and the reaction medium (water or atmosphere), respectively, and to two
types of interaction via h™, coming from the HOMO of ACAC: (1) interaction
with TC, which leads to a direct route of the pollutant degradation [87]; (2)
interaction with water (Equation 4-11), leading to a water splitting through
which superoxide radicals (Equation 4-10) and hydrogen (Equation 4-12) can
be produced [3, 14].

Oy +e =05 (4-10)
2H,0 + 4h™ — Oy + 4H* (4-11)
2H" 4+ 2¢~ — H, (4-12)

On the other hand, the recombination kinetics of carriers photogener-
ated by TiO5-ACAC CTCs could be described as a function of bulk extrinsic
oxygen vacancies concentration (Figures 4.15d and 4.15e), since, as reported
by Kato et al. [82], the distribution of bulk extrinsic oxygen vacancies imposes
an influence on the recombination rates of photogenerated carriers, i.e., when
the bulk extrinsic oxygen vacancies are dispersed, trapped electrons undergo
repeated hopping and tunneling, reducing recombination rates. Therefore, the
photogenerated carriers could reach the surface of the nanostructure, enhanc-
ing the photocatalytic activity. In contrast, when defects are in close proximity,
trapped electrons rapidly migrate between defects, increasing recombination
rates. Considering the model proposed by Kato et al. [82], TC photodegra-
dation results (Figure 4.9) and bulk extrinsic oxygen vacancies concentration,

obtained through EPR (Section §4.2.4), a slow recombination process of e~ /h™
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pair was proposed for TiOo-ACAC 270 (Figure 4.15d), which exhibited a con-
centration of bulk extrinsic oxygen vacancies of 2.80 x 10* cm™3, ~ 3.8 times
lower compared to TiOs-ACAC Ar 270 (1.06 x 10'® cm™) and ~ 5.0 times
lower compared to TiOy-ACAC H, 270 (1.30 x 10' ¢cm™3), while a fast re-
combination model of e~ /h™ pair was attributed to TiOy-ACAC Ar 270 and
TiO5-ACAC H, 270 (Figure 4.15¢).
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4.4
Conclusions

Dark TiOy-ACAC CTCs were synthesized via sol-gel and calcined under
different atmospheres (static air, Ar and Hy). EPR, XRPD and XPS revealed
the existence of the bulk/surface extrinsic oxygen vacancies in the TiO5-ACAC
nanostructure and also, indicated that charge compensation mechanism due to
the oxygen vacancies in the TiOy-ACAC CTCs occurs through predominant
electronic compensation.

The correlation between EPR-spin trapping analysis and TC photodegra-
dation results using BQ and IPA, as scavengers, highlighted the key role of the
superoxide radical in the TC degradation by CTCs.

The photodegradation results indicated that the calcination of TiO,-
ACAC under Ar and Hy atmospheres was not beneficial for the photocatalytic
performance of CTCs, partly because it led to a reduction of the active sites in
the CTCs nanostructures due to the high preservation of ACAC on the TiO,
surface. In addition, CTCs calcined under reducing atmospheres exhibited a
high SETOV concentration (1.06 x 10'® cm™ for TiO-ACAC Ar 270 and
1.30 x 10'® em™ for TiO,-ACAC H, 270), causing trapped electrons to rapidly
migrate between defects due to the proximity between bulk extrinsic oxygen
vacancies, resulting in increased recombination rates of photogenerated carriers
and consequently in a reduction in ROS formation by these CTCs under visible
light radiation.

TiO2-ACAC 270 exhibited the highest photocatalytic performance in TC
degradation due to the best coupling between the LMCT mechanism and an
adequate concentration of bulk extrinsic oxygen vacancies, which led to the
trapped electrons undergoing repeated hopping and tunneling, reducing the
recombination rates and as a consequence, improving the efficiency in the
superoxide radicals production.

The findings of this work provide fundamental information about the
influence of surface/bulk extrinsic oxygen vacancies on photocatalytic per-
formance, lattice parameters, optical and photochemical properties of TiO»-
ACAC CTCs, which might be extrapolated to other CTCs.
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Functionalization of anatase nanoparticles with Glutaric acid
and their photochemical and photocatalytic properties

5.1
Experimental methods

5.1.1
Synthesis of TiO,-GA CTCs nanopowders
The synthesis of TiOy-GA CTCs nanopowders was carried out via sol-gel,
using two different processes. The reagents were purchased from Sigma-Aldrich
and used without further purification. Ethanol (99.8%), glutaric acid (GA,
99%) and titanium isopropoxide (Ti(OiPr)4, 97%) were used in both synthesis
processes. Nitric acid (65%) was only used for the first synthesis method.
The first synthesis process for TiOy-GA xerogel (described in Figure 5.1)
was performed following a similar sol-gel route reported by Habran [52] and
Almeida [43] for the TiOo-ACAC, substituting acetylacetone by glutaric acid

and keeping the complexing ratio of (%) = 2.

40 minutes

30 ml of titanium i \ 180 ml of aqueos The solution is heated to
1 (V) isopropoxide are _ati> 'z solutionof HNOs > 3 60 °C and kept under
added dropwise (0.015 M) are added magnetic stirring for 8
i dropwise hours
! 1 ’ ’ ' ’ "
’ T
V_/ > pH=1 =
264 gof GA+ 100 = prrar -
mL of Ethanol pH=6 = L =] w
j | = =\
L \
/ |
[
/ X\ /‘/ J\
[}
|
£ 4
Drying in the oven at 4 Drying in Petri dishes at room
100 ° C for - 10 hours = temperature for -15 hours

Ti02-GA Xerogel

Figure 5.1: Illustration for the first sol-gel synthesis process of TiO9-GA xerogel
(TiO2-GA1).
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In the second synthesis process for TiOy-GA xerogel (described in Figure
5.2), some modifications, optimized through many different syntheses, were
performed compared to the first synthesis process. The second synthesis process
was carried out without addition of nitric acid and using a complexing ratio of
(%) = 1. In this synthesis method, to induce the hydrolysis reaction, 180 mL
of the acid solution (0.091 M) containing 2.20 g of GA were added dropwise
to the isopropoxide solution, maintained under magnetic stirring, containing
17 mL of ethanol with 5 mL of titanium (IV) isopropoxide. Subsequently, the
solution was kept under magnetic stirring and heated to 60 °C for 8 h to
promote the condensation reaction. Afterwards, a white gel was obtained by
drying at Petri dishes at room temperature for 37 h. Finally, the gel was dried

at 80 °C for ~15 h.
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Figure 5.2: Mlustration for the second sol-gel synthesis process of TiOo-GA
xerogel (TiO2-GA2).

As a result of both synthesis methods, beige color TiO, xerogels (denoted
TiOy-GA) were obtained. TiO2-GA xerogels were further ground in an agate
mortar and calcined for 2 h, using a horizontal tubular furnace, at 270 °C

under static air. Table 5.1 presents the nomenclature of the samples.
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Table 5.1: TiO2-GA nanopowders nomenclature.

Samples Description

TiO2-GA1l TiO2-GA xerogel obtained by the first synthesis process

TiO2-GA1 270 TiO2-GA obtained through the first synthesis process and calcined at 270 °C under static air

TiO2-GA2 TiO2-GA xerogel obtained by the second synthesis process

TiO2-GA2 270 | TiO2-GA obtained through the second synthesis process and calcined at 270 °C under static air

5.1.2
Characterization techniques

TiO,-GA CTCs were studied using the same characterization techniques
previously described in chapter §4 for the TiOy-ACAC CTCs. Additionally,
the functionalization of the anatase nanoparticles with Glutaric acid and the
formation of the CTC were evaluated through Fourier transform infrared
spectroscopy (FTIR). The FTIR was carried out through a Bruker FTIR
Spectrometer ALPHA II (Bruker, Billerica, MA, USA). Spectra were recorded

1 1

between a wave number of 4000 and 400 cm™, with 32 scans and 4 cm™

resolution.

5.2
Results

5.2.1
XRPD of TiO,-GA CTCs

Crystal phase analysis of TiOs-GA1l, TiOo-GA2, TiO2-GA1 270 and
TiO,-GA2 270 nanopowders was carried out by XRPD. The XRPD patterns
of TiO-GA xerogels (TiO2-GA1 and TiOy-GA2), presented in Figure 5.3a,
evidenced the presence of anatase (PDF-2: 21-1272) and glutaric acid phases
(PDF-2: 38-1886 and 51-1902), while the XRPD patterns of TiO,-GA1 270 and
TiO2-GA2 270, shown in Figure 5.3b, exhibited diffraction peaks corresponding
only to crystallographic planes of the anatase phase (PDF-2: 21-1272). XRPD
peaks corresponding to GA phases were not observed in TiOo-GA1 270 and
TiO,-GA2 270 since the calcination of TiO,-GA xerogels under static air at
270 °C led to partial decomposition of the glutaric acid on the TiO,-GA
nanostructure (vide infra §5.2.3).

In addition, a slight shift towards lower 26 angles was observed for the
diffraction peaks of TiO2-GA2 270 compared to TiOy-GA1 270 (inset of Figure
5.3b). This slight shift is directly related to the increase in unit-cell volume

of anatase (Figure 5.3c) as a result of two competing effects: (1) the lattice
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contraction due to crystal structure relaxation generated by increase of oxygen
vacancies in TiOs-GA1 270 compared to TiOo-GA2 270 [38, 39], (2) lattice
expansion due to increase of cationic radius (from 0.48 A to 0.56 A) as a
consequence of the partial reduction of cationic charge from Ti** to Ti**,
identified for TiO9-GA2 270 (vide infra §5.2.5) [97, 98, 99].

——Ti0,-GA1 % |——TiO;GA1270 w|, b)
100 - 2 2 I
a) __ TiOZ—GA2J b

| ——Ti0,GA2270 _ = \\\J
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80+
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Figure 5.3: XRPD patterns of (a) TiO2-GA1 and TiOy-GA2 xerogels and (b)
TiO2-GA1 270 and TiO,-GA2 270. (c) Comparison between the anatase unit-
cell volumes of TiOy-GA1 270 and TiO,-GA2 270.

The mean crystallite size and lattice parameters of anatase in TiOy-GA1
270 and TiO2-GA2 270, determined by Rietveld refinement (see the XRPD
patterns fitting in Figure S3, Supplementary Information), are shown in Table
5.2. TiO9-GA1 270 and TiO9-GA2 270 exhibited a mean crystallite size of
4.21 £+ 0.03 nm and 6.14 + 0.30 nm, respectively, supporting the influence
of the chelating agent, previously reported by Scolan et al. [48] and Siwiriska-
Stefariska et al. [49], on the crystallite size of TiOy synthesized via sol-gel, since
the rates of hydrolysis and condensation of the metal alkoxide can be controlled

by the addition of the complexing ligands, such as dicarboxylic acids.
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Table 5.2: Lattice parameters of anatase and mean crystalline sizes of
TiO2-GA1 270 and TiOy-GA2 270, obtained by Rietveld refinement.

Sample a (R) c (A) Unit-cell volume (A3) | Mean crystallite size (nm)
TiO2-GA1 270 3.7878 £+ 0.0002 | 9.4951 + 0.0010 136.23 £ 0.02 4.21 £ 0.03
TiO2-GA2 270 | 3.8300 % 0.0007 | 9.5529 + 0.0034 140.13 £ 0.07 6.14 £ 0.30

5.2.2
FTIR of TiO,-GA CTCs

The functionalization by GA on the TiO, surface and formation of CTC
were evaluated through FTIR spectra. Figure 5.4 shows a comparison between
the FTIR spectra of GA, TiO-GA1 and TiOs-GA1 270. TiO5-GA1 exhibited
almost the same FTIR bands as GA due to the free molecules unattached to the
surface of TiO,. The typical bands around 2500-3300 cm™!, observed for GA
and TiO9-GA1, were attributed to the O-H stretching band, a characteristic
of dicarboxylic acids, such as GA [100]. The C=0 stretching vibration was
observed at 1683 cm™! for GA and at 1677 cm™! for TiO5-GA1l. The bands
located at 1406 cm ™! and at 909 cm™!, observed for GA and TiO,-GA1, were
attributed, respectively, to the in-plane vibration and the out-plane vibration
of O-H bending [100, 65]. C-O stretching bands for carboxylic acids were
observed between 1320 and 1210 cm™! in GA and TiO,-GA1l. The FTIR
bands at 1522 cm™! and at 1515 cm ™!, observed for TiOy-GA1 and TiOy-GA1
270, respectively, were attributed to asymmetric carboxyl stretching, while
the FTIR band at 1401 cm™!, observed for TiO,-GA1 270, was attributed
to symmetric carboxyl stretching [101, 66, 102]. The symmetric carboxyl
stretching band, in the FTIR spectrum of TiO,-GA1, is overlapped with other
vibrational bands corresponding to free unreacted GA molecules.

The formation of the complex, formed between TiOy and GA molecule,
for TiOs-GA1 and TiO5-GA1 270 was identified through the wavenumber
distance between the asymmetric and symmetric carboxyl stretching bands
(AV = Vasymmetric — Vsymmetric). Lhe obtained value of Av = Vasymmetric —
Veymmetric = AV = 1515 — 1401 = 114 cm~! is a fingerprint of the formation of
the complex via bidentate chelating-type interaction [103, 104, 105] between
GA and titanium dioxide, as reported by Zavala et al. [66].
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Figure 5.4: FTIR spectra of GA, TiO,-GA1, TiO,-GA1 270.

The comparison between the FTIR spectra of GA, TiOy-GA2 and TiO»-
GA2 270 is shown in Figure 5.5. Unlike the TiO5-GA1 FTIR spectra, TiO,-
GA2 did not show all the FTIR bands due to GA, which might be an indication
of the lower amount of unreacted free GA molecules on the TiOy surface
compared to TiOy-GA1 complex. Furthermore, it was observed (Figure 5.5)
that calcination under static air (TiO2-GA2 270) led to stronger vibration
bands related to the asymmetric vibration of carboxylate (1517 cm ~!) and
the symmetric vibration of carboxylate (1404 cm ~1). These bands observed in
TiO2-GA2 270 and in TiO2-GA2 (at 1520 cm ~! and at 1408 cm ') evidenced
the formation of the bidentate complex between GA and TiO,, exhibiting a
Av = 1520 — 1408 = 112 cm™! [66, 103, 104, 105], in accord to previously
reported for TiOo-GA1 270.

On the other hand, unlike TiO5-GA1 270 CTC (Figure 5.4), other bands
located between 1305 cm ~' and 1006 cm ~! were observed for the TiOy-GA2
270 CTC (Figure 5.5), indicating a higher amount of the GA organic molecule
on the TiOy surface for the TiOy-GA2 270 CTC compared to the TiOy-GA1
270 CTC (vide infra §5.2.3).
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Figure 5.5: FTIR spectra of GA, TiO,-GA2, TiO,-GA2 270.

Therefore, considering the FTIR analysis and the possible binding modes
of dicarboxylic acids to the TiO, surface as reported by Thomas et al. [106], the
scheme of the two possible types of bidentate chelating bonds formed between
GA and TiOy was drawn in Figure 5.6.

—_—————

T ® @ H

b) 8-Member ring bidentate
chelating

a) Bidentate chelating

Figure 5.6: Two possible bidentate chelating-type functionalizations of TiOq
by GA.

5.2.3
TGA of TiO,-GA CTCs

The TGA curves of the TiOo-GA1 270 and TiOy-GA2 270 (Figure 5.7)

showed three mechanisms of mass loss, evidenced through the maximum and
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minimum in the DTG curves, in accord to that reported by Zapata-Tello et al.
[65]. The volatilization of adsorbed water was attributed to the first mechanism
that occurs up to a temperature of 150 °C [48]. The other mechanisms of
mass loss represented by the first local maximum and the second minimum
in the DTG curves, located between 206 - 222 °C and between 365 - 379 °C,
respectively, were assigned to the thermal fragmentation of the GA molecules
bounded to the TiO, surface [65]. In addition, a fourth mechanism of mass loss
was found only for TiOs-GA2 270 at 478 °C, also attributed to the thermal

decomposition of GA.
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Figure 5.7: TGA/DTG curves of (a) TiOo-GA1 270 and (b) TiO-GA2 270.
The vertical dashed lines mark the temperature range related to the overall
mass loss of GA. The percentages in Figures a and b represent the total mass
loss of GA in the temperature range from 150 °C to 522 °C.

The amount of glutaric acid in the TiOs-GA CTCs was determined
through the overall mass loss due to glutaric acid fragmentation, which
occurs in the temperature range from 150 °C to 522 °C (Figures 5.7 and
S4, Supplementary Information). As expected, the calcination process led
to a decrease in the content of GA molecules in the CTCs (Figure S4,
Supplementary Information), from 70.4% for TiOy-GA1 xerogel to 22.2% for
TiO9-GA1 270 and from 42.5% for TiOy-GA2 xerogel to 36.8% for TiO,-GA2
270, due to partial thermal decomposition of the GA during the calcination at
270 °C [65, 66]. However, a higher percentage of glutaric acid was detected for
the TiOo-GA2 270 CTC compared to the TiOo-GA1 270 CTC (Figure 5.7).
This result is in accordance with the observation in the FTIR (Section §5.2.2).
Nevertheless, a high amount of the GA bounded to the TiO, surface, such as in
TiO5-GA2 270, might not be beneficial, since GA could occupy the active sites
on the photocatalyst surface and might negatively affect the photocatalytic
performance of the TiOy-GA CTCs.
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5.2.4
Optical properties of TiO,-GA CTCs

Figure 5.8 represents the DRS spectra of TiO,-GA1, TiO3-GA2, TiO,-
GA1 270, TiO2-GA2 270, GA and neat anatase (commercial TiOy powder,
99.9%, purchased from Vetec). GA and anatase showed no visible light ab-
sorption, with band-gap energy of 3.34 eV and 3.26 eV, respectively (Figure
5.8b). TiO2-GA1 and TiO2-GA2 exhibited a slight shift in the absorption tail
to visible spectrum compared to anatase (Figure 5.8a), exhibiting an apparent
band-gap energy of 3.18 eV and 3.24 eV, respectively (Figure 5.8b). This slight
shift in the absorption edge could be attributed to the ligand-to-metal charge
transfer (LMCT) mechanism, i.e., to the excitation of the electrons in the
HOMO of GA to the conduction band of the TiOs, as reported by Milicevié¢ et
al. [107] for the CTC formed between TiO5 nanoparticles and thiosalicylic acid.
TiO2-GA1 and TiO2-GA2 exhibited beige color, in accordance to reported by
Kim et al. [108] for the CTC formed between glucose and TiOs.

On the other hand, a high sensitization to visible light of TiOy was
evidenced for the TiOs-GA1 270 and TiO,-GA2 270 CTCs, which presented
long absorption tails in the visible light spectrum with a slight decrease
in light absorption starting at 500 nm, exhibiting a brown color, with an
apparent band-gap energy of 1.30 eV and 1.76 eV, respectively. The visible
light sensitization of TiO,, exhibited for TiOs-GA1 270 and TiO-GA2 270 can
be ascribed to the contributions of the LMCT mechanism, formed between GA
and TiOg, and the oxygen vacancies in the TiOy-GA CTCs (vide infra §5.2.5),
created through the partial decomposition of the glutaric acid molecules

bounded to the TiOy surface, during the calcination process.
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Figure 5.8: (a) DRS curves and (b) Kubelka-Munk plots of TiO5-GA1, TiO,-
GA1 270, TiO9-GA2, TiO9-GA2 270, GA and neat anatase.

The optical centers created through oxygen vacancies into TiOs-GA
CTCs and the LMCT mechanism formed between GA and TiO4 were evaluated
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by PL emission spectra. The emission spectra of TiOy-GA1 270 (Figure 5.9a)
and TiO-GA2 270 (Figure 5.9b), in the energy range from 1.82 eV to 3.0 eV,
with excitation at 3.57 €V (Aeze = 350 nm), were deconvoluted keeping the

same parameters of the known bands.
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Figure 5.9: Normalized photoluminescence emission spectra of (a) TiOo-GA1
270 and (b) TiO,-GA2 270.

In both PL emission spectra, three bands were observed with maxima
at 2.85 eV, 2.40 eV and 1.96, with HWHM of 0.10 eV, 0.25 ¢V and 0.32
eV, respectively. The band centered at 2.85 eV was attributed to the exciton
photoluminescence [75, 76, 77], the second band (at 2.40 €V) to the emission of
free electrons from the anatase conduction band (CB) to the highest occupied
molecular orbital (HOMO) of glutaric acid through the LMCT mechanism
[43, 52, 72, 44] and the third band (at 1.96 eV) was attributed by Serpone [58]
and Chen et al. [59] to FT center electronic transitions. Therefore, the third
band of PL emission spectra of TiO,-GA CTCs is attributed to the excitation
of the single electron trapped in oxygen vacancies (SETOV)[77].

5.2.5
Electron paramagnetic resonance and X-ray photoelectron spectroscopy
of TiO,-GA CTCs

Electron paramagnetic resonance spectra at room temperature were
acquired to determine the presence of the oxygen vacancies in the TiOo-GA
CTCs. Figure 5.10a shows the EPR signals of TiOs-GA1 270 and TiO,-GA2
270. The first derivative of the absorption spectra of the CTCs evidenced the
presence of the bulk oxygen vacancy Vg, with a Landé g-factor g = 2.00,
characteristic of the SETOV, i.e., V¢ in the TiO, [83]. In addition, the EPR
signal with a Landé g-factor g = 1.94 was observed for the TiO,-GA2 270
CTC. This EPR signal was attributed by Cui et al. [111] to Ti*" in anatase.
Therefore, the charge compensation in the TiO;-GA1 270 structure would
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occur predominantly through an electronic compensation process (Equation
5-1), while for TiOs-GA2 270 it would occur through ionic compensation
(Equation 5-2).

SETOV =Vgo +1le” =V =F" (5-1)

SETOV + Ti*" = Vg +le” + Ti*" + 1le” = VO + Ti*T = FT + Ti*t  (5-2)

In addition, it was observed that the intensity of the EPR signal corre-
sponding to SETOV is higher for TiO5-GA1 270 compared to TiO5-GA2 270,
which implies that the concentration of bulk oxygen vacancies of the TiO,-
GA1 270 CTC (2.1 x 10" ecm™3) is higher compared to the TiOy-GA2 270
CTC (6.0 x 10 cm™2), in accord to DRS results. The Ti** concentration of
the TiO5-GA2 270 CTC was also determined by double integration of the EPR
signal, obtaining a value of 4.4 x 10'® cm~3. Therefore, the concentration of
Ti*t defects is ~2-fold higher than the SETOV concentration of TiO,-GA1
270 and one order of magnitude greater than the SETOV concentration of
TiO,-GA2 270, in agreement with the XRPD results. However, the X-ray pho-
toelectron spectra of TiO,-GA1l 270 and TiO,-GA2 270, shown in Figures
5.10b and 5.10c, did not show the presence of Ti*T. In fact, the X-ray pho-
toelectron spectra for both TiOy-GA1 270 and TiO,-GA2 270 exhibited two
XPS peaks around ~458 eV and ~464 eV corresponding to Ti** 2ps /o and Ti**
2p1 /2, respectively [97], with a distance between the binding energies (ABE =
BE(Ti** 2py/2) - BE(Ti** 2ps2)) of 5.7 eV, characteristic of Ti**-O bonds in
TiO, [97, 85].
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Figure 5.10: (a) Electron paramagnetic resonance spectra of TiOs-GA1 270
and TiOy-GA2 270. X-ray photoelectron spectra of Ti 2p for (b) TiO-GAl
270 and (c) TiO,-GA2 270.

5.2.6
Photocatalytic performance of TiO,-GA CTCs

The photocatalytic activity of the TiOo-GA CTCs was evaluated by mon-
itoring the tetracycline degradation in aqueous medium using a low photocat-
alyst concentration (100 mg-L~!) under low-power visible light radiation (26
W). The TC reduction during its photocatalytic degradation in the presence of
the TiOo-GA CTCs, as photocatalysts, is shown in Figure 5.11a. Adsorption-
desorption equilibrium (1 h in dark) and TC photodegradation curves using
TiO2-GA1 270 and TiO,-GA2 270 CTCs as photocatalysts are shown in Figure

S5 (see the Supplementary Information).
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Figure 5.11: (a) TC reduction during photocatalytic degradation using TiO-
GA1 270 and TiO2-GA2 270 CTCs as photocatalysts and (b) TC photodegra-
dation using TiO,-GA1 270 and TiO5-GA2 270 CTCs after 6 h under visible
light radiation.

As shown in Figure 5.11, photolysis showed insignificant TC degradation.
On the other hand, TiOy-GA1 270 and TiOy-GA2 270 CTCs caused signifi-
cant photocatalytic degradation of tetracycline. TiOo-GA1 270 photodegraded
74.8% + 1.3% of the TC, while the TiOy-GA2 270 CTC exhibited a photocat-
alytic abatement of 58.0% =+ 2.0% after 6 h under visible light radiation.

This difference in photocatalytic performance between TiOs-GA1 270
and TiO,-GA2 270 for tetracycline abatement could be attributed to two
factors: (1) the higher amount of GA bounded to the surface of the TiO,-
GA2 270 photocatalyst (Figure 5.7), which could be occupying the active sites
on the TiOo-GA2 270 surface, resulting in a reduced photocatalytic abatement
[43]. (2) Reduced visible light absorption for TiO-GA2 270 in comparison to
TiO,-GA1 270 [42, 14, 39].

ROS production for the TiO,-GA CTCs was evaluated through photo-
catalytic tests in aqueous medium using benzoquinone and isopropanol, as
superoxide (*O5 ) and hydroxyl (*OH) scavengers, respectively.

Figure 5.12 shows the TC photodegradation in the presence of TiO,-
GA1 270, as photocatalyst, with and without the addition of scavengers. As
observed in Figure 5.12b, the addition of IPA, as hydroxyl radical scavengers,
did not reduce the photocatalytic performance of TiOy-GA1 270 in the TC
photodegradation, but even exhibited a 7.7% higher photocatalytic abatement
(82.5% £ 1.7%) compared to that measured without the addition of scavengers
(74.8% + 1.3%). This result could be attributed to the inefficiency in the
hydroxyl radical production by the TiOo-GA1 270 CTC. On the other hand,
the addition of the superoxide radical quencher (BQ) caused a significant
decrease in TC photodegradation (from 74.8% + 1.3% to 18.9% + 2.5%),
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indicating the key role of the superoxide radical (*O3 ) in the TC photocatalytic
degradation by TiO,-GA1 270 CTC.
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Figure 5.12: (a) TC reduction during photocatalytic degradation using TiO,-
GA1 270, as photocatalysts, with and without the addition of BQ and TPA,
as scavengers, and (b) TC photodegradation using TiO,-GA1 270 with and
without the addition of scavengers (BQ and IPA) after 6 h under visible light
radiation.

The evolution of the TC photocatalytic degradation in the presence of the
TiO2-GA2 270 as photocatalyst with and without the addition of scavengers
is shown in Figure 5.13a. As displayed in Figure 5.13b, the addition of the
scavengers in the presence of the TiOy-GA2 270 CTC, exhibited a similar
behaviour to that observed for TiO,-GA1 270 CTC, i.e., the addition of BQ
caused a significant reduction in the TC photodegradation by the TiOy-GA2
270 CTC, exhibiting a photocatalytic degradation of only 11.8% =+ 2.4% after
6 hours, while the addition of the IPA did not reduce the photocatalytic
performance of TiOs-GA2 270 in the tetracycline photodegradation. In fact,
led to a 11.3% higher photocatalytic abatement (69.3% + 2.0%) compared
to the percentage measured without the addition of scavengers (58.0% =+
2.0%). This results indicated that the superoxide radical plays a dominant
role in the photocatalytic performance of the TiOs-GA2 270 CTC in the
TC photodegradation and also indicated that the TiO-GA2 270 does not
efficiently produce hydroxyl radicals (*OH) under visible light radiation.
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Figure 5.13: (a) TC reduction during photocatalytic degradation using TiO,-
GA2 270, as photocatalysts, with and without the addition of BQ and IPA,
as scavengers, and (b) TC photodegradation using TiO,-GA2 270 with and
without the addition of scavengers (BQ and IPA) after 6 h under visible light
radiation.

5.3
Discussion

5.3.1
Formation of the charge transfer complexes by anchoring glutaric acid
onto TiO, surface

The FTIR results (Figures 5.4 and 5.5) evidenced the formation of
the charge transfer complexes between GA and anatase in TiOy-GA1, TiO,-
GA2, TiOy-GA1 270 and TiO9-GA2 270 materials through the bidentate
chelating-type interactions (Figure 5.6). The DRS (Figure 5.8) revealed that
the bidentate chelating-type interaction between GA and TiO, in TiO,-GA1
and TiOy-GA2 CTCs led to a slight shift in the absorption edge compared to
neat anatase (Figure 5.8a), that would be attributed to the LMCT mechanism,
in which light absorption by CTC promotes electrons from the HOMO of
the chelating ligand to the CB of anatase. However, the high amount of
GA molecules on the TiOs surface (Figures 5.4, 5.5 and S4, Supplementary
Information) contributed to the low sensibility to visible light of the TiO,-
GA1l and TiO2-GA2 CTCs, since, as reported by Almeida et al. [43], only
the organic molecule strongly bounded to Ti**t on the anatase surface would
contribute to the LMCT mechanism. This low visible light absorption by the
TiO2-GA1 and TiOy-GA2 CTCs was also reported by Bakre et al. [68] for
different dicarboxylic acids anchored to TiO,, by Kim et al. [108] for the CTC
formed between glucose and TiOs and also by Mili¢evié et al. [107] for the
CTC formed between TiO, and thiosalicylic acid.


DBD
PUC-Rio - Certificação Digital Nº 2020946/CA


PUC-Rio- CertificagaoDigital N° 2020946/CA

72

Calcination under static air at 270°C removed the free unreacted GA
molecules and partially removed the GA molecules bounded to the TiO,
surface, introducing oxygen vacancies (vide infra §5.3.2) in the structure and
extending the light absorption tail far into the visible spectrum of TiO,-GA1
270 and TiO2-GA2 270 CTCs (Figure 5.8) due to the interplay between the
LMCT mechanism and the F optical centers, created through the calcination
process (Figures 5.8 and 5.9). However, the TGA results (Figure 5.7) revealed
that the TiOy-GA CTCs calcined at 270 °C still preserve a high content of
glutaric acid bounded to the TiOy surface, being higher for TiO,-GA2 270
(36.8 %) in comparison to TiO-GA1 270 (22.2 %).

5.3.2
Formation of oxygen vacancies and their effects on TiO,-GA CTCs

The XRPD of the TiOy-GA1 270 and TiOy-GA2 270 CTCs (Figure 5.3
and Table 5.2) evidenced an expansion in the lattice parameters of anatase
for TiO2-GA2 270 in comparison to TiOo-GA1 270 as a consequence of the
interplay of two opposite and competing effects: (1) the lattice contraction in
TiO2-GA1 270 due to the crystal structure relaxation caused by predominantly
electronic charge compensation due to increased bulk oxygen vacancies in
TiO2-GA1 270 (Figure 5.10a), since the removal of an oxygen atom causes
a reduction in the Ti-O bond lengths as a consequence of outward relaxation
between the titanium atoms. This lattice contraction was also observed by
Pan et al. [38] and Chen et al. [39]. (2) Increase of the cationic radius (from
0.48 A to 0.56 A) as a consequence of the partial reduction of the cationic
charge (from Ti** to Ti**) caused by the ionic charge compensation due to
bulk oxygen vacancies in the TiOy-GA2 270 CTC (Figure 5.10a). In the case of
TiO2-GA2 270, the second effect predominates. This kind of lattice expansion
was also observed in some other oxides such as TiOy [97, 98] and Al,W509
[99].

EPR measurements revealed the existence of bulk oxygen vacancies in
the TiO2-GA1 270 and TiO-GA2 270 CTCs. TiOo-GA1 270 CTC exhibited
a higher SETOV concentration than TiO9-GA2 270, enhancing its response to
visible light absorption (Figure 5.8). In addition, bulk Ti** defects was also
observed for TiO,-GA2 270 CTC by EPR. The concentration of bulk Ti%*
defects was higher in comparison to SETOV defects (Section §5.2.5). These
results indicated that the charge compensation in the bulk structure of the
TiO-GA1 270 CTC occurs, predominantly, through electronic compensation
leading to F* centers formation, while for the TiOy-GA2 270 CTC occurs
through ionic compensation leading to bulk Ti** defects (Figure 5.9). The
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difference between the concentration of the bulk Ti** defects and the SETOV
defects for TiO5-GA2 270 CTC may be attributed to the existence of non-
paramagnetic Ft centers, i.e., oxygen vacancies with no electrons, which are
silent in PL and EPR spectroscopy [58].

On the other hand, some authors have reported that the presence of
Ti3* defects can increase the absorption of visible light [112, 113]. However, it
was found that TiOo-GA1 270 (CTC without Ti** defects) exhibited a longer
absorption tail in the visible light spectrum compared to TiOo-GA2 270 (Figure
5.8). This result could be attributed to the higher SETOV concentration in the
TiOy-GA1 270 CTC (Section §5.2.5), since the localized donor states due to
oxygen vacancies contribute to a narrower titania band-gap compared to the
localized donor states associated with Ti** defects in TiOs. As a consequence,
the TiOo-GA CTC with the highest concentration of SETOV defects (TiO,-
GA1 270) exhibits higher absorption of visible light.

The XPS measurements (Figures 5.10b and 5.10c) did not reveal the
presence of Ti** on the surface of the TiO,-GA1 270 and TiO,-GA2 270 CTCs,
which is attributed to the predominant interaction between the free electrons
with the oxygen, coming from the oxygen vacancies and the reaction medium
(water or atmosphere), respectively, leading to the formation of superoxide
radicals.

TC photodegradation results (Figure 5.11) proved the hypothesis that
TiO2-GA CTCs calcined at 270 °C are able to degrade pollutants in aqueous
medium under low-power visible light radiation (26 W). The only research
found in the literature on tetracycline photodegradation using TiOs-based
CTCs as photocatalysts was the work reported by Almeida et al. [70], who
reported 68.6% of TC photocatalytic reduction after 6 h, using 200 mg - L?
of TiOy functionalized with acetylacetone and calcined at 300 °C exposed
to low-power visible light excitation (26 W). Therefore, the tetracycline
photodegradation reported in our study (74.8%), using 100 mg - L™ of TiO,-
GA1 270 after 6 h under low-power visible light radiation (26 W) was slightly
higher than that reported by Almeida et al. [70] however, with a 2-fold lower
concentration of photocatalyst under the same visible light power radiation
(26 W).

5.3.3
ROS production capacity and photocatalytic mechanism of TiO,-GA
CTGCs

The photodegradation tests using BQ and IPA scavengers (Figures 5.12
and 5.13) revealed that the superoxide radical plays the main role in the TC
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degradation. Therefore, the improved photocatalytic performance of TiO,-
GA1 270 in comparison to TiOs-GA2 270 CTC for TC photodegradation can
be attributed to the higher efficiency of superoxide radical generation by the
TiO,-GA1 270 CTC. Furthermore, it was observed that the addition of IPA,
as a hydroxyl radical scavenger, led to an increase in TC photodegradation
(Figures 5.12 and 5.13). This result could be attributed to the interaction
between the electronic holes, coming from the HOMO of GA, with hydroxyl
scavengers [86, 3], which could inhibit the secondary reactions between HT
(formed through electronic holes, Equation 5-3) and *O; (Equations 5-4
and 5-5). As a consequence, the addition of IPA could limit the chemical
reactions of the superoxide radical, promoting only the interactions between

*O; and tetracycline, which results in increased photocatalytic degradation of

tetracycline.
2H,0 + 4h* — Oy +4HT (5-3)
*0, + Ht — HOS (5-4)
*O; +e +2H" — Hy0, (5-5)

Li et al. [40, 41] and Xi et al. [61] reported that surface oxygen vacancies
increase the active sites on the photocatalyst surface and enhance the charge
separation, while the bulk oxygen vacancies may act as recombination centers.
In fact, Xu et al. [98], Qiu et al. [114] and Ren et al. [115] reported that
the interaction between surface oxygen vacancies and Ti*t defects led to the
separation of the photogenerated charge carriers, reducing the recombination
rates and improving the photocatalytic performance. However, our study
found that the CTC with lower SETOV bulk oxygen vacancies and Ti3*
defect (TiO-GA2 270) exhibited the lowest photocatalytic performance for
TC degradation. Therefore, the lower TC abatement by TiOs-GA2 270 in
comparison to TiOy-GA1 270 might be attributed to three factors: (1) the
high content of GA molecules on the TiOy surface (Figure 5.7), since GA
might be occupying the active sites on the surface, limiting the interaction
of Oy and HyO with the photogenerated charge carriers, causing a reduction
in the ROS generation [43]. (2) The enhaced visible light absorption by TiOs-
GA1 270 in comparison to TiOy-GA2 270 [42, 14, 39], which promotes a higher
production of photogenerated charge carriers and, as a consequence, a higher
ROS concentration produced by the TiOy-GA1 270 CTC under visible light
radiation. (3) The predominant electronic charge compensation in the TiO,-
GA1 270 CTC, which promotes the formation of F* centers and free electrons.

As a result, the free electrons can interact with the oxygen adsorbed on the
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surface, increasing the production of superoxide radicals by the TiOy-GA1 270
CTC under visible light radiation.

Considering the electronic bands models for the LMCT mechanism
formed between organic molecules and anatase [8, 44, 43], oxygen vacancies in
TiOy [94, 95, 38] and bulk Ti*" defects in anatase [116, 117], the electronic
bands scheme for TiOs-GA1 270 and TiO,-GA2 270 was proposed in Figure
5.14. The visible light absorption by TiOs-GA1l 270 could promote four
electronic transitions (Figure 5.14a): (1) from HOMO of GA to CB of anatase,
(2) from HOMO of GA to bulk oxygen vacancies level, (3) from bulk oxygen
vacancies levels to CB of anatase and (4) from the ground state of F* center to
its corresponding excited state F* [39]. In addition to the electronic transitions
mentioned above, electronic transitions involving the Ti** defect states could
also be promoted to CB of anatase in TiOo-GA2 270 (Figure 5.14b). As a
result of the photoexcitation, the photogenerated charge carriers can migrate
to the semiconductor surface generating ROS. As previously mentioned, the
high ROS production by the TiO5-GA1 270 CTC can be described as a function
of the visible light absorption and the amount of GA molecule on the TiO,

surface.
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Figure 5.14: Electronic bands scheme for (a) TiO2-GA1 270 and (b) TiO2-GA2
270 CTCs.

5.4
Conclusions

Visible-light-sensitive TiO2-GA nanomaterials were synthesized via sol-
gel and calcined under static air at 270 °C. FTIR corroborated the formation
of charge transfer complexes between GA organic molecule and TiOy through
the bidentate chelating interaction.

EPR and XRPD revealed the existence of the bulk oxygen vacancies
in the TiOs-GA CTCs and indicated that the charge compensation mecha-
nism due to the oxygen vacancies in the TiO5-GA1 270 occurs, predominantly,
through electronic compensation, while for TiOs-GA2 270 through ionic com-
pensation, evidencing the existence of bulk Ti*T defects in the in the TiO,-GA2
270 nanostructure by EPR measurements.

The TC photodegradation results using IPA and BQ, as scavengers,
highlighted the key role of the superoxide radical in the photochemistry


DBD
PUC-Rio - Certificação Digital Nº 2020946/CA


PUC-Rio- CertificagaoDigital N° 2020946/CA

7

reactions and degradation of TC by TiOs-GA CTCs.

It was found that the high content of GA molecules bounded to the TiO,
surface, observed for TiO9-GA2 270, was not beneficial for the photocatalytic
performance, since the GA reduced the active sites in the nanostructure
surface.

TiO,-GA1 270 exhibited the highest photocatalytic performance in TC
degradation due to the synergistic effect between an adequate content of GA
bounded to the TiO,y surface, the enhanced visible light absorption and the
predominant electronic charge compensation, which improved the production
of superoxide radicals by the TiO,-GA1 270 CTC.

The findings of this work provide fundamental insights into the influence
of GA, bulk Ti** defects and bulk oxygen vacancies on photocatalytic perfor-
mance, lattice parameters, optical and photochemical properties of TiO,-GA
CTCs, which can be extrapolated to other CTCs.
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General conclusions and prospects for future works

To summarize the developments related in the previous chapters, the

main results of this research are described below:

The TiO2-ACAC CTCs, synthesized via sol-gel and calcined under differ-
ent atmospheres (static air, Ar and Hy) exhibited different concentration
of the bulk oxygen vacancies, revealing that charge compensation due
to the oxygen vacancies in these CTCs occurs, predominantly, through

electronic compensation.

TiO2-ACAC 270 exhibited the lowest concentration of bulk oxygen

vacancies compared to CTCs calcined under reducing atmospheres.

The recombination kinetics of the photogenerated charge carriers in the
TiO2-ACAC CTCs can be described as a function of the bulk oxygen va-
cancies concentration, since the proximity between the defects increases

the charge carriers recombination rates, which causes a reduction in the
ROS formation by the TiOs-ACAC CTCs.

The coupling between the adequate concentration of bulk oxygen vacan-
cies and the LMCT mechanism contributed to the higher efficiency in
the superoxide radical production by the TiO,-ACAC 270 CTC and, as
a consequence, to the higher photocatalytic performance in TC degrada-

tion.

The TiO,-GA nanopowders were synthesized wvia sol-gel, using two
different synthesis processes and calcined at 270 °C. Calcined TiO2-GA
nanopowders obtained by the first synthesis method were denoted as

TiO,-GA1 270, while TiO2-GA2 270 was assigned to the calcined TiO»-
GA nanopowders obtained by the second synthesis method.

FTIR results proved the formation of the CTCs through bidentate
chelating interaction between TiO5 and GA.

TiO3-GA1 270 and TiO9-GA2 270 exhibited different concentrations of
bulk oxygen vacancies. In adittion, the EPR measurements revealed the
existence of Ti** defects in the TiO,-GA2 270 CTC, indicating that
charge compensation due to oxygen vacancies in TiOs-GA2 270 occurs,
predominantly, through ionic compensation, while for TiO,-GA1 270

takes place through electronic compensation.
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e TiOy,-GA2 270 exhibited a higher content of GA molecules bounded to
the TiO5 surface compared to TiOy-GA1 270.

e A higher production of the superoxide radical by the TiOs-GA1 270
CTCs arises from the synergistic effect between an adequate content
of GA molecules bounded to the TiO, surface, the enhanced visible
light absorption and predominant electronic charge compensation. As a
consequence, the TiOy-GA1 270 CTC exhibited a higher photocatalytic

performance in TC degradation.

Based on the general conclusions of this research, the following prospects

are proposed as future works:

e Correlation of our results with electronic band structure models, previ-
ously reported, for the LMCT mechanism and oxygen vacancies in TiOs,
allowed us to propose electronic bands schemes for the TiOo-ACAC and
TiO2-GA CTCs and also propose a recombination mechanism for the
TiO2-ACAC CTCs. In order to corroborate the models proposed in this
research, the implementation of density functional theory (DFT) calcu-
lations is recommended to determine the electronic and crystalline struc-
tures of our CTCs with oxygen vacancies. Additionally, it is suggested to
perform transient absorption spectroscopy (TAS) measurements to study
the dynamics of photogenerated charge carriers, i.e., charge carrier mi-

gration and recombination rates.

e Our findings indicated that TiOs-ACAC and TiO9-GA CTCs are able to
degrade pollutants via interactions with electronic holes and principally
superoxide radicals. Therefore, the use of these CTCs for the degradation
of nitrogen oxides (NOy) and for the photocatalytic hydrogen production

is suggested.

e The TC photodegradation results using IPA and BQ), as scavengers, high-
lighted the inefficient production of hydroxyl radical by the TiOs-ACAC
and TiO9-GA CTCs. Therefore, in order to promote the production of
the hydroxyl radical, the synthesis of double Z-scheme heterojunction
photocatalysts based on these CTCs looks promising.

e Considering the environmental and social approach of photocatalysis,
it is suggested to carry out a synergistic theoretical and experimental
study on the use of paints based on TiO5-ACAC and TiO,-GA CTCs in
urban areas. The use of Machine Learning (ML) algorithms appears as
a possibility to determine the optimal conditions for the applicability of

these CTCs in urban environmental remediation.
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Figure S1: Rietveld refinement of the XRPD pattern of TiOy-ACAC CTCs.
(a) TiO2-ACAC 270, (b) TiO2-ACAC Ar 270 and (c) TiOo-ACAC Hy 270.
The black line stands for experimental patterns, red for adjusted and blue for
the differences between the two patterns.

Table S1: Lattice parameters and mean crystalline sizes of TiOs-ACAC 270,
TiO2-ACAC Ar 270 and TiO,-ACAC Hy 270, obtained by the Rietveld

refinement.

Sample a (A) c (A) Unit-cell volume (A%) Mean crystallite size (nm)
TiO2-ACAC 270 3.8006 + 0.0005  9.5130 +£ 0.0024 137.42 £ 0.05 4.53 £ 0.06
TiO2-ACAC Ar 270 3.7746 £ 0.0005  9.4540 £ 0.0021 134.70 £+ 0.04 4.62 £ 0.05

TiO2-ACAC H> 270 3.7696 £ 0.0004  9.4450 £ 0.0020 134.22 £ 0.04 4.17 £ 0.04
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Figure S2: Adsorption-desorption equilibrium (1 h in dark) and TC photocat-
alytic degradation curves in the presence of TiOo-ACAC CTCs as photocata-

lysts.
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Figure S3: Rietveld refinement of the XRPD patterns of (a) TiOs-GA1 270
and (b) TiO2-GA2 270. The black line stands for experimental patterns, red
for adjusted and blue for the differences between the two patterns.
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todegradation curves using TiOo-GA1 270 and TiOo-GA2 270 CTCs as pho-
tocatalysts.


DBD
PUC-Rio - Certificação Digital Nº 2020946/CA


PUC-Rio- CertificagaoDigital N° 2020946/CA

C

Scientific production and participation in scientific events

C.1

Scientific production

The results of this study are part of two articles:

% Article submitted to Inorganic Chemistry of the American Chemical Society

(ACS), classified as Al in Qualis Capes, Manuscript ID ic-2022-04016m:

Extrinsic Point Defects in TiO,-Acetylacetone Charge Transfer Com-

plex and Their Effects on Optical and Photochemical Properties

Jessica Gil-Londofio !, Klaus Krambrock?, Raphaela de Oliveira 2, Marco

Cremona 3, Marcelo E. H. Maia da Costa ® and Bojan A. Marinkovic!*

! Department of Chemical and Materials Engineering, Pontifical Catholic
University of Rio de Janeiro (PUC-Rio), Rio de Janeiro 22453-900, Brazil

2 Department of Physics, Federal University of Minas Gerais, 31270-901 Belo
Horizonte, MG, Brazil

3 Department of Physics, Pontifical Catholic University of Rio de Janeiro
(PUC-Rio), Rio de Janeiro 22453-900, Brazil

Article to be submitted:

Functionalization of Anatase Nanoparticles with Glutaric Acid and
Their Photochemical and Photocatalytic Properties Under Visible
Light

Jessica Gil-Londofio ', Marco Cremona?, Klaus Krambrock 2, Marcelo E. H.
Maia da Costa 2 and Bojan A. Marinkovic®*

! Department of Chemical and Materials Engineering, Pontifical Catholic
University of Rio de Janeiro (PUC-Rio), Rio de Janeiro 22453-900, Brazil

2 Department of Physics, Pontifical Catholic University of Rio de Janeiro
(PUC-Rio), Rio de Janeiro 22453-900, Brazil

3 Department of Physics, Federal University of Minas Gerais, 31270-901
Belo Horizonte, MG, Brazil
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C.2
Participation in scientific events

Some of the results of this research were presented at the following confer-

ences:

% Xl Regional congress of optics - CReO 2022, Ensenada, México.

CRe®

X| Congreso Regional de Optica

El capitulo estudiantil OSA/SPIE-CICESE otorga el presente

RECONOCIMIENTO

A: Jessica Gil Londoio

Por su participacién en la sesion de ponencias orales en el
XI CONGRESO REGIONAL DE OPTICA - CReO 2022

Llevado a cabo del 21 al 23 de septiembre del 2022

Voo 86
l./(/lm\\‘('} ' L ’_’z/ L 02
M.en C. Dannareli Barron Ortiz Dr. Jacob Licea Dr.Victdf Ruiz Cortés
Presidenta del capitulo estudiantil Tutor OPTICA Tutor SPIE

OPTICA/SPIE-CICESE

g conact  SPIE. Giserer (=) OPTICA

CICESE. i e e

Fomeny 22 o]
OSA i
5%

Figure S6: Oral presentation at the XI Regional congress of optics (CReO
2022), Ensenada, México.

% X| Tenth Serbian Ceramic Society Conference »Advanced Ceramics and

Application«,Belgrade, Serbia.

The Tenth Serbian Ceramic Society Conference »Advanced Ceramics and Application«
September 26-27, 2022 Serbian Academy of Sciences and Arts, Knez Mihailova 35,
Belgrade, Serbia

PL5
Extrinsic point defects in oxide ceramics: two recent examples of their
effects on physical properties

Bojan A. Marinkovic, Esteban Camilo Moreno Diaz, Jessica Gil Londoio
Department of Chemical and Materials Engineering, Pontifical Catholic University of Rio de

Janeiro (PUC-Rio), 22453-900, Rio de Janeiro, RJ, Brazil

Figure S7: Oral presentation at the Tenth Serbian Ceramic Society Conference
» Advanced Ceramics and Application«,Belgrade, Serbia.
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