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Abstract 

 

Growing environmental concerns have focused research efforts on the development of 

nanomaterials suitable for water pollution control applications. In this context, graphene oxides 

(GOs) and their hybrid nanostructures combining TiO2 nanoparticles have been synthesized to 

exploit processes such as adsorption and photocatalysis for the removal of organic pollutants 

from water. The work carried out analyses the influence of the physicochemical properties of 

GOs, and in particular their oxidation degree, on the structural, electronic, and photoactivity 

properties of TiO2-GO hybrid nanocomposites. Hybrid nanostructures based on TiO2 and GO 

were prepared by high-energy milling and photosonication, and complementary 

characterization techniques such as X-ray diffraction, Raman spectrometry, SEM/TEM 

electron microscopy, FT-IR, XPS, and EPR electron paramagnetic resonance spectroscopy 

were applied. An in-depth analysis of the experimental results obtained on selective TiO2-GO 

nanocomposites highlighted the evolution of the physicochemical and morphological 

properties of the nanostructures as a function of the controlled GO oxidation conditions. 

Furthermore, theoretical studies using DFT revealed the correlation between the variations of 

the electronic bandgap and the concentration of functional groups in the GO material. The 

adsorption and photocatalysis phenomena of the different TiO2-GO compositions were 

investigated by degradation of methylene blue (MB) dyes with remarkable efficiency. The 

same experimental approach, which was then studied on biological organisms such as 

microalgae through the degradation of associated by-products, underlines the interdisciplinary 

nature of this work. Thus, by systematically studying the oxidation levels of GO and the 

techniques used to prepare nanocomposites, the work carried out contributes to a deeper 

understanding of the physicochemical characteristics of TiO2-GO nanocomposites and 

optimizes their properties and characteristics for efficient photocatalytic activity applied to 

water purification. 

 

Keywords: Titanium dioxide, graphene oxide, hybrid nanostructures, water remediation 
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Resumen 

 

La creciente preocupación por el medio ambiente ha centrado los esfuerzos de investigación 

en el desarrollo de nanomateriales adecuados para aplicaciones de control de la contaminación 

del agua. En este contexto, se han sintetizado óxidos de grafeno (GOs) y sus nanoestructuras 

híbridas combinando nanopartículas de TiO2 para explorar procesos como la adsorción y la 

fotocatálisis para la eliminación de contaminantes orgánicos del agua. El trabajo realizado 

analiza la influencia de las propiedades fisicoquímicas de los GOs, y en particular su grado de 

oxidación, sobre las propiedades estructurales, electrónicas y de fotoactividad de los 

nanocomposites híbridos TiO2-GO. Las nanoestructuras híbridas basadas en TiO2 y GO se 

prepararon mediante molienda de alta energía y fotosonicasión, y se aplicaron técnicas 

complementarias de caracterización como difracción de rayos X, espectrometría Raman, 

microscopía electrónica SEM/TEM, FT-IR, XPS y espectroscopia de resonancia 

paramagnética electrónica EPR. Un análisis en profundidad de los resultados experimentales 

obtenidos sobre nanocompuestos selectivos de TiO2-GO puso de manifiesto la evolución de 

las propiedades fisicoquímicas y morfológicas de las nanoestructuras en función de las 

condiciones de oxidación controlada del GO. Además, los estudios teóricos mediante DFT 

revelaron la correlación entre las variaciones del bandgap y la concentración de grupos 

funcionales en el GO. Los fenómenos de adsorción y fotocatálisis de las diferentes 

composiciones de TiO2-GO se investigaron mediante la degradación de colorantes azul de 

metileno (MB) con notable eficacia. El mismo enfoque experimental, que luego se estudió en 

organismos biológicos como las microalgas mediante la degradación de los subproductos 

asociados, subraya el carácter interdisciplinario de este trabajo. Así, mediante el estudio 

sistemático de los niveles de oxidación del GO y de las técnicas empleadas para la preparación 

de nanocomposites, el trabajo realizado contribuye a profundizar en el conocimiento de las 

características fisicoquímicas de los nanocomposites TiO2-GO y a optimizar sus propiedades 

y características para una eficiente actividad fotocatalítica aplicada a la depuración de aguas. 

 

Palabras clave: Dióxido de titanio, oxido de grafeno, nanoestructuras hibridas, remediación 

del agua 
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Résumé 

 

Les préoccupations croissantes en matière de préservation de l’environnement ont orienté les 

efforts de la recherche vers le développement de nanomatériaux adaptés aux applications à la 

dépollution de l'eau. Dans ce contexte, des oxydes de graphène (GO) et leurs nanostructures 

hybrides associant des nanoparticules de TiO2 ont été synthétisés en vue d’exploiter des 

processus tels que l'adsorption et la photocatalyse pour l'élimination des polluants organiques 

dans l'eau. Les travaux menés ont permis d’étudier l’influence des propriétés physicochimiques 

des GO et en particulier leurs degrés d’oxydation sur les propriétés structurales, électronique 

et de photoactivité des nanocomposites hybrides TiO2-GO. La fabrication de nanostructures 

hybrides à base de TiO2 et de GO par broyage à haute énergie et par photosonication a été mise 

en œuvre ainsi que des techniques de caractérisations complémentaires telles que la diffraction 

de RX, la spectrométrie Raman, la microscopie électronique SEM/TEM, la spectroscopie FT-

IR, XPS et de résonance paramagnétique électronique RPE. L’analyse approfondie des 

résultats obtenus sur une variante de nanocomposites TiO2-GO a mis en évidence l'évolution 

des propriétés physico-chimiques et morphologiques des nanostructures en fonction des 

conditions d'oxydation contrôlées du GO. En complément, des études théoriques par DFT ont 

révélé la corrélation entre les variations de la bande électronique interdite et la concentration 

des groupes fonctionnels dans le matériau GO. Les phénomènes d’adsorption et de 

photocatalyse des différentes compositions TiO2-GO ont été étudiés à travers l’élimination du 

bleu de méthylène (MB) avec des efficacités remarquables.  La même approche expérimentale 

qui a été ensuite explorée sur des organismes biologiques tels que des microalgues à travers la 

dégradation de sous-produits associés, souligne le caractère interdisciplinaire de ces travaux. 

Ainsi, en explorant systématiquement les degrés d'oxydation du GO et les techniques de 

fabrication des nanocomposites, les études effectuées contribuent à la compréhension et 

l'optimisation des propriétés et caractéristiques des nanostructures hybrides à base de TiO2 et 

de GO pour une meilleure efficacité de leur utilisation pour la dépollution de l'eau. 

 

Mots clés : Dioxyde de titane, oxyde de graphène, nanostructures hybrides, dépollution de l'eau 
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Introduction and motivation 
 

 

Water is an essential resource for life on Earth, a fundamental element that sustains all living 

organisms and shapes our planet in countless ways. However, despite the importance of water 

for life, approximately 80% of the world's wastewater is discharged, mostly untreated, into 

rivers, lakes, and oceans [1]. In response, effective and economical technologies based on 

nanomaterials have been developed [2, 3] and show unique and often improved properties 

compared to their larger-scale counterparts [4]. In particular,  these nanosized materials are 

characterized by exceptional properties such as large surface area, modulated optical 

properties, enhanced electrical and thermal conductivity, mechanical properties, and chemical 

reactivity. Moreover, nanomaterials may also exhibit tunable physical, chemical, and electronic 

properties not involved in bulk materials [5]. Thus, several classes of nanomaterials were 

exhaustively considered to eliminate or reduce the concentration of pollutants below a defined 

level to ensure human health and environmental safety without side effects [6]. In this context, 

the high specific surface of nanomaterials plays a key role in phenomena such as adsorption 

and photocatalysis which, contribute to the overall removal of pollutants [7, 8]. 

 

As an efficient material for water remediation, titanium dioxide (TiO2) is worthy of interest 

and was extensively applied as a photocatalyst in addition to being non-toxic, corrosion-

resistant, and biocompatible [9, 10]. When exposed to UV light, TiO2 generates reactive 

oxygen species (ROS) that can break down chemical bonding in organic compounds leading 

to simpler and less harmful substances [11]. However, despite its advantages, TiO2 faces 

several limitations as a photocatalyst in practical applications, as it requires (UV) light due to 

its broad bandgap (≈3.2 eV−anatase phase) [12]. On the other hand, its ability to adsorb 

pollutants in water is limited in its pristine form [13]. According to the review by Dong H. et 

al. 2015 [14], pristine TiO2 has a low adsorption affinity for hydrophobic pollutants due to its 

inherent hydrophilic nature, which limits its ability to trap nonpolar organic pollutants. Other 

authors point out that it lacks specific surface modifications that could improve its adsorption 

capacity [15], and its porous structure is not optimized for efficient adsorption of hydrophobic 

pollutants [11]. In addition, pristine TiO2 nanoparticles tend to agglomerate in aqueous media, 

reducing their effective surface area and thus their adsorption capacity [16].  

 

To overcome these limitations, a relevant approach was developed based on the formation 

of hybrid TiO2 nanostructures by using two-dimensional materials such as graphene oxide 

(GO). GO and carbon-based materials possess large surface areas, and their single-sheet 

structure facilitates the diffusion of contaminants to the adsorption sites, improving the 

efficiency of the process [17, 18]. In addition, GO can be chemically modified to selectively 

increase its affinity for specific contaminants, allowing more efficient and specific adsorption 



 

2 

 

[19, 20]. These combined properties make GO a highly effective component for improving 

the adsorption capacity of hybrid nanomaterials. The adsorption capacity of GO can influence 

the concentration and distribution of contaminants near TiO2 particles, thus facilitating their 

degradation by photocatalysis when exposed to a light source [21, 22].  

 

The limited study of the adsorption process in hybrid materials could be attributed to the 

fact that in several reported works, significantly lower adsorption removal efficiency is 

observed compared to the photocatalysis process [7, 23], which has led to disproportionate 

attention to the latter process. Moreover, these phenomena have been evaluated mainly as a 

function of the GO concentration added to the hybridized nanostructure. Therefore, this 

research stands out for its approach, focusing on the study of the intrinsic nature of GO and its 

influence on the engineering of the resulting morphologies, as well as on the physicochemical 

properties and their impact on the mechanisms related to the global removal of pollutants from 

water. To this end, GOs, with variable oxidation degrees, were synthesized by meticulously 

manipulating KMnO4 concentrations, and subsequently incorporated into TiO2 matrices using 

ball-milling and photosonication methods. These investigations revealed significant 

differences in the morphologies and characteristics of the resulting nanostructures, further 

highlighting the critical influence of fabrication methods on their properties. 

 

The novelty of this Ph.D. thesis lies in the developed approaches to photoactive 

nanostructures based on TiO2 and GO. integrating theoretical knowledge, meticulous synthesis 

techniques, comprehensive characterization methods, and practical applications. By 

systematically exploring the interplay between GO oxidation degrees, TiO2 modification 

methodologies, and fabrication techniques, this work contributes to better understanding and 

optimizing the properties of hybrid TiO2-GO nanostructures. The ambition of this approach is 

to realize critical challenges in environmental remediation, paving the way for sustainable 

solutions to water pollution. 

 

This work begins with a comprehensive literature review in Chapter 1, which covers 

fundamental concepts relevant to the materials and mechanisms considered in the performed 

studies. The second chapter reports the experimental details of the synthesis and fabrication 

methods of the investigated materials. It also describes the instrumentation of the 

characterization techniques used for the investigations of the relevant physical and chemical 

features of the functional nanomaterials.  Chapter 3 develops a theoretical study using Density 

Functional Theory (DFT) to elucidate the relationship between the bandgap variations and the 

epoxide functional groups in GO. The theoretical insights highlighted the fundamental role of 

DFT simulations in understanding and optimizing atomic interactions in the developed 

experimental studies. 

 

Chapter 4 reports the details of GO synthesis by the Tour method to obtain selective 

architectures of the functional nanostructures. Detailed investigations of their physicochemical 

properties were carried out by X-ray diffraction, Raman spectroscopy, and SEM-TEM 

observations.  The chemical composition analysis revealed a nuanced evolution of the 

structural, morphological, and chemical characteristics as a function of the controlled oxidation 
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conditions. UV-VIS spectroscopy characterizes the modifications of the bandgap and electrical 

conductivity, providing a comprehensive understanding of the impact of GO oxidation on the 

optical and electronic properties. Further in Chapters 5 and 6, the investigations were devoted 

to the hybrid TiO2-GO nanostructures obtained by ball-milling and photosonication methods. 

Microstructural analysis revealed a complex interplay between the phase composition and 

crystallinity, highlighting the impact of GO incorporation on the specific surface area, TiO2 

particle size, and electrical conductivity. While ball-milling proved an efficient modification 

of TiO2 properties, photosonication emerged as a less aggressive alternative, showing clear 

advantages in the formation of core-shell structures, and facilitating the formation of Ti-O-C 

bonds at the interfaces. 

 

In Chapter 7, the synthesized hybrid nanostructures were investigated in the process of 

degradation of methylene blue (MB) dyes. The incorporation of GO, either by ball-milling or 

photosonication, showed a synergistic effect, improving both adsorption and photocatalytic 

degradation ability. Finally, chapter 8 is an exploratory work toward practical applications of 

the hybrid nanostructures in ROS generation by photocatalytic processes and their effect on 

microalgae in solutions. By expanding research beyond traditional contaminant removal to 

encompass the complex interactions of aquatic ecosystems, this work lays the groundwork for 

specific solutions to mitigate the adverse effects of microalgal blooms. This interdisciplinary 

approach underscores the relevance and potential impact of the findings, opening an area to 

address environmental problems with innovative nanomaterials and methodologies. 
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CHAPTER I. Toward a comprehensive understanding of water pollution, remediation & naomaterials 

Water is an essential resource for life on Earth, a fundamental element that sustains all living 

organisms and shapes our planet in countless ways. From basic needs for human life to 

powering agriculture, industry, and energy generation, water plays a critical role in life, society, 

and the economy. In addition, its influence extends to biodiversity conservation and global 

climate regulation through the water cycle. However, despite the importance of water for life, 

approximately 80 percent of the world's wastewater is discharged, mostly untreated, into rivers, 

lakes, and oceans [1]. This proportion is higher in less developed countries where sanitation 

and wastewater treatment facilities are very poor [2].  

 

Numerous anthropogenic and natural behaviors contribute significantly to water pollution. 

Although some industries treat their wastewater before releasing it into the environment, others 

simply discharge it untreated. This poses serious ecotoxicological threats because untreated 

wastewater contains a wide range of organic pollutants such as pesticides, petrochemicals, 

dyes, and others [3]. Some of these organic compounds are persistent and can cause health 

troubles as they are highly toxic and potentially carcinogenic. In addition, certain pollutants 

such as dyes, discharged into water, reduce light penetration, which impairs the performance 

of algae and growing aquatic plants, not to mention that many of them are ingested by fish and 

other living organisms and can be metabolized in their organisms to toxic intermediates [4]. To 

face such pollution issues, it is necessary to develop effective and economical technologies for 

water remediation that can eliminate the contaminants or reduce them below a certain 

established level to ensure human health and environmental safety without side effects [5].  

 

In this context, various techniques have been developed for water treatment, such as 

ultrafiltration, sedimentation, gravity separation, flotation, precipitation, oxidation, adsorption, 

ion exchange, etc. [6]. However, standard wastewater treatment technologies reach their limits 

due to rapid population growth, large-scale industrialization, and urbanization. This has led to 

the demand for new technologies with higher efficiency and lower cost. The solutions based 

on nanomaterials are worthy of interest and attract great interest from the wide materials 

research community [7]. The present work is related to this research theme with the ambition 

to develop innovative materials and methodologies for the water remediation problem.  
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1.1.Nanomaterials in water remediation 
 

Nanomaterials are known for their size-dependent properties at the nanometer scale in at least 

one of their dimensions [8]. These materials exhibit unique and often enhanced properties 

compared to their bulk counterparts [9]. Examples of nanomaterials include carbon nanotubes, 

metal nanoparticles, semiconducting nanocrystals, nanowires, and nanosheets, among others. 

Among the outstanding properties, it may be underlined the large surface area, modulated 

optical responses, enhanced electrical and thermal conductivity, original mechanical properties 

such as super-plasticity or characterized by higher Young modulus as well as important 

chemical reactivity. Several classes of nanomaterials can be designed to exhibit tunable 

physical, chemical, and electronic properties not involved in bulk materials [10].  
 

Within the environmental context, key contributions are made by using nanomaterials 

which are used for the filtration, adsorption, and advanced oxidation processes. For example, 

carbonaceous nanomaterials have been successfully used in filtration and adsorption processes 

due to their large surface area correlating with the nanosized pore sizes [11]. On the other hand, 

various semiconducting oxides (TiO2, ZnO, Fe3O4, WO3, etc.), as well as metal nanoparticles 

(Fe, Ag), are highly efficient for advanced oxidation processes such as photocatalysis. By using 

these nanomaterials, a significant reduction in the concentration of pollutants is achieved, 

highlighting the effectiveness of this approach for improving water quality. In this process, 

phenomena such as adsorption and photocatalysis take place, which, although different from 

each other, together contribute to the overall removal of pollutants  [12]. 
 

1.2.Adsorption 
 

Adsorption is considered a suitable and preferred approach due to its relatively low cost, 

simplicity of design, high removal efficiency, and easy recyclability [13]. Adsorption is a 

phenomenon when molecules of a substance in a gaseous or liquid state are attached to the 

surface of another material, known as an adsorbent [14]. On the other hand, the opposite 

process is named desorption corresponding to the release of the adsorbate from the adsorbent 

surface as schematically depicted in Fig. 1.1. 
 

 

   
Fig. 1.1. Schematic representation of adsorption and desorption processes. Single-layer and 

multi-layer adsorption (Adapted from [17] with copyright permission) 
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Conceptually, adsorption is a phenomenon that occurs at the interface and can be 

categorized into two interaction mechanisms: (i) Physical adsorption occurs due to weak 

intermolecular forces such as Hydrogen bonding, Van der Waals forces, π-π interactions and 

electrostatic attraction. (ii) Chemical adsorption involves the formation of new chemical bonds 

between the surface of the nanomaterial (adsorbent) and the adsorbates (contaminants) [15]. 

Chemical adsorption is slower than physical adsorption and usually forms a monomolecular 

layer (monolayer) on the adsorbent surface, whereas physical adsorption usually involves the 

formation of a thick multilayer on the surface [16]. Fig. 1.1.b-c shows a schematic 

representation of monolayer and multilayer adsorption on the adsorbent surface. Table 1.1. 

shows the differences between physical and chemical adsorption. 

 

Table 1.1. Physical and chemical adsorption comparison (reprinted from [17] with copyright 

permission) 

Physical adsorption Chemical adsorption 

Electrostatic interactions and Van der 

Waals forces are implicated 

Covalent bonds are established between 

the surface and the molecules that have 

been adsorbed 

Fast Slow 

Reversible Irreversible 

Not very specific It is specific 

Multilayers are formed Monolayers are formed 

Activation energy is unnecessary Activation energy is necessary 

It typically manifests at low temperatures and 

diminishes as the temperature rises. 
Elevated temperature is required 

 

1.2.1. Nanomaterials as adsorbents 

 

Nanoadsorbents refer to particles at the nanoscale composed of either organic or inorganic 

materials that exhibit a strong attraction towards adsorbate compounds. Due to their high 

porosity, small size, and active surface area, nanoadsorbents are not only capable of adsorbing 

contaminants with different molecular sizes, and hydrophobicity but also allow the 

manufacturing process to use raw materials efficiently without releasing their toxic load [18]. 

Nanoadsorbents also have significant contaminant-binding capabilities and can also be 

chemically regenerated after depletion [19]. These particles possess distinctive characteristics, 

including catalytic capability and heightened reactivity, in addition to their extensive surface 

area, rendering them superior adsorbents compared to traditional materials. Recent reports in 

the literature have extensively investigated the adsorption capacity of various nanomaterials 

such as CeO [20], ZnO [21], SiO2 [22], and Fe3O4 [23]. However, the adsorption capacity of 

these materials is still limited, e.g. TiO2 has shown adsorption capacity with a removal of 18-

30% [24]. Therefore, carbon-based nanomaterials represent a promising alternative in this 



 

8 

 

context, as they meet the appropriate requirements for a successful adsorption process, such as 

large surface area, high pore volume, and adequate functionalities. 

 

1.2.1.1. Carbon 

 

The carbon atom, with 1s22s22p2 as its fundamental electronic configuration, is one of the most 

versatile elements, able to adopt different hybridization forms leading to multiple carbon-based 

architectures. The main features of the carbon bonding hybridization are outlined below: 

 

• sp3 hybridization (C-C bond): It consists of one s-band mixed with three p-orbitals to 

form four equivalent hybrid orbitals. The hybrid orbitals are oriented as far apart as 

possible, being located at the vertices of the regular tetrahedron with 109.5° bonds (Fig. 

1.2.). This hybridization is involved in the diamond structure with the formation of 

tetrahedral arrangements of carbon atoms.  

 

 
Fig. 1.2. Electronic configuration of the carbon atom and geometry of sp3−hybridization 

 

• sp2 hybridization (double C=C bond): The sp2 hybridization associates one s-orbital 

mixed with two p-orbitals. The mixing of these orbitals leads to three equivalent hybrid 

orbitals (sp2) arranged in a trigonal planar geometry (120°). The p-orbital that was left 

out (unhybridized) and did not take part in the hybridization is a significant distinction 

between this hybridization and the sp3 hybridization. This orbital is placed at 90° to the 

plane of the trigonal planar arrangement of the three sp2-orbitals (Fig. 1.3.). Extensive 

research has been conducted on the exceptional physicochemical features of graphene, 

carbon nanotubes, and fullerenes, which are carbon-based structures with sp2 

hybridization. 

 

 
Fig. 1.3. Electronic configuration of the carbon atom and geometry of sp2−hybridization. 
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• sp hybridization (triple bond C≡C): the s carbon orbital is mixed with only one out 

of the three 2p-orbitals. The resulting two sp hybrid orbitals are then arranged in a linear 

geometry (180°) and the two unhybridized 2p-orbitals are placed at 90° (Fig. 1.4.). 

 

 
Fig. 1.4. Electronic configuration of the carbon atom and geometry of sp−hybridization. 

 

 

1.2.1.2.Carbon-based nanomaterials (CBN) 

 

Carbon can form various crystalline arrangements or allotropes, resulting in a variety of 

carbon-based nanomaterials with characteristic mechanical and thermal properties. Their 

exceptional surface area, porosity, and significant adsorption capacity were crucial factors in 

effectively eliminating a broad spectrum of pollutants from water. As examples, activated 

carbon, carbon nanotubes (CNTs), graphene, and its derivatives, among others, generally 

exhibit high adsorption capacity and thermal stability, in addition to providing ample binding 

sites for contaminants, making them capable of adsorbing organic compounds, heavy metals, 

dyes, pharmaceuticals residues, and others. In addition, these materials can be customized and 

functionalized to target specific contaminants, improving their selectivity and overall 

efficiency. In addition, modified or doped compositions to incorporate surface functional 

groups can be achieved by dedicated chemical methods and used for wastewater treatment.   

 

Water and wastewater treatment systems incorporating activated carbon (CA) have been 

widely used due to their ease of operation, potential for adsorbent regeneration, and 

applicability in batch and continuous processes [25]. On the other hand, carbon nanotubes 

represent another option that has received considerable attention as a new type of adsorbent 

with potential applications in the removal of various contaminants (e.g., metal ions, dyes, 

phenolic compounds, and pharmacological substances) in aqueous solutions [26]. Unlike CA 

adsorbents, the adsorption properties of CNTs differ significantly from those of activated 

carbon. Regardless of pore characteristics and surface areas, the overall adsorption properties 

of CNTs depend on the adsorption site, purity, and surface functional groups of carbon in 

nanometer-thick layers [27]. Table 1.2. shows a summary of work reported in the literature on 

activated carbon and carbon nanotubes, respectively, for the removal of contaminants from 

water by adsorption mechanisms. 
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Table 1.2. Summary of work that has used activated carbon and carbon nanotubes 

CBN Contaminant 
% 

removal 

Eq. 

time 
Isotherm Kinetic Ref. 

CA 
Sildenafil citrate 

(Sil) 
85% < 10 h 

Langmuir 

isotherms 

Pseudo-

first 

order  

[28] 

CA-Alginate 

composite 
Bisphenol AF 29.2 % 

within 

3 h 

Dubinin-

Ashtakhov 

isotherms 

Pseudo-

second-

order 

[29] 

Granular CA Benzophenone 53±4% 90 min 
Langmuir 

isotherms 

Pseudo-

second-

order 

[30] 

Granular CA Caffeine 53±2% 90 min 
Langmuir 

isotherms 

Pseudo-

second-

order 

[30] 

Polyethyleneimine 

modified CA 
Hg(II) 90% 35 min 

Langmuir 

isotherms 

Pseudo-

second-

order 

[31] 

CNT Zn2+ ≈59.8% 60 min 
Langmuir 

isotherms 
---- [32] 

CNT 
Malachite green 

(MG) 
≈70% 50 min 

Langmuir 

isotherms 

Pseudo-

first 

order  

[33] 

Magnetic CNT 
Methylene blue 

(MB) 
≈95% 

120 

min 

Langmuir 

isotherms 

Pseudo-

second-

order 

[34] 

CNT Bisphenol A ≈49.26% 15 min 
Langmuir 

isotherms 
--- [35] 

 

1.2.1.3. Graphene-based materials (GBM) 

 

Since the last decade, there have been exhaustive investigations on graphene and graphene-

based materials (GBM) for environmental issues. In this regard, environmental applications 

based on graphene oxide (GO) offer more realistic possibilities compared to pristine graphene 

due to easy and low-cost production. Compared to CNTs, GBM is expected to offer better 

absorbance efficiency of pollutants [36] as their available contact surfaces are more important.  

On the other hand, GO and rGO (reduced graphene oxide) can be readily produced through the 

chemical exfoliation of graphite, resulting in materials with a significant abundance of oxygen-

containing functional groups. Thus, efficient adsorption processes can be achieved for the 

removal of inorganic species from aqueous solutions [37], including organic pollutants, heavy 

metals, rare earths, and dyes [38].  

 

Carbon materials play a key role in the adsorption of various contaminants from water, and 

in this scenario, GBM emerges as a prominent vector. Several authors claim that GO is 
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preferable to pristine graphene for metal ions adsorption due to the high content of oxygen 

groups available to interact with ions. In addition, its properties and characteristics can be 

conveniently modified by the gradual incorporation of oxygen-containing functional groups 

[39]. The importance of these oxygenated functional groups has been previously demonstrated 

by Yan, H. et al. [40] who showed a clear tendency of GO to improve its adsorption capacity 

at higher degrees of oxidation, i.e. at higher amounts of functional groups. Likewise, Reynosa-

Martinez A, et al. [41] demonstrated the same behavior concerning the adsorption of As(III). 

GO can also be incorporated with metal oxides to form hybrid nanostructured materials with 

specific properties and has been used as an efficient adsorbent and also enhances advanced 

oxidation processes (AOP) for the removal of various pollutants as discussed in the following 

sections. However, before discussing hybrid systems, it is important to characterize the 

organization and the electronic band structure peculiarities of GO materials, and the following 

section is dedicated to shed light on the relevant related features.   

 

1.2.1.3.1. Graphene-structure 

 

Thorough investigations were concentrated on a different form of carbon known as graphene. 

This 2D structure possesses a hexagonal lattice of carbon with sp2−hybridization. Most of 

graphene's electrical conductivity is ascribed to the π-bond, which is positioned vertically to 

the lattice plane. The stability of graphene is a result of the close arrangement of its carbon 

atoms and the sp2-orbital hybridization, which involves a mix of s, px, and py orbitals that form 

the σ-bond. The last valence electron forms the π-bond. The π-bonds undergo hybridization to 

create the π-band and π*-bands (Fig. 1.5). The noteworthy electrical properties of graphene are 

mostly attributed to the bands that enable the movement of free electrons, particularly the half-

filled band [42]. 

 
Fig. 1.5. Overlapping of sp2 and p orbitals and formation of pi (π) and sigma (σ) bonds 

 

Graphene is the most conductive material so far at room temperature, with a conductivity 

of 106 S/m and a sheet resistance of 31 Ω/sq [43]. This is attributed to its ultrahigh mobility of 

2×105 cm2/Vs [44] which is almost 140 times the mobility in silicon. Besides this, graphene is 

a typical semimetal [45] in which there is a small overlap between its conduction band (CB) 

and valence band (VB). Even at the temperature of absolute zero, a certain concentration of 

electrons is already in the CB while a certain concentration of holes is in the VB. As shown in 

Fig. 1.6. the VB and CB of graphene exhibit cone-like structures that intercept at the Dirac point. 

The electron transport in graphene exhibits the anomalous quantum Hall effect [46] and 

characteristics of relativistic particles [47]. 
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Fig. 1.6. Representation of energy band of graphene. 

 

The conductivity of graphene can also be manipulated by inserting a hydrogen atom onto 

each carbon atom without breaking the hexagonal lattice, giving an insulating graphene 

material [48]. A great deal of resistance could also be given to graphene by applying a vertical 

electric field onto bilayer graphene, blocking the electrons from in-plane movement [49]. 

Additionally, several studies have demonstrated that the absence of a bandgap in graphene is a 

result of the identical conditions of the two atomic sublattices that make up graphene. This 

suggests that introducing structural or chemical modifications to disrupt this lateral in-plane 

symmetry could create a bandgap in graphene [50], similar to what occurs in GO as discussed 

later. 

 

1.2.1.3.2. Graphene oxide structure 

 

At first, GO was believed to be the outcome of the chemical process of exfoliation and 

oxidation of layered crystalline graphite, whether it be natural or artificial [51]. However, 

authors have recently shown that the same structure can also be obtained by an alternative 

(bottom-up) method by hydrothermal treatment of glucose [52] or even by chemical vapor 

deposition (CVD) [53]. Therefore, GO could be defined as "a single-atom carbon layer with 

both surfaces modified by oxygen-containing functional groups". Like any 2D carbon, GO can 

have a monolayer or multilayer structure [54]. The carbon layers in multilayer GO are separated 

by functional groups attached to each layer of carbon atoms (Fig. 1.7.a.). Although GO, like 

graphene, is a two-dimensional carbon material, its properties can differ significantly from 

those of graphene as the oxidation degree increases. 

 

The exceptional characteristics of GO mostly stem from its hybrid electronic structure, 

which encompasses both the conducting π-states of the sp2 carbon domains and the σ-states of 

the sp3 carbon domains [55]. Theoretical studies have shown that the properties of GO can be 

modified by adjusting the sp2/sp3 ratios of the carbon atoms [56]. Previous experimental reports 

showed the observation of quantum confinement phenomena in GO due to the formation of 

non-oxidized sp2 islands between the oxidized sp3 regions [57]. The formation of sp3 domains 
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in GO is due to the oxidation reaction resulting in the decoration of different types of functional 

groups such as hydroxyl, epoxide, carbonyl, and carboxyl groups (Fig. 1.7.b.). The presence of 

these oxygenated functional groups in GO makes it hydrophilic and also allows it to be 

functionalized with other materials using appropriate chemistry [58]. The sp2/sp3 ratios in GO 

can be adjusted by varying the oxidation degree through appropriate chemical reactions. GO 

with different ratios of sp2/sp3 domains can be tuned for specific properties relevant to water 

remediation applications, such as the bandgap required for photocatalysis as will be discussed 

in the following sections. This relevance is based on the need for the bandgap to match the 

energy of incident photons to facilitate light absorption and subsequent electron-hole (e-/h+) 

pair generation. Chapter 3 of this compendium presents Density Functional Theory (DFT) 

simulations focusing on the structure of monolayer graphene and evaluates in detail the 

variation of its bandgap as functional groups are introduced into its configuration, leading to 

the alteration of the inherent symmetry and the breaking of carbon hexagons.  

 

    
Fig. 1.7. (a) GO multilayer and, (b) structure of GO and functional groups 

 

1.2.1.3.3. Synthesis methods to fabricate GO 

 

GO was first synthesized by Benjamin Brody in 1859, long before the discovery of graphene 

[59]. Benjamin invented the method for making GO, which consisted of oxidation and 

exfoliation of natural crystalline graphite, which undoubtedly yielded a significant amount of 

monolayer GO, but at that time no one knew about graphene. The latest GO fabrication 

methods are based on the remarkable intercalation ability of layered graphite. It allows active 

metal atoms and some types of oxidants to penetrate between the flat carbon layers of 

crystalline graphite by increasing the interlayer distance and modifying the layer surfaces by 

chemically bonded functional groups. Finally, the action of suitable oxidizing agents causes 

the complete decomposition of the graphite crystal into separate carbon monolayers with 

chemically modified surfaces. It is important to note that the chemical oxidation conditions of 

graphite usually require a small (< 10 μm) particle size of the starting material. Intensive stirring 

or even ultrasonication is usually required to complete the chemical reactions (Fig. 1.8.). These 

factors make it difficult to obtain large GO flakes. For this reason, the average size of 

commercially available GO particles does not exceed a few microns. Nevertheless, the 

fundamental characteristics of GO, particularly the colligative capabilities of the macroscopic 

structures generated by GO, are significantly influenced by the average flake size. 
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Fig. 1.8. Schematic of the process for obtaining GO, through the oxidation of graphite. 

 

Since its discovery in 2004, GO has garnered significant attention in the field of carbon 

materials research. Numerous publications have been dedicated to studying its structure, 

reduction methods, and potential uses [60]. Common techniques for its synthesis (Brodie, 

Staudenmaier, Hoffman, Hummers) involve the utilization of potent acids (nitric and/or 

sulfuric) and potassium chlorate. The widely favored Hummers-Offeman technique employs a 

blend of concentrated H2SO4, NaNO3, and KMnO4. Nevertheless, in 2010, Professor Tour's 

group at Rice University [61] introduced a novel approach that removed sodium nitrate, 

enhanced the quantity of potassium permanganate, and inserted phosphoric acid (H3PO4) into 

the reaction vessel. The researchers documented the production of a GO product with an 

increased oxidation degree. This was achieved by subjecting graphite to a reaction with 

potassium permanganate (KMnO4) in a mixture of sulfuric acid (H2SO4) and phosphoric acid 

(H3PO4). An important benefit of this protocol is that it does not contain NaNO3, which 

prevents the formation of harmful gases like NO2, N2O4, or ClO2 during the reaction, thereby 

enhancing its environmental friendliness. Furthermore, it is claimed that H3PO4 offers a greater 

number of intact graphitic basal planes compared to Hummers' approach, resulting in a 

significantly larger final yield. In Chapter 4 of this material, we describe in detail the procedure 

carried out in this research for the fabrication of GOs by the Tour method.  

 

1.3.Advanced oxidation processes (AOP) 

 

Although most contaminants in wastewater can be removed by standard primary and secondary 

treatment, some traces of nondegradable materials, such as pharmaceutical residues, are 

difficult to remove. The limitations of conventional approaches have led to the development of 

more effective techniques such as advanced oxidation processes (AOPs) [9]. These techniques 

comprise a series of chemical treatments specifically formulated to eliminate organic and, in 

some cases, inorganic substances from water and wastewater through the process of oxidation 

[62]. AOPs rely on the generation of hydroxyl radicals (•OH) in the water, which are extremely 

powerful oxidants capable of oxidizing almost any chemical in the water. The oxidation 

process frequently occurs rapidly, as assessed by the diffusion rate of the chemicals in the water 

[63]. Consequently, once formed, •OH reacts non-selectively and contaminants are rapidly and 

efficiently fragmented and converted into small molecules. Some examples of AOPs include 

UV/O3, UV/H2O2, Fenton, photo-Fenton, non-thermal plasmas, sonolysis, photocatalysis, 

radiolysis, and supercritical water oxidation [64]. The effectiveness of AOP treatment is highly 

the physical and chemical properties of the contaminants and the operating conditions. 
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Among all advanced oxidation methods, photocatalysis stands out as a strategy in the 

search for effective solutions to environmental remediation challenges such as water treatment. 

By harnessing the energy of light to generate highly reactive species, photocatalysis offers a 

versatile and promising approach to the degradation of persistent organic pollutants and other 

harmful compounds. 

 

1.3.1.  Photocatalysis 

 

Photocatalysis refers to a series of chemical events that include speeding up photoinduced 

reactions in the presence of photocatalysts [65]. The fundamental principle of the 

heterogeneous photocatalysis process involves the use of a solid catalyst that is placed in a 

solution and exposed to specific wavelengths of light. The photo-generation of e-/h+ pairs 

produce free radicals within the solutions such as highly reactive hydroxyl radicals (-OH) that 

can oxidize any pollutant present in water, often at a diffusion-controlled reaction rate. As a 

result, contaminants are quickly and efficiently fragmented and converted into small inorganic 

molecules [66]. 

 

Photocatalytic processes mainly revolve around five steps (Fig. 1.9.) and two reaction 

pathways. The five phases are (i) light absorption by the photocatalyst (ii) excitons (e-/h+ pairs) 

generation within the photocatalyst, (iii) charge separation-transfer-migration, (iv) charge 

recombination or oxidation-reduction processes, and (v) desorption of reaction products from 

the catalyst surface or reaction medium [67]. The two reaction pathways for photocatalytic 

reactions are (a) direct pathways, in which photogenerated charge carriers are separated and 

trapped by surface defects or pollutants molecules that correspondingly form radicals, and (b) 

indirect pathways, in which photogenerated charge carriers are used to generate ions and 

radicals (reactive oxygen species) that react with water pollution molecules [68]. 

 

 
Fig. 1.9. Stages involved in photocatalysis (Adapted from [68] with copyright permission). 

 

Provided there is no charge accumulation or poisoning, these steps can be repeated 

indefinitely. All steps need to be optimized to achieve the ideal efficiency: in (i), the more the 

full spectrum of light can be absorbed, the more e-/h+ pairs will be generated; in (ii), the more 

electrons and holes can avoid mutual annihilation by recombination, the more they will migrate 

to surfaces to be available for surface reactions; in (iii), surface reactions can be optimized by 

tailoring the energetics of the reactive species, their preconcentration, the pH, and the support 

of implanted surface functional groups [67]. 
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1.3.2. Nanostructured photocatalysts 

 

In principle, the requirements for a material to be a photocatalyst include semiconducting 

materials that can generate e-/h+ pairs upon irradiation. Furthermore, it is necessary for the 

photocatalyst to possess suitable bandgaps in order to effectively absorb a wide variety of 

visible light wavelengths from the solar spectrum. An efficient photocatalyst should possess a 

bandgap within the range of 1.6-2.2 eV and a high sunlight absorption coefficient [69]. The 

nano-structuration of semiconducting photocatalysts greatly enhances the surface contact for 

the photocatalytic reactions through a higher fraction of the light absorption, better charge 

transfer, and fine-tuned electronic structure. Additionally, both the enhanced specific surface 

area and quantum size (Q-size) play a very important role in improving the photocatalytic and 

photophysical capabilities of these nanostructured materials compared to bulk materials.  

 

In nanosized semiconductors, quantum size effects are involved due to limited electron 

movement when the particle size of photocatalysts is less than a critical size limit (Bohr radius 

of exciton). Owing to the direct effect of quantum size, the semiconductor photocatalyst’s CB 

and VB can become discretized into energy levels defined by the size of the nanoparticle. The 

redox potential of the VB or the CB undergoes a shift in a more positive or negative direction 

due to discretization. This process leads to an increase in the redox potential of the generated 

electrons and holes. Consequently, nanostructured photocatalysts exhibit increased reactivity 

towards oxidation [70]. The specific surface area not only improves the adsorption capacity of 

nanostructured photocatalysts but also influences the time it takes for the e-/h+ pairs to interact 

with the surface of the semiconducting particles and determines the photocatalytic efficiency 

of any photocatalyst. When the particle is at the nanoscale, its diameter becomes negligible, 

allowing for simple movement of e-/h+ pairs from the interior to the surface. This greatly 

enhances the rate of the redox process. Nano-photocatalysts have an increased ability to 

transfer e-/h+ pairs from the interior to the surface, resulting in a reduced probability of e-/h+ 

pair combination. Consequently, nanostructured photocatalysts demonstrate superior 

photocatalytic activity compared to bulk photocatalysts, leading to increased photocatalytic 

processes [71]. 

 

Numerous semiconductors have been used as photocatalysts, including metal oxides and 

sulfides. However, within this diversity of nanomaterials presented, TiO2 occupies a place of 

undisputed relevance. TiO2 is the most studied photocatalyst for the removal of aqueous 

pollutants due to its high oxidizing capacity, superhydrophilicity, chemical stability, long 

lifetime, non-toxicity, and low cost [72]. In recent decades, the fabrication of TiO2 

nanostructures with intentional morphologies and properties to enhance the photocatalytic 

activity of TiO2 has been extensively investigated [73]. 

 

1.3.3. Titanium dioxide (TiO2) 

 

TiO2 is extensively researched because of its remarkable photocatalytic activity and 

exceptional characteristics. It possesses three polymorphs such as anatase, rutile, and brookite. 

Both anatase and rutile belong to the same (tetragonal) crystal system involved in the low-
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temperature range [74] while brookite can be stabilized at higher temperatures with an 

orthorhombic crystal structure. The anatase phase can be converted irreversibly to rutile for 

temperatures above 605°C [75] but the conversion temperature can vary depending on the 

preparation conditions. As a photocatalyst, the anatase TiO2 shows excellent photocatalytic and 

sensitization properties, which have attracted much attention in both photocatalysis and 

photovoltaic conversion as well. That is why, in this study, we have focused on the study of 

this phase mainly. The crystal structure of anatase TiO2 is a tetragonal system, space group 

I41/amd [76], crystal constant a=b=3.784 Å, c=9.515 Å. Ti4+ is located in the center of the TiO6 

octahedron, and each octahedron is connected with eight surrounding octahedrons, among 

which there are four common edges and four common vertexes. The crystal structure is shown 

in Table 1.3. 

 

Table 1.3. Properties of rutile, anatase, and brookite of TiO2 [77]. 

Phases 
Crystal 

structure 

Bandgap 

(eV) 

Space 

group 

Density 

(g/cm3) 

Refractive 

Index 

Structure 

Geometry 

Anatase Tetragonal 3.23 I41/amd 3.894 2.488 

 

Rutile Tetragonal 3.05 
P42/mn

m 
4.25 2.609 

 

Brookite Orthorhombic 3.26 Pbca 4.12 2.583 

 

 

1.3.3.1.Fundamentals and photocatalysis mechanism of TiO2. 

 

In the field of photocatalysis, TiO2 has been widely studied for the degradation of 

contaminants. As its bandgap is about 3.2 eV [78], it can adsorb only about 5% of the UV 

radiation included in the solar spectrum. Thus, its photoactivity is induced only by the UV 

illumination, promoting electrons from the VB to the CB (Fig. 1.10). In order to achieve efficient 

absorption of solar radiation and extend light absorption into the visible region for visible-light-

driven photocatalysis, it is necessary for the bandgap to be less than 3 eV. In addition to the 

maximum bandgap requirement, the minimum bandgap of semiconductor photocatalysts for 

water splitting should be 1.23 eV which is the energy required for photocatalytic water 

splitting. Thus, effective photocatalysts have been shown to exhibit bandgaps greater than 2 

eV [79].  

 

Given the importance and progress of photocatalysis, numerous strategies have been 

reported to reduce the bandgap and improve its photocatalytic activity under visible light, 

including the formation of TiO2-based hybrid nanostructures with less energetic bandgap 

semiconductors [80]. In particular, several TiO2-based photocatalysts include two-dimensional 
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materials such as graphene and its derivatives GO, and rGO. This association leads to the 

improvement of the electrical conductivity and increase of the electrocatalytic active sites, 

stability, and the synergistic effect of the assembled systems [81]. Much research was devoted 

to the incorporation of carbon structures into semiconductor materials to increase electron and 

hole mobility and prevent their recombination. In addition, their large surface area allows the 

photocatalyst to be distributed throughout large interfaces which facilitates synergetic 

interactions between the two constituents [82].  

 

 
Fig. 1.10. Schematic illustration of typical photocatalysis on TiO2. (Adapted from [83] with 

copyright permission). 

 

1.3.4. Heterojunction systems with TiO2 

 

It is well known that coupling TiO2 with other semiconductors characterized by different 

electronic band structures can lead to an increase in photocatalytic efficiency by the 

enhancement of the charge carrier concentration and the increase in the lifetime of the charge 

carriers. Moreover, the realization of heterojunction by semiconductors with compatible 

electronic structures (electronic band alignment)  can activate the photoactivity under visible 

light radiation. Many benefits can be realized in such a design, including (a) improved carrier 

separation; (b) longer carrier lifetime; and (c) improved interfacial charge transfer efficiency 

between the hybrid systems [84]. In Fig. 1.11.a, there is a highly effective transfer of electrons 

between the low bandgap semiconductor (which acts as a sensitizer) and TiO2. This transfer 

happens when the conduction band (CB) of TiO2 is more positively charged than the equivalent 

band of the sensitizer. Under visible light radiation, only the sensitizer is excited and the 

photogenerated electrons are transferred to the TiO2 CB. If the VB of the sensitizer is more 

negatively charged than the VB of TiO2, the hole created in the semiconductor will remain 

localized and will not be able to migrate to TiO2. When the system of coupled semiconductors 

works under UV–Vis radiation, both semiconductors are excited. In the described 

heterojunction system, there are two sources of electrons in the CB of TiO2. Firstly, electrons 

are injected into TiO2 from a coupled sensitizer, similar to what happens under visible 
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excitation. Secondly, the process of photoexcitation under UV irradiation in titania results in 

the production of electrons, which then accumulate notably in the CB of TiO2. While h+ in the 

VB of TiO2 can go to the VB of connected semiconductors and impact a significant 

accumulation of vacancies at the interface between the semiconductor and electrolyte (Fig. 

1.11.b) [85]. 

 

  

 
Fig. 1.11. (a) Energy diagram illustrating the coupling of two semiconductors in which 

vectorial electron transfer occurs from the light-activated semiconductor to the nonactivated 

TiO2; (b) coupling of semiconductor in which vectorial movement of electrons and holes is 

possible. (Adapted from [85] with copyright permission). 

 

1.3.5. Hybrid nanostructures based on TiO2-graphene 

 

Former reports have pointed out that in heterostructures associating TiO2 and graphene-based 

composites, the carbon-based material acts as an acceptor for the photogenerated electrons 

during the excitation of TiO2 [86]. Charge carriers can transfer freely through the graphene 

flakes, enhancing the e-/h+ recombination and helping to improve the photocatalytic 
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performance of TiO2-graphene systems for water purification [87]. In addition, the negatively 

charged surface area of the Graphene flakes favors the adsorption rate of pollutants contained 

in water. The interaction between the d-orbital in TiO2 and the π-orbital in graphene affects the 

reduction of the bandgap in the hybrid nanostructures, resulting in a substantial increase in the 

photocatalytic activity in the visible region. The formation of chemical bonds between TiO2 

and graphene (d-π interactions) favors the effective transfer of photogenerated electrons from 

the CB (d-orbital) of TiO2 to the Fermi level (π-orbital) of the graphene sheet. TiO2 (e
-
CB) could 

be freely transported through the graphene matrix acting as an excited electron acceptor and 

finally transferred to the surface to form the ROS that can effectively oxidize organic pollutants 

in water [88]. A schematic illustration of the enhanced photocatalytic performance mechanism 

of TiO2-graphene nanostructures in dye degradation is shown in Fig. 1.12. [89]. 

 

 
Fig. 1.12. Proposed mechanism for the photodegradation of dyes by TiO2-graphene 

compounds under sunlight irradiation (Adapted from [89] with copyright permission). 

 

Even though graphene greatly contributes to improving photocatalytic efficiency when 

incorporated in TiO2, it is relevant to mention that this material does not react easily [90]. When 

it is used in nanostructures, it is necessary to modify its structure by adding defects and/or 

oxygenated groups that allow anchoring with other materials such as  GO and/or rGO. Table 

1.4. shows a summary of the work in photocatalysis carried out in the last 5 years by using GO-

based nanostructures with TiO2. The aforementioned investigations have shown a remarkable 

improvement in the photocatalytic properties of TiO2 when GO is incorporated, also improving 

the adsorption capacity. It has also been reported that, regardless of the fabrication method, the 

concentration, or the oxidation degree of the incorporated GO, the hybrid structures are mainly 

composed of TiO2 nanoparticles distributed on the GO sheets. The degradation mechanism in 

Fig. 1.12. refers to such a structural arrangement. In summary, finding the optimal conditions 

for fabrication of the ideal material becomes a complex task as it will depend on factors such 

as (a) bandgap, (b) the proportion of incorporated GO, (c) synthesis methods, and (d) as well 

as the oxidation degree of the incorporated GO, commonly determined by sp2/sp3 ratio by 

Raman spectroscopy or XPS. 
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Table 1.4. Investigations of TiO2 with GO for applications in photocatalysis. 

Hybrid 

system 

GO 

amount 

GO 

oxidation 

degree 

GO 

Synthesis 

Method 

The 

synthesis 

method 

Hybrid nanostructure morphology 
Main removal 

mechanisms R
ef

. 

TiO2-

rGO 

12 mL of 

GO 

aqueous 

solution 

into 0.6 g 

of TiO2 

⸺ 
Modified 

Hummers’ 

Hydrother

mal 

synthesis 
 

TiO2 nanoparticles are uniformly 

distributed on the surface of rGO. 

Photocatalysis [91] 

TiO2-

rGO 

12 mL of 

GO 

aqueous 

solution 

into 0.6 g 

of TiO2 

⸺ 
Modified 

Hummers’ 

Hydrother

mal 

synthesis  
The surface of rGO exhibits a 

homogeneous distribution of TiO2 

nanotubes. 

Photocatalysis [91] 

TiO2-

rGO 

12 mL of 

GO 

aqueous 

solution 

into 0.6 g 

of TiO2 

⸺ 
Modified 

Hummers’ 

Hydrother

mal 

synthesis 
 

TiO2 nanobelt is uniformly 

distributed on the surface of rGO. 

Photocatalysis [91] 

TiO2-

GO 
0.1 g ⸺ Commercial 

Suspension 

in 

deionized 

water and 

stirring TiO2 nanocrystals, well-

assembled into the GO 

nanosheets matrix 

Photocatalysis [92] 

TiO2-

GO 
20 % w/w ⸺ 

Hummer’s 

method 

Sonochemi

stry 

Nanoparticles on the surface of 

the GO laminae clusters 

Photocatalysis [93] 

TiO2-

GO 
15 wt% 

ID/IG=

1.6 

Hummer’s 

method 

Hydrogel 

and 

electromag

netically 

stirred  
Formed clusters contributed to the 

GO monolith-like structure 

Photocatalysis [94] 



 

22 

 

TiO2-

GO 
1% wt ⸺ 

Hummer 

method 

Hydrother

mal 

synthesis  
TiO2 nanoparticles tended to 

accumulate along the wrinkles 

and edges of GO sheets 

Photocatalysis [95] 

TiO2-

GO 
25% wt ⸺ 

Modified 

Hummers 

method 

Hydrother

mal 

synthesis 
 

TiO2 particles are located on the 

GO sheets and distributed evenly 

Photocatalysis [96] 

TiO2-

GO 
2% wt 

ID/IG=

0.86 

Modified 

Hummers 

method 

Hydrother

mal 

synthesis 

Agglomeration of TiO2 

nanoparticles over the GO 

nanosheets 

Photocatalysis [97] 

TiO2-

GO 
10% wt ⸺ 

Hummers 

method 

Ultrasonica

tion  
TiO2 agglomerates over the GO 

sheet 

Photocatalysis [98] 

TiO2-

GO 
8% wt ⸺ 

Hummer & 

Offeman 

method 

Water bath 

with 

continuous 

stirring 
 

TiO2 nanostructure has a uniform 

distribution over the GO sheets 

Photocatalysis [99] 

TiO2-

GO 
2.5% wt ⸺ Commercial 

Sonificatio

n and 

stirring 
 

The uniform decoration of highly 

dense TiO2 nanoparticles over GO 

sheets 

Photocatalysis [100] 

TiO2-

GO 
2% wt 

ID/IG=

0.86-

0.98 

Tour method 
Ball-

milling 

 
TiO2 is surrounded by irregular 

GO layers, forming a core-shell-

type structure 

Adsorption [101] 
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TiO2-

GO 
2% wt 

ID/IG=

0.86-

0.98 

Tour method 
Photosonic

ation 

 
TiO2 particle coated by GO, 

forming a core-shell type 

structure 

Adsorption  & 

photocatalysis 
[102] 

----: Not mentioned 

 

1.4.Conclusion 

 

The state-of-art presented in this chapter highlights the relevance of addressing the global issue 

of water scarcity and pollution through the development and application of innovative 

technologies such as photocatalysis and adsorption. Adsorption, a process in which pollutants 

adhere to the surface of adsorbent materials, and photocatalysis, which involves the breakdown 

of pollutant molecules under light radiation, are key strategies in water remediation. In this 

context, nanomaterials offer significant advantages in these processes, thanks to their high 

surface area, and unique physicochemical properties. Their ability to adsorb pollutants and 

catalyze chemical reactions with improved efficiency makes them promising tools. 

Specifically, the characteristics of TiO2 and its application in photocatalytic processes were 

pointed out, as well as the strategy of building heterostructures to enhance its photocatalytic 

activity. The understanding of these fundamentals is crucial to ensure the effectiveness of the 

fabricated nanostructures in the ability to remove pollutants from water. Finally, the 

fundamentals of GO structure are highlighted to understand the arrangement and nature of its 

bonding when modification of its structure is made by incorporating functional groups. This 

leads to significant alterations in its physicochemical characteristics and properties and reveals 

the inherent versatility of GO and the engineering capability to manipulate its structure at the 

molecular level. Understanding how these modifications affect the properties of GO will allow 

a better interpretation and discussion of the results presented in the following chapters. 
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CHAPTER II. Reagents, Methods, and Instrumentation 

In the analysis of nanostructured materials, such as graphene oxides (GO) and TiO2-GO hybrid 

nanostructures, advanced characterization techniques play a crucial role in revealing 

physicochemical and morphological properties which are essential for understanding the 

material's behavior in water remediation applications through adsorption and photocatalysis 

phenomena. The combination of X-ray diffraction (XRD) and Raman spectroscopy has 

provided a comprehensive characterization of the crystal structure and vibrational properties. 

These techniques have been used to understand how oxygen functionalization affects the 

structural and chemical properties of GOs concerning their oxidation degree. The use of 

techniques such as X-ray photoelectron spectroscopy (XPS) and Fourier transform infrared 

spectroscopy (FTIR) was essential and complementary to inform the evolution of the chemical 

composition and surface functionalization of GOs concerning their oxidation degree. As for 

the hybrid nanostructures, these techniques were crucial to elucidate the nature of the bonds 

formed at the interface between the two structures. The gas adsorption technique using the 

Brunauer-Emmett-Teller (BET) theory provided detailed information on the specific surface 

area (SSA) and porosity of the nanostructures which are fundamental aspects for understanding 

the dye adsorption mechanisms. Scanning electron microscopy (SEM) and transmission 

electron microscopy (TEM) allowed the surface morphology and topography of the 

nanostructures studied, facilitating the visualization and analysis of their shapes and 

dimensions. Electron paramagnetic resonance (EPR) spectroscopy proved to be a powerful 

technique to study the interaction of paramagnetic species, to confirm the purity of the 

synthesized GOs, and, in the case of TiO2-GO nanostructures, to confirm the formation of Ti3+ 

structural defects and draw a mechanism of formation of the hybrid nanostructures. Optical 

characterization by UV-Vis spectroscopy provided an in-depth understanding of the absorption 

and emission properties of the materials, while electrical techniques evaluated the conductivity 

features. This chapter details also the conditions used for the investigations performed by each 

technique and the used theoretical and simulation procedures for understanding the 

experimental features before conducting the adsorption-photocatalysis tests. 

 

2.1.Graphene oxide synthesis by Tour method 

 

The reagents used for the synthesis of graphene oxides by the Tour method are listed in Table 

2.1.  
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Table 2.1. Substances used for synthesis by the Tour method 

Chemicals/reagents Supplier 

Natural graphite powder Sigma-Aldrich 

Potassium permanganate, ACS reagent, ≥99.0% Sigma-Aldrich 

Sulfuric acid ACS reagent, 95.0-98.0% Sigma-Aldrich 

Ortho-phosphoric acid, 85% Sigma-Aldrich 

HCl (36.5%-38.0%) Sigma-Aldrich 

Analytical grade H2O2 (30 wt.%) Sigma-Aldrich 

Citric acid ACS reagent (99.5%) Sigma-Aldrich 

 

The synthesis was made by mixing 43.2 mL of concentrated H2SO4 (sulfuric acid ACS 

reagent, 95.0-98.0%) with 4.8 mL concentrated H3PO4 (ortho-phosphoric acid, 85%). Then, 

the mixture of acids is poured into 1 g of Graphite (Gr) powder continuously for 3 hours using 

a cold bath at 4°C. Afterward, different amounts of KMnO4 were added to the whole 

preparation to vary the oxidation degree. After 2 hours, a mixture of 12 mL of analytical grade 

H2O2 (30 wt.%) and 13 mL of HCl (36.5%-38.0%) was added dropwise under stirring for 30 

minutes. The reactions were stopped by adding deionized water to the mixture. A solution of 

citric acid (CA) diluted in water was then added, using 2 g of CA for each gram of KMnO₄ 

used. This was followed by continuous washing with water until the residual liquid reached a 

pH of 7. Materials were exfoliated by sonication for 30 minutes. Finally, the collected materials 

were dried in an oven at 65 °C for 12 hours. The compounds obtained were designated as 

GO(0.5), GO(1), GO(3), GO(6) and GO(10), where the subscripts correspond to the weight of 

KMnO₄ used in the synthesis. 

 

The decision to use different amounts of KMnO4 in the investigation was a deliberate 

choice to explore the impact of different oxidant concentrations on the synthesis process. The 

aim was to study the influence of KMnO4 on the oxidation degree of the final GO and its 

properties. By systematically increasing the amount of KMnO4, the reaction kinetics, the 

oxidation degree, and possible changes in the physicochemical properties of the synthesized 

materials were investigated. Although the differences between 6g and 10g may seem subtle, it 

was intended to cover a wide range to ensure a comprehensive understanding of the parameter 

space. Overall, this approach helped us to identify the optimal conditions for the synthesis and 

provided valuable information on the role of KMnO4 in the oxidation degree. 

 

2.2.Hybrid nanostructures based on TiO2 and graphene oxide 

 

The synthesized GOs were associated with anatase-phase TiO2 nanoparticles using two 

different methods: ball-milling and photosonication, respectively. The obtained materials were 

named TG(0.5), TG(1), TG(3), TG(6), and TG(10), where the subscripts represent the weight (g) of 

KMnO4 used in the synthesis of GOs and take into account the GO oxidation degrees. For this 

research, commercial TiO2 (Merck, EMSURE® Reag. Ph Eur.) was used to isolate the effect 
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of the GO oxidation degree by minimizing possible variations in TiO2 properties due to 

synthesis. This provides a better understanding of how variations in GO specifically affect 

hybrid nanostructures. In addition, commercial TiO2 is usually produced under controlled 

conditions, which contributes to the reproducibility of the results. 

 

2.2.1. Hybrid nanostructures by ball-milling 

 

Hybrid nanostructures were fabricated using a PM-400 Planetary Ball Mill equipment 

available at the laboratory "Materials for Renewable Energy and Biomedical Applications 

(MREB)" belonging to the “Sección de Electronica del Estado Sólido (SEES)” of Cinvestav-

Zacatenco unit. The powders were milled using a high-speed ball mill with 10 Silicon Carbide 

balls of 14 mm diameter at 300 rpm for 8 h. The procedure was repeated for each GO, obtaining 

TiO2-GO hybrid nanostructures with a ratio of 98 wt% TiO2 and 2 wt% GO. The obtained 

materials were named TG(0.5), TG(1), TG(3), TG(6), and TG(10), where the subscripts represent 

the weight (g) of KMnO4 used in GOs synthesis and take into account the GO oxidation 

degrees. Fig. 2.2. shows a schematic representation of the used synthesis methodology for the 

nanostructures. The structural, morphological, optical, and electrical properties are discussed 

in detail in Chapter 5 of this manuscript. 

 

 
Fig. 2.2. Schematic representation of the ball-milling methodology  

 

2.2.2. Hybrid nanostructures by photosonication 

 

To perform this process, we used an ultrasonic bath of the Branson Ultrasonics Cpx-952-316r 

series available at IMMM of Le Mans Université. The synthesized GO powders and TiO2 

powder were suspended separately in ethanol and an ultrasonic bath (Branson 2510) at a 

frequency of 40 kHz for 20 min was used to obtain a homogeneous suspension. The GO 

suspension was then poured into the TiO2 suspension and the ultrasonication extended up to 

45 minutes. The resulting solution was stirred continuously for 30 minutes in a photoreaction 

system under irradiation with a 150 W Xe light source. Light irradiation plays a key role in 

activating the surfaces of both materials, facilitating the formation of bonds between them, 
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resulting in increased interaction and synergy between the surfaces involved. This was 

followed by 24 hours of continuous stirring. Finally, the solution was dried at 80 °C for 18 

hours. Similar to ball-milling, the procedure was repeated for each GO oxidation degree, 

obtaining TiO2-GO hybrid nanostructures with a ratio of 98 wt% TiO2 and 2 wt% GO. The 

obtained materials were also named TG(0.5), TG(1), TG(3), TG(6), and TG(10), and the 

characteristics, structural properties, and formation mechanism of the obtained structures are 

described in detail in chapter 6. Fig. 2.3. shows a schematic representation of the synthesis 

methodology by photosonication. 

 
Fig. 2.3. Schematic representation of the synthesis methodology by photosonication 

 

2.3.Characterization techniques 

 

2.3.1. X-ray diffraction (XRD) 

 

XRD is a non-destructive technique that offers comprehensive and precise information 

regarding the crystal structure, phase composition, and physical characteristics of materials. 

The hybrid nanostructures prepared by ball-milling (chapter 5) were analyzed using a Bruker 

D2 PHASER diffractometer with Cu-Kα radiation (λ=1.54056 Å) obtained under a voltage of 

40 kV and a current of 30 mA, available at CINVESTAV-Zacantenco, Mexico (Fig. S.2.1.a.). 

The analysis of the nanostructures prepared by photosonication was conducted using a Bragg-

Brentano PANalytical Empyrean diffractometer. The diffractometer was equipped with a 

PIXcel-1D detector and utilized Cu-Kα1 radiation (λ=1.540562 Å). The radiation was obtained 

under a voltage of 40 kV and a current of 30 mA (Fig. S.2.1.b.). The instrument was available 
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at the IMMM of Le Mans Université, France. XRD analysis of GO powders was performed in 

the range of 5-60° to identify the evolution of the (001) plane during the transition from 

graphite to GO and the changes with the subsequent increase in the oxidation degree. 

Subsequently, the analysis of the phases involved in the TiO2-GO hybrid nanostructure 

powders was carried out in the range of 5-70°. For this purpose, the peaks in the diffractograms 

were identified using Xpert High Score software. The width and shape of the diffraction peaks 

are a consequence of the combination of instrumental broadening and factors based on the 

microstructure of the samples [1]. From the obtained diffractograms, the size of the crystalline 

domains of carbon materials along the c-axis of GO bulk (the average height of the stacked 

layers) was calculated using the Debye-Scherrer equation [2]. 

 

𝐿𝑐 =
𝐴 𝜆

β cos 𝜃
 (eq. 1) 

 

Where Lc is the average height of the ordered GO domains, λ is the X-ray wavelength, and 

θ is the Bragg angle at the reflection (001). The Scherrer constant, denoted as A, is highly 

influenced by the morphology of the crystallite, the index (hkl) of the selected lattice plane, 

and the definition of β. A is taken as a constant number of 0.9 and β represents the full−width 

of the reflection at half of its highest intensity, measured in radians. The Scherrer equation, 

with a Warren constant of 1.84 [3], was used to estimate the average diameter of the stacking 

layers, indicated as D, for the two-dimensional reflection (100). To evaluate the evolution of 

the degree of exfoliation of the GO sheets, the Bragg equation [4] was applied to the reflection 

(001) with the inter-reticular distance d. 

 

𝑛𝜆 = 2𝑑 𝑠𝑖𝑛𝜃 (eq. 2) 

 

The crystallite size (Lc) in the TiO2-GO hybrid nanostructures was also determined using 

the Debye-Scherrer (eq. 1) and a constant value of A=0.9. Additionally, the deformation (ε) 

and the dislocation density (δ) were calculated using the following equations 3 and 4 [5]. 

 

δ =
1

D2
 (eq. 3) 

 

ε =
β

4 tgƟ
 (eq. 4) 

 

These parameters collectively elucidate the degree of structural integration, the presence of 

defects, and the overall homogeneity of the TiO2-GO hybrid system, providing a 

comprehensive picture of its microstructural characteristics. 

 

2.3.2. Raman spectroscopy 

 

Raman spectroscopy is a highly effective technique for analyzing the structure, bonding, and 

degree of disorder in carbon-based materials, as well as any modifications that may have 
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occurred [6]. The technique gives a detailed evaluation of molecular vibrations and structural 

properties by highlighting the characteristic vibrational modes in graphitic compounds 

generally referred to as D and G Raman bands. Their characteristics such as position, shape, 

and intensity inform the hybridization modes sp2 and sp3 as well as the presence of impurities, 

crystalline disorder, and deformations, among others. The D-mode has A1g symmetry and can 

be described as an in-plane breathing vibration of the six-membered aromatic carbon rings 

(Fig. 2.4.). The Raman-forbidden band in perfect graphite becomes active in the presence of 

any deviation from an ideal structure. Thus, this characteristic might be regarded as a band 

caused by a disease (where "D" represents "disorder"). The G-mode (E2g symmetry) is due to 

the in-plane stretching vibration of carbon atom pairs (Fig. 2.4.). This mode is always allowed 

and can be observed in the Raman spectrum for all carbon structures containing the sp2 

network, and it is characteristic not only of the aromatic rings of carbon but also of other sp2 

structures [6, 7].  

 

 
Fig. 2.4. Movements of carbon atoms in the vibrational modes of D and G. 

 

The intensity ratio of D (ID) and G (IG) Raman bands has been extensively used for the 

quantification of defects in carbon-based materials since the pioneering work of Tuinstra and 

Koenig was published in 1970 [8]. Also, the ID/IG ratio is a key indicator of the degree of 

structural disorder and its evolution with the oxidation degrees. Although the ID/IG ratio is most 

commonly used in the literature to evaluate the crystalline order and defect effects in GO, the 

AD/AG ratio was also utilized to determine the combined intensity of the D and G-bands, which 

represents quantitatively the whole scattering process. Since the ID/IG ratio depends on the 

excitation wavelength, the excitation laser energy was taken into account when calculating the 

in-plane crystallite size. The crystallite size (La) by Raman spectroscopy was estimated using 

the following equation (eq. 5) [8], with λI representing the wavelength of the laser source (nm). 

 

𝐿𝑎 = (2.4𝑥10−10)𝜆𝐼
4 (

𝐼𝐷
𝐼𝐺

)
−1

 (eq. 5) 
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On the other hand, Raman spectroscopy was used on pristine TiO2 and TiO2-GO hybrid 

nanostructures to obtain information on crystal lattice vibrations that allowed the identification 

and confirmation of the crystalline phases shown by XRD, as well as the structural changes 

induced in both TiO2 and GO as a consequence of mechanical milling and photosonication, 

respectively. The measurements were carried out on powders at room temperature and did not 

require any specific sample preparation. The X'Plora equipment available at the IMMM of Le 

Mans Université (Fig. S.2.1.c.) was used. It is a compact multi-wavelength Raman 

spectrometer from Horiba Jobin-Yvon, consisting of a confocal microscope (100x), a 

motorized table (XY), a 1650 x 200-pixel air-cooled CCD detector and 4 gratings 600-1200-

1800-2400 lines/mm. The objective of the microscope used was 100x and a krypton-argon laser 

with a wavelength of λ=532 nm as an excitation. Spectral line fits were performed with 

Lorentzian functions using the OriginLab software. The comprehensive analysis of Raman 

spectroscopy on GOs is discussed in detail in chapter 4, while hybrid TiO2-GO nanostructures 

are explored in chapters 5 and 6, respectively. 

 

2.3.3. Fourier transform infrared spectroscopy (FTIR-ART) 

 

Fourier transform infrared spectroscopy (FTIR) is an analytical technique that quantifies the 

absorption of infrared radiation at specific vibrational frequencies of the molecules present in 

the sample. This technique operates by transmitting infrared radiation (IR) through a sample, 

and the resulting spectrum indicates the absorption and transmission of molecules, thereby 

generating a distinct chemical fingerprint [9]. The FT-IR spectra of the samples were measured 

in the mid-infrared range (400-4000 cm-1) using a Vertex 70v infrared spectrometer available 

at the IMMM of Le Mans Université (Fig. S.2.1.d.). Samples as powders were investigated by 

using the ATR technique and without any special preparation.  

 

In the GO materials, it was an effective technique for identifying molecular species as well 

as functional groups present at each oxidation degree (chapter 4). These IR investigations allow 

complementary structural characterization to those obtained by Raman spectroscopy. In the 

hybridized nanostructures, FTIR was used as our main tool to elucidate the chemical nature of 

the bonds at the interfaces between the two structures (chapters 5 and 6, respectively). To 

validate and fully elucidate the atomic interaction, Lorentzian deconvolution analysis of the 

spectra was performed using OriginLab software. 

 

2.3.4. X-ray photoelectron spectroscopy (XPS) 

 

X-ray photoelectron spectroscopy (XPS) is a precise and surface-sensitive spectroscopic 

method used to determine the elemental composition, chemical state, and electronic state of 

elements in a material. In our research, XPS was used on the GO materials to provide 

complementary information to FTIR on the nature of the chemical bonds, the presence of 

different functional groups as well as the effects of the oxidation degrees. For the experiments, 

GO powders were examined using a PHI Versa Probe II spectrometer. The analysis was 

conducted with monochromatic AlKα radiation at an energy of 1486.6 eV, with a 2×10-8 mTorr 
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vacuum chamber, aluminum anode as the monochromatic X-ray source. The explored energy 

range was 290 to 282 eV and the integrated intensity of the XPS lines was calculated by using 

a deconvolution by Lorentzian forms to quantify the sp2 and sp3 states of the GOs. 

 

2.3.5. Brunauer-Emmett-Teller (BET) 

 

The BET (Brunauer-Emmett-Teller) technique is a method used to measure the specific surface 

area (unit: m2.g-1) of solid materials, especially for porous materials such as catalysts, 

adsorbents, and nanopowders. The process relies on the physical adsorption of gas molecules 

onto the surface of the substance. The specific surface area (SSA) of TiO2-GO nanostructures 

prepared by ball milling was measured by nitrogen adsorption at 15 points after the powder 

was degassed in nitrogen at 150°C for 12 h (Fig. 2.5.). The instrument used was a Brunauer-

Emmett-Teller (BET) micromeritometer, Gemini 3240, available at the Chemistry Department 

of Cinvestav-Zacatenco. 

 

 
Fig. 2.5. Illustration of measuring surface area with BET 

 

2.3.6. Scanning electron microscopy (SEM) 

 

Scanning Electron Microscopy (SEM) is a technique used to visually examine and study solid-

state materials at extremely small scales, specifically in the micro- to nanometer range. It uses 

accelerated electrons to produce high-resolution images of the sample surface, providing 

detailed information about its topography, morphology, and composition. The evaluation of 

the different morphological characteristics of the hybrid nanostructures prepared by ball 

milling, such as shape, diameter, and length, was performed employing a Hitachi S5500 

FESEM, a field emission scanning electron microscope, with an acceleration voltage of 5 kV, 

equipped with a Bruker Quantax EDAX analyzer, available at the Universidad Autónoma de 

Morelos, Mexico. The detailed results are discussed in Chapter 5. While, a JEOL scanning 

electron microscope, JSM 6510, with an acceleration voltage of 20 kV, available at IMMM, 
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Le Mans Université, was used for the characterization of GOs. The acceleration voltage and 

the variable slit size were adjusted to ensure proper focusing of the samples, with manual 

correction of astigmatism and beam shape. 

 

2.3.7. Transmission electron microscopy (TEM) 

 

TEM uses electrons transmitted through the sample to create an image of its internal structure, 

providing detailed information about the crystalline structure and morphology of the material. 

The spatial resolution of the TEM is much higher than that of the SEM, allowing the 

observation of details at the atomic scale [10]. For the sample preparation, a very small amount 

of powder was diluted in ethanol and the solution was then exposed to an ultrasonic bath for 2 

min to achieve maximum dispersion, and then a drop was deposited on a carbon-thin grid to be 

observed immediately after drying. The morphological analysis of the hybridized 

nanostructures was carried out using a transmission electron microscope JEOL JEM 2100 HR 

in the high-resolution mode available at IMMM-Le Mans Université (Fig. S.2.1.f.). 

 

2.3.8. Diffuse reflectance spectroscopy (DRS) 

 

Diffuse reflectance spectroscopy (DRS) is a technique that entails gathering light that is 

diffusely reflected off a sample and then analyzing its spectrum using a spectrometer. It is 

typically used in the UV-visible, near-infrared (NIR), and mid-infrared regions to obtain 

molecular spectroscopic information, particularly from powders with minimal sample 

preparation [11].  

 

The optical spectra of the ball-milling powder samples (Chapter 5) were obtained with an 

Agilent Cary UV-Vis spectrophotometer equipped with an integrating sphere, available at the 

SEES department of Cinvestav-Zacatenco, Mexico (Fig. S.2.1.g.). For the nanostructures 

prepared by photosonication, an Ocean Optics Spectrometer ISP-REF Illuminated Integrating 

Sphere available at IMMM of Le Mans Université was used (Fig. S.2.1.h). The UV-visible 

spectroscopy yielded diffuse reflectance data, which was then transformed into the absorption 

coefficient F(R) using the Kubelka-Munk equation [12]: 

 

𝐹(𝑅) =
(1 − 𝑅)2

2𝑅
=

𝑘

𝑠
 (eq. 6) 

 

Where R is the reflectance of the sample and F(R) is equivalent to the absorption 

coefficient. The direct and indirect bandgap of pristine TiO2 and nanostructures were estimated 

using the following equation: 

 

[𝐹(𝑅∞)ℎ𝑣]𝑛 = 𝑘(ℎ𝑣 − 𝐸𝑔) (eq. 7) 

 

Where hv is the photon energy; Eg is the bandgap energy; k is a characteristic constant for 

each semiconductor material and the exponent n depends on the nature of the transitions (n=1/2 
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for direct transitions allowed and n=2 for indirect transitions allowed). By identifying the 

intercept of the linear portion of the graph with the x-axis (hν=0), we estimate the optical 

bandgap of the samples. 

 

2.3.9. Electron paramagnetic resonance (EPR) spectroscopy 

 

Electron paramagnetic resonance (EPR) spectroscopy, sometimes referred to as electron spin 

resonance (ESR) spectroscopy, is a scientific method employed to investigate chemical entities 

that include unpaired electrons [13, 14]. The unpaired spins carried by ions or molecules of the 

considered sample lead to magnetic moments involved in such paramagnetic species. Their 

interactions with an applied magnetic field with defined values and microwave radiation create 

the spin resonance conditions giving rise to an EPR Signal. For this purpose, an EPR Bruker 

EMX spectrometer available at IMMM of Le Mans Université (Fig. S.2.1.i) equipped with an 

X-band microwave bridge (9.5 GHz) and an electromagnet with variable magnetic field 0-1 

Tesla was used. The characteristic features of an EPR spectrometer with continuous wave mode 

(CW) [14] are schematically represented in Fig. 2.6. The investigated sample is placed into the 

center of the microwave cavity, which is designed with a geometry that matches the wavelength 

of the used microwave radiation. An EPR spectrometer works by generating microwaves from 

a source; typically, a microwave bridge using a semiconductor-based Gunn diode, guided 

propagation is made and transferred to the resonant cavity where the sample is located. While 

the microwave radiation frequency is kept constant, the sweep of the applied magnetic field 

creates the spin resonance condition which modifies the electromagnetic microwave power in 

the cavity giving rise to the EPR spectrum. The analysis of an EPR experiment allows us to 

identify the nature of the unpaired spin carriers, ions, molecules, itinerant electrons, and their 

concentration as well as their local environments such as crystalline or disordered. The EPR 

measurements can be performed at variable temperatures from 4K to 1000K to characterize the 

changes in the local environment or the mobility of the unpaired spins.   

 

For the context of this thesis work, EPR spectroscopy was used for the detection of Mn2+ 

ions from the KMnO4 compound used for the oxidation degree of GO. EPR is a highly sensitive 

tool for paramagnetic species and stands out as a specific technique for the accurate detection 

of these ions in GO. Additionally, to demonstrate the creation of Ti3+ surface defects by 

sonication in TiO2 and the structural changes due to the incorporation of GO, EPR spectra were 

measured at room temperature in the range of 3320 to 3500 G. While the magnetic properties 

of the embedded GO were studied by the temperature-induced changes of the EPR spectra in 

air and the temperature range from 100 to 300 K. The findings are thoroughly examined and 

analyzed in Chapter 6.  

 

In a typical EPR experiment, the area under the curve is proportional to the number of spins 

that contribute to the EPR signal. The integration of this line allows the estimation of the 

species concentration of samples. The resonance condition defined by the magnetic field 

associated with the position of the resonance line can be used to determine the spectroscopic 

parameter such as the Landé factor (g-values). These parameters inform the electronic states of 
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the paramagnetic species leading to the EPR signal as will be discussed in the dedicated studies 

in chapter 6.  

 

 
Fig. 2.6. Block diagram of EPR spectrometer 

 

2.3.10. Electrical conductivity measurements 

 

The electrical conductivity of GO and derivatives is a crucial factor influenced by their 

oxidation degree. Tuning the oxidation degree allows tuning the performance of GO and its 

subsequent incorporation into nanostructured TiO2 for photocatalytic applications. Electrical 

measurements were performed with a Novocontrol broadband dielectric spectrometer (Alpha-

A high-performance frequency analyzer) and a BDS 1200 sample measurement cell, available 

from IMMM at Le Mans Université (Fig. S.2.1.j). 

 

To measure the different samples, pellets were manufactured. In order to create the pellets, 

a quantity of 1 gram of the powdered material was placed inside a pellet mold with a diameter 

of 5 mm and a thickness of 3 mm. The mold, together with the weighted material, was exposed 

to a uniaxial pressure of 5 Torr. Silver paint was then applied to both surfaces of the pellets to 

form a conductive layer. After application, the paint was allowed to dry and cure, creating a 

thin conductive layer on the ceramic pellet. This layer plays a critical role in providing an 

electrically conductive interface to facilitate conductivity measurement. The measurement was 

performed at room temperature and then the temperature was varied in the range of 100 to 200 

°C. The results are discussed in detail in Chapters 5 and 6. 
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2.4. Experiment setup for MB removal 

 

2.4.1. MB stock solution and calibration curve 

 

The studies were performed with methylene blue (MB) powder (87% MB, Sigma-Aldrich, CI 

52015). 25 mg of MB powder was dissolved in 250 mL of distilled water to prepare a 100 ppm 

MB stock solution. For each experiment, 10 mL of the 100 ppm MB stock solution was 

measured, and 90 mL of H2O was added to give a final solution of 10 ppm in a total volume of 

100 mL. Each experiment was performed with this concentration of dyes. Several standard 

solutions of MB were prepared at pH≈7 with concentrations ranging from 10 ppm to 0 ppm. 

The concentrations of MB dye in the solutions were determined by measuring the absorbance 

at the dye's maximum wavelengths (λmax= 664 nm) using the calibration curve depicted in Fig. 

2.7.a. The reported experimental data were fitted by a straight line with a high regression 

coefficient (R2=0.9996) (Fig. 2.7.b). 

 

 
Fig. 2.7. (a) UV-Vis absorption spectra of standards containing various concentrations of 

MB, and (b) the calibration curve of absorbance (Abs) against MB concentrations (ppm) 

 

For adsorption experiments, the removal efficiency [R(%)], and the equilibrium adsorption 

capacity [qe (mg/g)] were calculated using the following equations: 

 

𝑅 (%) = (
𝐶0 − 𝐶𝑒

𝐶0
) 𝑥 100 (eq. 8) 

 

𝑞𝑒 = (
𝐶0 − 𝐶𝑒

𝑊
)𝑥 𝑉 (eq. 9) 

 

C0 and Ce represent the initial and equilibrium concentrations of MB dye, measured in 

milligrams per liter (mg/L) accordingly. W, stands for the mass of the adsorbent (g), and V 

represents the volume of the solution (L). For the photocatalysis experiments, the R (%) was 
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also determined using eq. 8. In this case, however, the initial concentration (C0) refers to the 

concentration measured after 30 minutes of adsorption. 

 

2.4.2. Experimental set-ups for adsorption 

 

MB experiments were conducted in a batch mode using 100 ml of a 10 ppm MB solution and 

5 g of the powdered material. The solution was agitated vigorously for 40 min in the absence 

of light. The solution was sampled at 3-min intervals, promptly centrifuged, and then analyzed 

using a UV-Vis spectrophotometer (JASCO spectrometer model V-670) to determine the 

concentration of MB dyes in the solution over time. The highest wavelength chosen for 

quantifying the quantity of MB dye was 664 nm, which corresponds to the absorption band of 

MB. The measurement was conducted using deionized water as a reference. The experiments 

were performed in the dark to exclude the effects of photocatalysis and to avoid possible 

interference from light-induced reactions that could affect the surface properties we were 

studying as well as the adsorbed molecules. Conducting our experiments in the absence of light 

helped to eliminate potential sources of error and ensured that the investigation of the 

adsorption phenomenon was carried out accurately.  

 

2.4.3. Experimental set-ups for photocatalysis 

 

A home-built photocatalytic reactor was used for the photocatalytic studies. The photocatalytic 

activities of the samples were determined by decolorization of the organic dye solution under 

the irradiation of simulated sunlight using a mercury (Xe) arc lamp with an irradiance of 112 

mW/cm2 as the light source. The organic dye solution is introduced into a cylindrical flask and 

continuously stirred with a magnetic stirrer at moderate speed. The entire photocatalytic system 

is shown schematically in Fig. 2.8. 

 

 
Fig. 2.8. Schematic representation of photocatalytic system. 
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2.4.3.1.Bandpass filter transmission 

 

A long-pass optical filter was used to block UV radiation to restrict the photocatalytic activity 

to visible light only. A long-pass filter was used to selectively block wavelengths below 400 

nm. The filter had a cut-off point at ≈408 nm and a transmission value of nearly 70% at 440 

nm (Fig. 2.9.) 

 
Fig. 2.9. The transmittance spectrum of the long-pass filter is utilized to obstruct wavelengths 

below 400 nm that are employed in photocatalytic investigations. 

 

2.4.3.2.Photocatalysis with ball-milled nanostructures 

 

To properly evaluate the photocatalytic activity of all mechano-synthesized nanostructures, 

pellet fabrication was chosen. To prepare the pellets, 1 g of the powdered material was placed 

in a pellet mold 5 mm in diameter and 3 mm thick. The mold, along with the weighted powder, 

underwent a uniaxial pressure of 5 Torr. No further treatments were performed due to the good 

quality and resistance of these in a liquid medium under constant stirring. The same procedure 

was followed for each of the powders produced by ball milling and discussed in detail in 

Chapter 5. 

 

2.4.3.3.Photocatalysis with photosonicated nanostructures 

 

Photocatalytic experiments on the activity of TiO2-GO nanostructures fabricated by 

photosonication are discussed in Chapter 6. A 25 mL solution containing 10 ppm MB and 0.1 

g TiO2-GO was used. The mixture was initially agitated vigorously for 30 min in the absence 
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of light to achieve adsorption-desorption equilibrium for each item. Then, to study the 

photocatalytic activity, the mixture was exposed to irradiation for 180 min. During the 

experiment, 2 mL samples were extracted and promptly subjected to centrifugation at 4000 

rpm in order to determine the dye concentration over time. The analysis was performed using 

a JASCO spectrometer model V-670, with the maximum wavelength selected at 664 nm of the 

MB absorption band and the deionized water used for the reference recording.  

 

2.5.Experiment setup for microalga photolysis and photocatalysis study 

 

2.5.1. Pulse-amplitude-modulation (PAM) fluorometry 

 

In principle, chlorophyll fluorescence can be used as an indicator of the different levels of 

photosynthesis. Chlorophyll serves as the primary pigment that captures light energy and 

directs it to the reaction centers of photosystems I (PSI) and II (PSII). These reaction centers 

are responsible for converting the absorbed energy into chemical energy through 

photochemical reactions. The indicator function of chlorophyll fluorescence is derived from 

the fact that fluorescence emission is the opposite of the alternative processes of de-excitation, 

which include photochemistry and heat dissipation. In general, the fluorescence yield is 

enhanced when the yields of photochemistry and heat dissipation are decreased and vice versa. 

The variable part of chlorophyll fluorescence originates mainly in PSII, thus reflecting changes 

in PSII photochemical efficiency and heat dissipation [15]. 

 

Fluorometry combined with the saturation pulse approach has proven to be highly effective 

in real world scenarios. The principle of PAM fluorometry is based on a short light pulse of 1 

μs (low intensity and non-actinic) that is precisely timed with a lock-in amplifier. The use of a 

lock-in amplifier allows accurate measurements of quantum yield under illumination 

conditions by eliminating extraneous signals unrelated to the lock-in signal. After the process 

of dark adaptation, it is possible to measure the minimum fluorescence value (F0) of the sample. 

If the sample is then exposed to a saturating pulse of light, causing all the reaction centres to 

capture the energy of a photon absorbed by their antennae (resulting in closed reaction centres), 

the maximum fluorescence value (FM) can be quantified. The variable fluorescence (Fv) 

represents the difference between these two extremes. Fv/FM quantifies the maximum 

efficiency of photosystem II (PSII) in converting light energy into chemical energy. When the 

sample is exposed to actinic illumination, its fluorescence yield can range between two extreme 

values, F0 and FM. The momentary fluorescence yield, F, can be measured briefly before 

triggering the saturating pulse, during which the maximal fluorescence yield, FM’ is reached. 

The effective yield of PSII photochemical energy conversion under illumination is calculated 

as (FM’-F)/FM’ [16]. 

 

The alterations in the sample caused by the photolysis or photocatalysis processes were 

monitored using a dual-beam spectrophotometer (Perkin Elmer). This was done either by 

analyzing the sample after it was collected or by observing changes in Chlorophyll fluorescence 

yields using a Dual PAM-100 (Walz, Germany) device [17], which are available at the 

laboratory of "Metabolism, bioengineering of microalgae molecules and applications, Mer 
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Molécules Santé (MIMMA, MMS, IUML - FR 3473 CNRS)" at Le Mans Université (Fig. 

S.2.1.k.). 

 

2.5.2. Sample preparation 

 

The utilization of nanoparticles in many applications can be a subject of controversy due to 

their ability to permeate any organism when disseminated in water, thereby posing toxicity 

risks to unintended organisms. Internalized nanomaterials pose a risk of being released back 

into the environment once the targeted organisms have been broken down. This has the 

potential to be a source of pollution [18, 19]. To avoid this drawback, the nanoparticles used in 

this research have been immobilized on metallic substrates, creating thin films that provide the 

opportunity to study the effects of the materials alone on microalgae and determine their 

potential for water decontamination. 

 

For film formation, 0.52 g of Pluronic F-127 (CAS No.9003-11-6 Sigma) was mixed with 

3.5 ml of ethanol and stirred until complete dissolution was achieved. Then 1 g of TG(0.5) 

nanostructured powder prepared by sonication was added, mixed, and stirred for 30 min. The 

resulting solution was deposited by spin-coating technique on Si(100) substrates, previously 

washed, and cut into 2.5x1 cm dimensions. The conditions for the preparation of the thin films 

are as follows: 

 

• Spin speed: 4000 rpm. 

• Centrifugation time: 60 seconds 

• Approximate thickness determined by profilometry: ≈ 450 nm. 

 

Spin conditions were set according to preliminary tests (results not shown). Upon 

completion, the films were air dried and then dried in air at 80 °C for 24 hours. The films were 

then ready for use in the microalgae experiments discussed in detail in Chapter 8. 

 

2.5.3. Diatoms solution used 

 

Phaeodactylum tricornutum is a type of pennate diatom that can take on many forms (fusiform, 

triradiate, and oval) as depicted in Fig. 2.10. Alterations in cell shape can be induced by 

environmental factors [21–23]. The selection of Phaeodactylum tricornutum for this 

investigation was based on its ability to undergo approximately one division per day when 

cultured in artificial saltwater under axenic conditions [24], such as in the F/2 medium (it is an 

ideal and widely used nutrient medium for algae cultivation). In addition, following the 

sequencing of its genome, it has become a model organism for diatom physiology and has been 

used in numerous studies due to its ease of laboratory culture [25]. The diatom Phaeodactylum 

tricornutum was maintained in a 50 mL flask with F/2 medium. Gas exchange was facilitated 

through a membrane in the lid. Tests were performed in duplicate using the same conditions. 
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Fig. 2.10. Schematic illustration of morphologies of  Phaeodactylum tricornutum [20]. 

 

 

2.5.4. Experimental setup for microalgal degradation 

 

For the photolysis and photocatalysis experiments, the microalgae culture solution was placed 

in cuvettes with a volume of 3 mL. These cuvettes had four transparent sides and were equipped 

with a magnetic stirrer. The fabricated film was placed on one side of the cuvette as shown in 

the schematic representation in Fig. 2.11. The solution was exposed to a focused light beam 

(L-ACT) emitted by an Oriel Xenon Arc Lamp (Model #6255), which emits light with a 

spectral composition similar to sunlight. The emitted light beam underwent filtration using a 

series of filters to minimize sample heating, facilitate absorption by the nanomaterial employed 

for ROS production, and initiate photosynthesis. A fan was placed behind the sample to 

accelerate the removal of residual heat and maintain the temperature at 37±2°C. The changes 

in the sample caused by the photolysis or photocatalysis procedures were monitored using a 

dual-beam spectrophotometer (Perkin Elmer) either after collecting samples or in real-time by 

observing alterations in chlorophyll fluorescence yields with the apparatus depicted in Fig. 

2.11. Prior to taking measurements, the sample in the cuvette, which had a smooth surface on 

all four sides, was supplied with sodium bicarbonate (NaHCO3) to prevent carbon deprivation 

during the experiment [26]. Details of chlorophyll fluorescence measurements are discussed in 

detail in Chapter 8. The process was carried out under identical conditions for microalgae in 

the absence (photolysis) and presence (photocatalysis) of the photocatalyst. 
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Fig. 2.11. Schematic of the experimental setup employed to quantify the impact of photolysis 

and photocatalysis: (1) a computer that controls the PAM, (2) the PAM control unit, (3) a 

magnetic stirrer, (4) a light filtering system, (5) a UV lamp source and voltage control for the 

lamp's power supply, and (6) a cuvette holder used with the PAM measurement head. 
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Theoretical approach by DFT  

applied to Graphene oxides (GO) and  

hybrid structures TiO2-GO  
 

CHAPTER III. Theoretical approach by DFT applied to GO and hybrid nanostructures TiO2-GO 

Density functional theory (DFT) has been the most successful and frequently used method in 

condensed matter physics, quantum chemistry, and computational physics for several decades. 

This theory describes the properties of materials, which include not only standard bulk 

structures and molecules but also complex systems such as proteins, interfaces, and 

nanoparticles. The primary concept behind DFT is to characterize a system consisting of 

several particles by its electronic density, rather than relying on the electronic wave function.  

The theory was initially formulated by Hohenberg-Kohn [1], who proposed that all aspects of 

a system can be understood as distinct functionals of its ground state density. The Born-

Oppenheimer approximation [2] and the Kohn-Sham technique [3] have facilitated the 

implementation of practical and precise DFT calculations by employing estimates for the 

exchange−correlation (XC) potential. This potential incorporates the influence of the Pauli 

principle and the Coulomb potential, going beyond the sole electrostatic interaction between 

the electrons. Due to the intractability of solving the many-body problem precisely, the exact 

XC potential cannot be calculated. As a result, a commonly used approximation is the local 

density approximation. This approximation replaces the XC energy density of an 

inhomogeneous system with that of a homogeneous electron gas, evaluated at the local density. 

In many cases, the results of DFT calculations for condensed-matter systems agreed quite 

satisfactorily with experimental data, especially with better approximations for the XC energy 

function since the 1990s. Also, the computational costs were relatively low compared to 

traditional ways which were based on the complicated many-electron wavefunction, such as 

Hartree-Fock theory [4] and related approaches. Despite the improvements in DFT, there are 

still difficulties in using this theory to properly describe intermolecular interactions; charge 

transfer excitations; transition states, global potential energy surfaces, and some other strongly 

correlated systems as well as the calculations of the bandgap of bulk materials and 

nanostructures.  

 

In this chapter, the comprehensive use of DFT as a first preliminary approach to study the 

gradual variation of the bandgap of GOs as a function of the O/C ratio is discussed. The 

bandgap of GO was modified by the gradual incorporation of functional groups on the surface 



 

50 

 

of the material. The direct relation between the bandgap and the number of epoxide functional 

groups in the GO was demonstrated. In addition, the interaction around the integration of 

graphene and graphene oxide monolayers on the surface of TiO2 anatase was explored. 

Although the main focus of this research was not on theoretical aspects, the insights gained 

from this chapter have significantly contributed to our understanding of the intricate 

interactions between these materials and served as a starting point for experimental 

development. These findings not only enrich our understanding of the behavior of GO but also 

serve as an important stepping stone that complements the discussion of experimental results 

related to the properties and structural features of hybrid nanostructures based on TiO2 and GO. 

 

3.1.Computational details 

 

3.1.1. Graphene oxide structures 

 

The structures of the graphene and graphene oxide monolayers were performed using the DFT 

approach developed by Walter Kohn et al. in the 1960s [5, 6] and implemented in Material 

Studio software. To ensure the accuracy and reliability of our calculation results, the Dmol3 

module is used, which was chosen to combine the Perdew-Burke-Ernzerhof (PBE) functional 

with the generalized gradient approximation (GGA) [7, 8]. DFT-D Grimme was employed to 

correct the total energy of the system to more properly assess weak interactions like the van 

der Waals force. The DIIS size was set to 6 and the SCF tolerance was 1x10-6 Ha. The 

calculations utilized the DNP basis set and the GGA-PBE functional. During the process of 

geometry optimization, the positions of all atoms were adjusted in order to achieve electronic 

band structures, density of states, and bandgap energies. The band structure was calculated with 

a separation distance of 0.025 A-1. The k-point set was set to 4×4×1 by using the Monkhorst-

Pack method [9]. 

 

A graphene monolayer with 41 C atoms, with a vacuum spacing of 5 nm in the c-direction, 

was optimized and used as a periodic supercell of 9.8x9.8 Å. Following that, epoxide groups 

were introduced onto the material's surface at O/C ratios of 0.06, 0.11, 0.17, 0.28, 0.33, 0.38, 

and 0.50. Only epoxide functional groups were used because they have been reported to be 

more effective in gradually tuning the bandgap than other groups such as hydroxyl, carbonyl, 

or carboxyl groups [10–12]. The optimized structures are discussed below. 

 

3.1.2. TiO2-GO hybrid structures 

 

For the theoretical investigation of TiO2 and its coupling with graphene and GO, respectively, 

the model structure was based on a supercell constructed by 2x2x1 unit cells of anatase TiO2 

and cut on the (010) plane surface. The Vienna ab initio simulation tool (VASP) version 

Vasp.5.4.4 (VASP Software GmbH, Vienna, Austria) was used to perform structural and 

electronic properties for the investigated atomic structures. Using sw-GW basis sets, the 

electronic structure was characterized after optimizing the geometry by a complete relaxation 

of the atomic positions. The application of the conjugate gradient approach was used resulting 

in the relaxation of lattice parameters. The Monkhorst and Pack scheme was used to generate 
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a k-point sampling with an 8x8x8 point mesh. The Brillouin zone, denoted as G-F-Q-Z-G, was 

used to calculate the electronic properties of the optimized crystalline structure under study 

straightforwardly. At the surface of the optimized TiO2 structure, a 2x1x1 monolayer of 

graphene or GO was respectively placed at a distance of 1.34 Å. The added GO contains an 

epoxide functional group (−O) connected respectively to two C atoms.  

 

3.2. Graphene  

 

3.2.1. Optimized geometry 

 

The optimized graphene corresponds to a monolayer of a hexagonal arrangement of carbon 

atoms with sp2 hybridization. This type of hybridization results in a trigonal planar arrangement 

in which each carbon atom forms a covalent σ-bond with three neighboring atoms in the same 

plane. The angle between these bonds is 120° and their average length is 1.42 Å (Fig. 3.1.).  

 

 
Fig. 3.1. The structural arrangement of two-dimensional sheets of graphene (TEM image is 

adapted from [13] with copyright permission). 

 

3.2.2. Graphene band-structure 

 

As expected, no bandgap was calculated for a two-dimensional monolayer of graphene. Its 

band structure is shown in Fig. 3.2. where the energy bands observed above 0 eV correspond 

to the CB, while those below are the VB. CB and VB are linked at two specific places in the 

reciprocal space referred to as k and k', where the energies E(k) and E(k') coincide with the 

Fermi level. The electrons in the graphene sheet move relatively freely so that even at room 

temperature almost no collisions with the crystal lattice occur. This characteristic electronic 

structure of graphene leads to unique physical properties. The delocalized π-electron cloud and 

the rapid carrier dynamics are accountable for the ballistic transport reported in graphene [14, 

15]. Recent research has indicated that the absence of a bandgap in graphene is due to the 

identical surroundings of its two atomic sublattices. This suggests that introducing changes to 

the structure or making chemical modifications to graphene could result in the creation of a 

bandgap, similar to what occurs in GO [16–18]. 
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Fig. 3.2. Graphene band structures, and scattering ratio E(k) for an electron in graphene 

(reprinted from our publisher work on Elsevier 2023 [19]). 

 

3.3.Graphene oxide 

 

3.3.1. Optimized geometry 

 

After optimization, computational results of GOs showed that epoxide groups do not break the 

hexagonal carbon ring structure; however, a single epoxide functional group on graphene can 

induce significant local distortion. Furthermore, this addition replaced the π-conducting states 

with σ-states, as shown in the red boxes in Fig. 3.3.  

 

 
Fig. 3.3. The structural arrangement of two-dimensional GO (TEM image is adapted from 

[13] with copyright permission). 
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Oxidation refers to the process of introducing oxygen functional groups onto graphene 

sheets [20, 21]. Unlike graphene, which contains only a sp2 carbon lattice with a highly uniform 

surface, GO has a hybrid carbon lattice with a disordered structure containing sp2 regions with 

a conserved honeycomb structure, sp3 regions with bonded oxygenated groups, and defective 

regions. These perturbations of the graphene lattice contribute to a relatively rough surface. 

 

Moreover, Fig. 3.4. shows the deformation and gradual loss of linearity of the materials 

due to the effect of the oxygenated groups. This effect is attributed to the difference in 

electronegativity between oxygen (i.e., 3.5) and carbon (i.e., 2.5) [22], which causes the oxygen 

atoms to attract their bounded carbon atoms. As new C-O-C bonds are formed, the bonding 

characteristics of the connected C atoms change from planar sp2 to distorted sp3 hybridization. 

These hybridizations can be detected experimentally using techniques such as Raman 

spectroscopy [7, 23] and XPS studies [24] providing information on the vibrational and 

electronic properties of the carbon atoms in the material through the identification and 

quantification of the proportion of atoms with different hybridizations. In Raman spectroscopy, 

the G-mode (G-band; ≈1591 cm-1) is characteristic of the vibration of carbon-carbon (C-C) 

bonds in the hexagonal lattice. The existence and strength of the G-peak in the Raman spectrum 

provide evidence of the sp2 hybridization of the carbon atoms in the material. A strong G-peak 

suggests a high concentration of sp2 hybridization. Whereas the D-mode (D-band; ≈1339 cm-

1) is characteristic of the presence of defects and sp3 hybridization [25]. Several authors have 

successfully calculated the ID/IG ratio [26, 27], which provides a quantitative measure of the 

degree of structural disorder in GO or rGO. It was concluded that the higher the value of ID/IG, 

the higher the content of defects and disorder in the GO structure. A lower ID/IG ratio indicates 

the retention of the original structure and a lower oxidation degree or defects in the material, 

confirming the accuracy of our estimates. On the other hand, the XPS technique provides 

information about the composition and electronic states of the atoms on the GO surface [28, 

29]. The sp3 hybridization causes a shift towards higher values of the C1s binding energy 

compared to the sp2 hybridization (the C1s peak indicates the binding energy of electrons in 

the carbon 1s orbital). In addition, the amount of sp3-hybridized carbon can be estimated by 

fitting specific peaks in the XPS spectrum. These experimental techniques are essential to 

characterize the hybridization of carbon atoms in GO and its derivatives and provide 

complementary information to the theoretical calculations performed by DFT. The 

combination of experimental data and theoretical results provides a more complete 

understanding of the structural and electronic properties of GO and its derivatives. 

 

 

 

Graphene 

Top-view Side-view 
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Fig. 3.4. Optimized (a) graphene and (b-h) GO with different O/C ratios 

 

3.3.2. Bandgap variation 

 

Fig. 3.5. shows the estimated bandgap of graphene and GO with the O/C ratio in the range of 

0.06 to 0.5. An increase in the bandgap of GO was observed with the incorporation of the 

functional groups, in agreement with theoretical and experimental works previously reported 

in the literature. 

 

 
Fig. 3.5. Behavior of the bandgap as a function of the O/C ratio.  

 

Boukhvalov et al. 2008 [30] predicted a linear increase in the bandgap as a function of the 

O/C ratio. Huang et al. 2012 [31] performed a theoretical study using the Vienna Ab initio 

Simulation Package (VASP) software and calculated a bandgap of 0.109 eV for an O/C ratio 

of 0.0625 and a maximum of 3.004 eV for an O/C ratio of 0.50. Lundie et al. 2014 [32] reported 
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a theoretical study showing the possibility of tuning the bandgap in the range of 4.38 to 1.31 

eV by gradually removing 2 to 4 oxygen atoms. Jin Yiqian et al. 2020 [10] found that the 

epoxide groups gradually shifted the bandgap from 0.944 eV to 2.659 eV as the O/C ratio 

increased from 0.17 to 0.50. V. Gupta et al. 2017 [12] reported a bandgap of 3.89 eV for a GO 

with an O/C ratio of 0.6238 and Cano et al. (2022) [33] conducted a quantitative analysis to 

identify the oxidation degree of GOs, which were found to be 4.1%, 49.5%, and 53.9%. 

Additionally, they calculated bandgaps ranging from 0.8 to 2.18 eV. In this work, the estimated 

bandgap values of GOs are in the range of 0.211 to 3.58 eV for an O/C ratio of 0.06 to 0.5, 

following an almost linear relationship between the bandgap and the O/C ratio. This linear 

dependence is mainly attributed to the loss of linearity and symmetry in the material and the 

increase in the amount of non-conducting sp3 states [34]. Table 1 gives a comparative summary 

of theoretical-experimental studies that have measured the bandgap in graphene and its 

derivatives and is consistent with the results described above. 

 

Table 3.1. Comparison of the reported bandgap of GO and derivatives (reprinted from our 

publisher work on Elsevier 2023 [19]). 

Type of 

investigation 
Material Method 

Oxidation 

degree 
Bandgap 

Gradient 

approximation 
Functional Ref. 

Theory GO DFT 
O/C=0.0625-

0.50 
0.109-3.004 eV GGA PBE [31] 

Theory rGO DFT 

Removal of 2 

to 4 oxygen 

atoms 

4.38 a 1.31 eV GGA PBE [32] 

Theory rGO DFT 
O/C=0.017-

0.50 
0.944-2.659 eV GGA PBE 

[10] 

Experiment rGO Commercial 

HNO3 

concentration 

varied from 5 

to 40%. 

0.264 to 0.786 

eV 
- - 

Experiment GO 

Modified 

Hummer’s 

Method 

62.38 % by 

XPS 
3.89 eV - - [12] 

Experiment GO Tour Method 
4.1-53.9% by 

XPS 
0.8 a 2.18 eV - - [33] 

Experiment GO 
Staudenmaier 

Method 

Reduction 

controlled by 

sonification 

2 to 0.02 eV - - [35] 

Theory rGO DFT 
1 oxygen 

atom 
0.3 eV LSDA 

Perdew 

and Wang 
[36] 

Experiment GO 
Hummers’ 

Method 
ID/IG=0.99 1.75 eV - - [37] 

Experiment GO 
Hummers’ 

Method 

ID/IG=0.99-

1.05 
1.75-2.2eV - - [38] 
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Theory GO/rGO DFT O/C=0.06-0.5 
0.211-3.58 eV 

and vice-versa 
GGA PBE [19] 

 

3.3.3. Electronic band structure 

 

The incorporation of oxygenated groups in the basal plane of graphene leads to the formation 

of sp3 bonding which gradually converts GO into an electronic insulator at higher oxygen 

concentration. In GO with higher O/C ratios, sp2 clusters develop within the sp3 C-O matrix 

and may induce insulator character for strong functionalization with oxygen groups. This is 

explained by the breakdown of the π-electronic bonding of the carbon atoms during the 

oxidation of graphene, leading to the opening of a bandgap at the Brillouin zone boundaries as 

illustrated in Fig. 3.6.  

 

 
Fig. 3.6. Energy level diagrams with electronic transitions. 
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The optoelectronic properties of carbon materials with a combination of sp2 and sp3 bonding 

are mainly controlled by the π and π*-states of the sp2 sites, which lie in the σ-σ*-gap. To 

contextualize, the π−π* transition is an electronic transition that occurs in molecules or 

materials containing conjugated π-systems. The latter consists of a network of atoms with 

adjacent p-orbitals that overlap to form delocalized π-molecular orbitals (Fig. 3.7.). During the 

π−π* electronic transition, an electron in the π-bonding molecular orbital is energetically 

promoted to the equivalent π*-anti-bonding molecular orbital. This transition generally leads 

to the absorption of light within the ultraviolet or visible spectrum. In the case of GO, the π−π*-

transition is related to the delocalized π-bonding network present in the graphene plane [39]. 

In contrast, the n−π* electronic transition refers to the process of exciting an electron from a 

non-bonding orbital (n), also known as a lone pair orbital, to the anti-bonding π* orbital. The 

n−π* transition generally leads to the absorption of light within the ultraviolet or visible 

spectrum. In the case of GO, the n−π* transition is related to the oxygen-containing functional 

groups that are present on the graphene surface [40]. An energy level diagram showing the 

electronic transitions is shown in Fig. 3.7. Functional groups in GO can cause modifications in 

the electrical structure of the graphene lattice, leading to the creation of a bandgap. This 

alteration can have a substantial impact on the electronic and optical characteristics of the 

material. 

 

 
Fig. 3.7. Molecular orbitals are illustrated at different energy levels. 

 

3.4.Anatase TiO2 structure 

 

3.4.1. Optimized structure and band structure 

 

The lattice parameters obtained for the resulting structure after a geometry optimization were 

c=9.486 Å and a=b=3.776 Å, in agreement with values previously mentioned by other authors 

[41]. The optimized TiO2 layered structure with the surface (010) is shown in Fig. 3.8.  
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Fig. 3.8. TiO2 (010) structure optimized cell (reprinted from our publisher work with 

permission from IEEE, copyright 2023 [42]). 

 

Fig. 3.9. shows the band structure and electron density of states (DOS) of the TiO2 layer 

under investigation. The (G) and (F)  points in the Brillouin zone of TiO2 correspond to the 

conduction band minimum (CB−min) and valence band maximum (VB−Max) of the material, 

respectively. The calculations support an indirect bandgap of 3.23 eV, which is in agreement 

with previous results [43]. According to the DOS, the VB consists of O 2p states, whereas the 

CB is composed of Ti 3d states [44]. 

 

 
Fig. 3.9. Band structure and DOS for TiO2 (010) (reprinted from our publisher work with 

permission from IEEE, copyright 2023 [42]). 
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3.5.Hybrid structures based on TiO2 and Graphene/GO 

 

3.5.1. Optimized geometry of hybrid TiO2-Graphene-based structures  

 

Following the addition of a graphene or GO layer onto the (010) surface of the relaxed TiO2, 

the hybrid structures underwent another optimization procedure, enabling the surface layer of 

atoms to relax unrestrictedly. In consequence, changes in the atomic positions of TiO2 were 

observed, while the graphene and GO layers were moved away from the surface favoring a 

more stable and less energetic arrangement of the whole system [45]. A separation distance of 

2.8 Å is visible in the TiO2-graphene hybrid structure's most stable configuration (Fig. 3.10.), 

which points out weak Van der Waals interactions at the interfaces [46]. 

 

   
Fig. 3.10. TiO2-graphene structure optimized cell (reprinted from our publisher work with 

permission from IEEE, copyright 2023 [42]). 

 

 In principle, the significant distance could suggest that these materials do not show a great 

affinity for each other at the atomic level. The fact that the lattice symmetry and atomic 

arrangements of TiO2 and graphene do not coincide, lead also to a weak interface between the 

two materials [47]. Additionally, the difference in their electronic properties and the absence 

of coincident energy levels could limit the formation of strong covalent or electron interactions 

between the two materials [48]. It is important to note that the lattice mismatch and the 

difference in electrical properties between TiO2 and graphene may not be adequately 

compensated for by weak van der Waals interactions, which are typically essential for 

maintaining graphene structures [49, 50]. As a result, weak forces fail to form a well-connected 

interface between the two materials. The significant separation between the layers being 

described reduces the anticipated synergistic effects, hence restricting the enhancement of the 

material properties. Furthermore, according to previous experimental investigations, it is 
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possible to state that graphene is a material that does not readily react with TiO2, so, if it is to 

be used in nanostructures, it is necessary to alter its structure by adding defects and/or 

oxygenated groups that allow layers anchoring [51, 52]. These results also offer opportunities 

for alternative approaches, such as the introduction of interlayers to facilitate stronger 

interactions and/or chemical bonding. 

 

3.5.2. TiO2-GO structure optimized geometry 

 

The modeling of the TiO2-GO hybrid structure (Fig. 3.11.) containing an epoxide group (C-O-

C), provides interesting information about the interaction between the layers. The geometry 

relaxation of the mentioned hybrid material showed that both layers are going to be connected 

through the oxygen atom coming from the degraded epoxide group. It was observed that one 

C-O bond in the epoxide group is broken creating a new O-Ti bond. The observed connection 

between TiO2 and GO through the epoxide group suggests the formation of Ti-O-C bonding, 

indicating chemical interaction between these two structures. The epoxide group acts as a 

bridge, facilitating the link between TiO2 and GO. It is also important to note that there was no 

evidence of a direct bonding between the TiO2 and the carbon atoms of the GO. The absence 

of a chemical bonding suggests a limited interaction between the studied layers similar to the 

previously discussed TiO2-graphene hybrid. Nevertheless, the creation of the Ti-O-C bond 

demonstrates the ability of the epoxide group to promote the bonding of TiO2 and GO.  

 

 
 

Fig. 3.11. TiO2-GO structure optimized cell (reprinted from our publisher work with 

permission from IEEE, copyright 2023 [42]). 
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3.5.3. Electronic structures of hybrid nanostructures 

 

With the incorporation of the graphene layer on the (010) surface of TiO2, new electronic 

energy levels are created as shown coming from the overlapping of the TiO2 and graphene 

energy levels (Fig. 3.12.a). The lack of overlap between the VB and CB and the difference in 

energy levels create this energy gap. The precise mechanisms underlying the extension of the 

CB below the Fermi level and the absence of connection with the VB in the TiO2-graphene 

system may involve complex electronic interactions, charge transfer effects, or interfacial 

states. These interface effects modify the TiO2 electronic band structure. However, the 

magnitude of the reduction in the forbidden band would normally be small and localized to the 

interface region.  

 

 

 
Fig. 3.12. Band structures and DOS for (a) TiO2-graphene and (b) TiO2-GO (reprinted from 

our publisher work with permission from IEEE, copyright 2023 [42]). 

 

a) 

b) 
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On the other hand, Fig. 3.12.b. shows the calculated energy bands for TiO2 and GO hybrid. 

The direct connection between GO and TiO2 through the functional group generates more 

hybridized electron states from both layers. This hybridization leads to the formation of new 

bands and the modification of existing bands, including CB and VB [53]. The introduction of 

functional groups in GO creates localized energy states, which contribute to the DOS near the 

band edges of TiO2 [54, 55] potentially narrowing the bandgap and increasing the DOS near 

the band boundaries. The DOS in the bandgap region is filled with previously unoccupied 

states, allowing electron transitions at lower energies.  

 

3.4.Conclusion 

 

In this Chapter, using Density Functional Theory (DFT), the variation of the bandgap of GO 

as a function of the O/C ratio has been studied, and the concluding remarks are hereafter 

outlined:  

 

• The direct relationship between the bandgap and the number of epoxide functional 

groups in the GO was demonstrated. A gradual increase in the bandgap from 0.211eV  

to ≈3.58 eV was observed by varying the O/C ratio from 0.06 to 0.50. This phenomena 

can be attributed to the presence of functional groups, which cause a breaking of 

symmetry in the lattice plane. This, in turn, leads to a change in hybridization from sp2 

to sp3, resulting in the creation of a bandgap that is so high that the material exhibits 

semiconductor or electrical insulator properties. The incorporation of these functional 

groups causes a disturbance in the original perfect hexagonal arrangement of graphene 

and triggers the formation of specific electronic states within the energy band structure, 

resulting in the creation of a bandgap. 

 

• The analysis of the TiO2-graphene and TiO2-GO systems, respectively, highlights 

important information about the interaction between the associated structures. The 

calculations revealed improved connectivity, suggesting the potential for interaction 

and interface formation between TiO2 and GO, contrary to what was observed in TiO2-

graphene. Our DFT calculations further demonstrated that the incorporation of 

graphene and GO created intermediate bands reducing the bandgap of TiO2.  

 

• It is worth noting that the strategies to strengthen the connection between TiO2 and 

graphene structures, as well as the integration of functional groups, may offer 

opportunities to optimize the electronic properties and improve the performance of 

these materials in various applications. The results of this study contribute to the 

fundamental understanding of TiO2-graphene and TiO2-GO systems and serve as 

support for the experimental behaviors discussed in subsequent chapters. 
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A structural study of graphene oxides 
 

CHAPTER IV: Tuning oxidation degree: A structural study of graphene oxides 

As mentioned above, most of the outstanding properties of GO arise from its hybrid electronic 

structure, as it contains both the conducting π-states of the sp2 carbon domains and the σ-states 

of the sp3 carbon domains [1]. The previous chapter's theoretical DFT analysis shown that the 

electrical characteristics of GO can be altered by manipulating the sp2/sp3 ratios of the carbon 

atoms. The existence of oxygenated functional groups on the graphene sheets results in the 

formation of sp3 domains in GO. 

 

In this context, the experimental preparation of GOs is crucial to complement the 

theoretical results obtained by DFT. In addition, the experimental synthesis of GOs provides 

an opportunity to explore and control specific aspects of their structure and composition that 

cannot be fully captured by theoretical models. To elucidate the evolution of the morphological 

and structural characteristics of the graphene oxides as a function of the amount of the oxidizing 

agent KMnO4 added, several characterization techniques were used, such as X-ray diffraction 

(XRD), Raman spectroscopy, SEM/TEM, and specific surface area (SSA) measurement by 

BET. The nature of the oxygenated species present at each oxidation degree was investigated 

by X-ray photoelectron spectroscopy (XPS) and Fourier Transform Infrared (FTIR) 

spectroscopy, respectively. The purity of the synthesized GOs was confirmed by electron 

paramagnetic resonance (EPR). The electrical properties of the resulting materials were studied 

at each degree of oxidation. The description of measurement conditions and the equipment 

used are described in detail in Chapter 2. 

 

4.1. Removal of residual Mn2+ ions 

 

The electronic and magnetic properties of GO can be affected by the presence of various types 

of defects, and its surface provides a unique opportunity to harbor chemical impurities. 

Previous research has indicated the presence of Mn2+ ions trapped between graphite sheets 

during the oxidation process using KMnO4 for GO production [2, 3]. Paratala B, et al [4] have 

demonstrated that GO displays paramagnetic properties as a result of the existence of 

paramagnetic impurities, such as Mn2+ ions. While, Panich A, et al [5] argue that these ions do 

not exist as a separate phase but form paramagnetic charge transfer complexes with the 

graphene sheets, which should affect the structural, electronic, and magnetic properties of the 
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materials. To demonstrate the importance of the GO washing step in the presence of ligands, 

EPR spectroscopy was used. This technique detects unpaired electrons carried by defects of 

the carbon lattice due to broken bonds (dangling bonds), vacancies, or impurities such as Mn2+ 

in GO as will be discussed below. Localized or delocalized spins show EPR signals which 

depend on the effective spin multiplicity such as S=1/2 for unpaired electrons or S=5/2 for 

Mn2+ with the electronic configuration 3d5. So, the recorded signal is a combination of all the 

signals from the different coexisting paramagnetic species (unpaired electrons and Mn2+ ions). 

A brief comparative analysis by EPR was performed between GO washed in the presence and 

absence of CA. For this purpose, the GO synthesized with the highest amount of KMnO4 was 

used, i.e. 10 g. 

 

  
Fig. 4.1. EPR spectra of GO (a) GO washed in the absence of CA and (b) GO washed in the 

presence of CA - The box is the magnification of the horizontal line. 

 

Fig. 4.1.a shows the room temperature EPR spectrum of the washed GO sample in the 

absence of CA. In this spectrum, there is a superposition of an intense and relatively narrow 

asymmetric signal together with a resolved hyperfine pattern of six broad lines characteristic 

of isolated complexes containing Mn2+. The narrow singlet line in the center of the EPR 

spectrum is attributed to carbon radicals with a center of g~2.002 and a line width ΔH≈1.2 G, 

indicating the presence of free radicals [6]. The sextet hyperfine pattern is characteristic of 

polycrystalline samples containing magnetically diluted Mn2+ complexes (S= 5/2, I = 5/2) [7]. 

The well-defined resolution of the hyperfine structure suggests that the Mn2+ ions in the 

compound exist as remarkably magnetically dilute paramagnetic complexes, ruling out the 

presence of concentrated Mn2+ clusters or aggregates within the sample [5, 8]. As we observe 

only one sextuplet for the EPR signal of Mn2+, we conclude that there is no anisotropy of the 

local environment of Mn2+ ions. In this case, all the electronic spin transitions are superimposed 

at the position of the central transition which occurs between the  spin states |
5

2
,
1

2
>→ |

5

2
, −

1

2
>. 

The splitting of this electronic transition to six hyperfine lines is due to the nuclear spin of the 

Mn2+ nuclei (I=5/2). In contrast to the above features of the above EPR signal, Fig. 4.1.b. shows 

the EPR spectrum of the CA-washed variant, which is composed of nearly isotropic s=1/2 EPR 

spectrum single resonance line signal corresponding to carbon radicals in the GO. However, 

on closer inspection at near-zero intensities, faint signals from Mn2+ ions can be seen, albeit 
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much weaker and potentially negligible. This confirms the success of the process to obtain 

impurity-free GO in the presence of CA. 

 
Fig. 4.2. EPR spectra of synthesized graphene oxides (less oxidized vs high oxidized) 

 

Fig. 4.2. shows, the room-temperature evolution of the EPR signal of the synthesized GOs. 

The EPR signal consists of a single resonance line at g~2.002 [6] which is characteristic of 

defects as unpaired spins of dangling bonds on carbon atoms. In a sample with a large number 

of spins, the EPR signal amplitude (ΔH) can be affected by spin-spin interactions, spin 

dynamics, and also by the disorder in the environments of localized unpaired spins. An increase 

in the concentration of paramagnetic species strengthens the spin-spin interactions which can 

induce dipolar broadening or exchange narrowing depending on the magnitude of the 

interactions. Several EPR investigations on carbon-based nanomaterials such as graphene, GO 

or rGO structures were documented from former works [9].  

 

Initially, GO(0.5) exhibited a signal with a line width of about ΔH=36.76 G, which 

progressively varied until reaching a value ΔH=1.95 G for GO(10). This decrease in the line 

width correlates with the variation in the oxidation degree of the GOs. At low oxidation, 

dangling bonds are created as a consequence of the incorporation of oxygen-based groups in 

the graphene lattice. The concentration of these defects is low for low oxidized graphene and 
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then the unpaired spins are localized and non-interacting. As their local environments are 

different depending on the nature of the functional groups, the EPR signal will reflect the 

distribution of the local environments through a broad resonance line.  Furthermore, the EPR 

signal in GO(0.5) also reflects the anisotropy of the environment through that of the g-tensor. 

Indeed, the simulation of a typical EPR spectrum of GO(0.5) is accounted for by an anisotropy 

of the g-tensor components ∆𝑔 = 𝑔𝑋,𝑌 − 𝑔𝑍  = 0.005. In this expression, the directions X, Y, 

and Z are related to the main frame of the g-tensor and tentatively we may assign X, and Y to 

the graphene layer and Z to the perpendicular direction to the basal graphene plane as depicted 

in the insert Fig. 4.2. Increasing the oxidation of GO enhances the concentration of oxygen 

atoms bound to graphene lattice and induces a higher concentration of unpaired spins. As a 

consequence, the mutual interactions between neighboring spins are expected to have the 

features of dipolar or exchange interactions. The dipolar interactions lead to an inhomogeneous 

broadening of the EPR resonance lines due to a distribution of the local magnetic fields in the 

environment of the paramagnetic species. However, the observed narrowing of the line width 

rules out the relevance of dipolar broadening. The exchange interactions between neighboring 

spins are characterized by the exchange integral defined by the overlap of their wave functions. 

This parameter can become important enough compared to other interactions and in 

consequence, can couple coherently the neighboring unpaired spins and then limit the 

dispersion of their resonance position. The resulting EPR signal will be affected by the 

exchange narrowing effect. This situation is indeed observed in the case of GO with an 

increased effect of the exchange narrowing as the oxidation degree increases. In the meantime, 

the exchange interaction is accompanied by a rapid dynamic that averages the EPR line width 

and lowers the anisotropy related to the local environment as traduced from the almost isotropic 

g-tensor  ∆𝑔 = 𝑔𝑋,𝑌 − 𝑔𝑍  = 0.001 for GO(10).  

 

To sum up, EPR investigations of GO with different oxidation degrees show great 

sensitivity to the oxidizing agent KMnO4 and allow us to characterize the quality of purification 

of GO from the metallic ions (Mn). On the other hand, EPR reveals the relationship between 

the concentration of unpaired spins and the oxidation of GO. The analysis of the EPR spectra 

line-shape points out the involvement of exchange narrowing phenomena with increased 

strength as the concentration of the unpaired spins increases.   

  

4.2.  Morphological and microstructural features 

 

4.2.1. X-ray diffraction 

 

Fig. 4.3. shows the X-ray diffractograms corresponding to GOs synthesized with different 

amounts of KMnO4, compared with the diffractogram of pristine graphite (Gr). In the graphite 

pattern, the characteristic planes (002) and (004) of this material are identified at angles (2θ) 

of 26.40° and 54.11°, respectively. The sharp signal (002) indicates reflections in the 

perpendicular direction (c-axis) of the hexagonal planes of graphite, representing stacking with 

an interlayer spacing of ≈0.34 nm [10]. The intensity and position of this peak provide valuable 

information about the stacking order and structural properties of graphite.  
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On the other hand, the X-ray patterns of GOs show remarkable changes as a function of the 

used amount of KMnO4. With increasing oxidation, the intensity of the graphite reflection 

(002) decreases and becomes broader, disappearing at higher oxidation degrees [GO(10)]. 

Simultaneously, the appearance of a new reflection between 9°-15°, assigned to the (001) plane 

of GO, and another reflection near ≈43°, assigned to the (100) plane [11–13] were observed. 

In contrast to the (002) plane in graphite, the (001) reflection in GO increases and shifts towards 

lower 2θ angles with increasing the oxidation degree. No reflections corresponding to 

manganese (Mn) were detected in the X-ray patterns [14] due to the limited sensitivity of the 

XRD compared to the EPR spectroscopy as discussed in the above section.  

 

 
Fig. 4.3. Evolution of the XRD patterns of Gr and GOs as a function of the oxidation degree. 

 

Initially, in the material with the lowest oxidation degree [GO(0.5)], a broadening of the 

reflection (002) is observed compared to graphite. This phenomenon is mainly related to the 

rapid oxidation of graphite and the reduction in the size of the crystalline domains (Fig. 4.4.a-

b.). The introduction of oxygenated groups between the graphite layers causes distortions and 

changes in the regular crystalline structure, generating greater variability in the distances 

between the crystalline planes and resulting in the broadening of the reflection (002). 
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Simultaneously, a scarcely perceptible new wide reflection (001) emerges at an angle of ≈13° 

(2θ). Then, with the increase of the oxidation degree in GO(1), the graphite peak (002) becomes 

much broader and decreases in intensity. In parallel, at the same time, the reflection (001) of 

GO develops and shifts to diffraction angles at 2θ≈12.41° with increasing intensity and sharp 

line shape. These changes are due to the heterogeneous nature of oxidized graphite, which 

consists of both sp2 domains of graphite and sp3 domains of oxidized graphite. Up to this point, 

the coexistence of graphitic and oxidized domains is demonstrated in both materials (Fig. 

4.4.c.). Finally, as the oxidation increases, the (001) reflection shifts to lower 2θ angles 

(between 9.59°-9.79°) starting from GO(3). In all cases, the reflection attributed to graphite 

(002) is almost imperceptible (Fig. 4.4.d.).  

 

  

  
Fig. 4.4. Representation of the structural evolution of GO as a function of gradual oxidation. 

 

4.2.1.1. Quantitative analysis 

 

The reflection (001) was used to calculate the size of the crystalline (Lc) domains of carbon 

materials along the c-axis of graphite (the average height of the stacked layers). For this, the 

Scherrer equation (eq. 1) [15] with an A constant of 0.9 was used. The Scherrer equation, using 

a Warren constant of 1.84 [16], was employed to determine the average diameter of the stacking 

layers, indicated as D, based on the two-dimensional reflection (100). To evaluate the evolution 

of the degree of exfoliation of the GO sheets, the Bragg equation (eq. 2) [17] was applied to 
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the reflection (001), denoted as d. Fig. 4.5. shows an illustration of the different parameters in 

a GO domain. 

 

 
Fig. 4.5. Illustration of the different parameters (Lc, D, d001) in a GO domain 

 

Table 4.1. summarizes the XRD data for the reflection (001) associated with the graphitic 

layer spacing d001, the FWHM determined by the Lorentzian fit, and the crystalline domain size 

(Lc) calculated. These data show an increase in the inter-reticular distance d001 in GOs with an 

increasing oxidation degree. This phenomenon is a result of the insertion of functional groups 

between the layers of graphite, such as epoxy, hydroxyl, carbonyl, and carboxyl groups, during 

the chemical oxidation reaction [18] which leads to the loss of aromaticity of the carbon 

bonding. These oxygenated groups contribute also to the breakdown of the carbon lattice (basal 

plane) of GO and reduce the Van der Waals interactions between the stacking planes. As a 

result, the GO sheets exfoliate more, leading to a higher average number of separated graphene 

layers (n). The performed XRD analysis is in good agreement with the behaviors demonstrated 

in the literature [19]. On the one hand, using the Scherrer equation, we show that with 

increasing oxidation degrees of GO, the size of GO crystallites in the (001) direction gradually 

increases, while the size of graphitic crystallites derived from the (002) reflection gradually 

decreases. For example, the lowest oxidation [GO(0.5)] consists of stacks of between 2 and 3 

layers with a mean diameter (Lc) of ≈27.155 nm and height (D) of ≈2.040 nm and an average 

interlayer distance d001 = 0.680 nm. For the highest oxidation [GO(10)], a stacking of between 8 

and 9 layers with a mean diameter (Lc) of ≈20.765 nm and height (D) of ≈7.704 nm and an 

average inter-planar distance of 0.903 nm. The approximate number of stacked GO layers (n) 

was calculated from the ratio Lc/d001. 
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Table 4.1. Quantitative values calculated by XRD 

 

Materials 

Reflection of plane (001)     Reflection of plane (100) 

2θ (degrees) d(001) (nm) 
FWHM 

(degrees) 
Lc (nm) n (layers)   2θ (degrees) 

FWHM 

(degrees) 
D (nm) 

GO(0.5) 13.001 0.680 3.920 2.040 2-3  42.653 0.642 27.155 

GO(1) 12.570 0.704 2.975 2.686 3-4  42.670 0.774 22.524 

GO(3) 9.525 0.928 1.263 6.313 6-7  42.414 0.792 22.006 

GO(6) 9.702 0.911 1.142 6.983 7-8  42.673 0.799 21.822 

GO(10) 9.790 0.903 1.035 7.704 8-9  42.422 0.839 20.765 

 



 

75 

 

4.2.1.2. Correlation between the size of nanocrystallites Lc and the oxidation degree  

 

The above-estimated values of the crystalline domain (Lc) correlate with the oxidation degree 

of GO networks. As shown in Table 4.1, Lc increases significantly with the increase in the 

amount of oxidant, but this behavior stabilizes and varies to a lesser extent after a certain 

amount of KMnO4, showing an exponential behavior. The regression of the measured data 

gives the following correlation: 

 

𝐿𝑐 = 5.369 + 1.027 𝐿𝑛(𝑥 − 0.685) 

 

Where x refers to the amount of oxidant (KMnO4). The equations could be a useful indicator 

of the degree of crystallinity and morphological characteristics expected in GOs produced by 

using different amounts of KMnO4 during synthesis. Fig. 4.6 shows a graphical representation 

of the above equation. 

 

 
Fig. 4.6. Correlation between Crystalline domain size in the GOs vs the amount of KMnO4. 

 

4.2.2. Raman spectroscopy 

 

Fig. 4.7 shows the Raman spectra of the synthesized GOs compared to the spectrum of pristine 

graphite in the range of 1000-2000 cm-1. The graphite spectrum shows an intense band at ≈1579 

cm-1 assigned to the G-mode, corresponding to the E2g vibrational degenerated mode observed 
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in the graphite single crystal [20]. An additional band at ≈1347 cm-1, assigned to the D-mode, 

corresponds to the A1g mode, emanating from polycrystalline samples of small crystallites or 

larger crystallite boundaries. This band is associated with defective bonding in the graphitic 

lattice such as bond angle or length disorder, vacancies, edge defects… [21, 22]. 

 

 
Fig. 4.7. Raman spectra of the pristine graphite and GOs samples. 
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oxygen functional groups during the oxidation process. Although these defects may introduce 

some carbon-bonded regions, the D-band itself arises mainly from changes and disorder in the 

sp2 carbon lattice (such as vacancies, edges, etc.). In particular, our observations have shown 

that the G-band shift toward higher wavenumbers with increasing oxidation is associated with 

the formation of new sp3 carbon atoms in the graphitic lattice [23]. Similarly, the oxidation 

degree affects the characteristics of the D-band, resulting in an increase in intensity as oxidation 

increases and reaching a stable level at higher oxidation degrees. The spectra obtained here 

show similar characteristics to many others described in the literature for GOs [21, 24]. 

 

4.2.2.1. Quantitative analysis of the D/G ratio 

 

A detailed analysis showed that GO spectra can be deconvolved using Lorentzian curves with 

multiple Raman bands as D*, D, D'', G, and D' [25, 26]. The D and G bands have already been 

described. The D* band at 1050-1200 cm-1 originates from the sp3 orbital, which is similar to 

the D* band observed in small grain size nanocrystalline diamond [27], sp3-rich phases [28] 

and disordered graphite lattice provided by sp2-sp3 bonds [29]. The D'' band at 1500-1550 cm-

1 appears due to an amorphous structure with sp2 bonds and interstitial defects [30] and its 

intensity is inversely related to crystallinity, i.e. its intensity decreases with increasing 

crystallinity [31]. This band is associated with the anchored functional groups, such as -COOH, 

-COC, and -OH [32, 33] on the exfoliated graphite sheets. The D' band at 1620 cm-1 

corresponds to an intra-valley resonance with the G-band split by impurities [34]. The Bands 

D and D’ appear when defects break the periodic lattice of graphene [35] and are mainly 

associated with structural defects such as sp3 hybridization, vacancy-like defects, and 

boundary-like defects [36]. The values resulting from the deconvolutions are shown in Table 

4.2. and the spectra can be seen in supplementary information (Fig. S.4.1.). 

 

Table 4.2. Values obtained from the Lorentzian deconvolutions of the Raman spectra. 

Material Parameters D* D  D" G D´ 

Graphite 

Position 1249.30 1346.70 1489.00 1577.90 1622.00 

FWHM 215.49 69.70 16.66 30.43 9.81 

Area 972.32 2777.90 27.66 4631.90 41.89 

GO(0.5) 

Position 1262.81 1345.37 1499.08 1578.44 1613.95 

FWHM 304.15 98.90 120.96 38.96 20.74 

Area 992.50 3247.16 649.23 2378.50 152.73 

GO(1) 

Position 1185.62 1345.32 1517.33 1579.15 1611.50 

FWHM 345.47 121.93 120.45 49.29 23.31 

Area 513.61 3965.84 894.13 1527.20 226.01 
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GO(3) 

Position 1173.41 1349.00 1523.88 1578.89 1612.80 

FWHM 241.49 132.25 131.22 56.55 24.33 

Area 705.26 5497.06 1111.97 1867.62 264.45 

GO(6) 

Position 1155.62 1350.07 1511.86 1579.48 1609.55 

FWHM 123.91 147.93 115.08 57.64 28.45 

Area 962.11 45966.32 9643.88 13452.41 2730.19 

GO(10) 

Position 1147.83 1350.60 1509.23 1580.14 1611.18 

FWHM 110.54 151.12 120.13 59.68 33.13 

Area 1143.73 57683.41 12541.94 16467.22 4279.33 

 

Based on the origins of the D and G-bands, the average size of the aromatic clusters in the 

different GOs was calculated and determined by the Raman ratio of the D/G peaks [37]. The 

ID/IG ratio is the most commonly used in the literature to evaluate GO quality. However, the 

AD/AG area (integrated intensity) ratio has also been used in recent research [38, 39]. In this 

treatment, the ratio of the integrated areas is preferred to the intensity because the area under 

the band represents the entire scattering process. The integrated intensity ratios (AD/AG) of the 

D and G-bands of GO were compared as a function of the amount of KMnO4. Fig. 4.8 shows 

the area and intensity interactions of the different deconvolution values of the D-band 

concerning the G-band and their evolution as a function of the amount of KMnO4. The trends 

showed the dependence of the D/G ratios on the amount of KMnO4, i.e. these ratios increase 

as the oxidation degree increases, showing a logarithmic dependence following correlations 

based on areas and intensities respectively, where x represents the amount of KMnO4. 

 

𝐴𝐷

𝐴𝐺
= 2.770 + 0.326 𝐿𝑛(𝑥 − 0.486) 

 

The increase in the D/G ratio highlights the appearance of a more intricate and disordered 

carbon network in the highly oxidized GO samples. The ID/IG ratio in the GOs increases 

compared to the pristine graphite, indicating that the sp2 bonds are disrupted, leading to the 

formation of a significant amount of sp3 hybridized carbon atoms due to the presence of 

oxygen-containing functional groups. This situation is accompanied by the average size 

reduction of the carbon domains with sp2 bonding. Eigler, S. et al. 2012 [40], reported an 

increase of ID/IG from 1.14 to 1.19 for higher oxidized GO. Hu, X., et al 2014 [41], also reported 

a higher ID/IG ratio for mostly oxidized GO while Reynosa-Martínez et al 2020 [42] show an 

increase in the ID/IG ratio from 0.42, 1.29, and 1.34 respectively as a function of the oxidation 

degree. The observed behaviour remains consistent in the current study and indicates a greater 

degree of disorder resulting from the oxidation process of the graphitic clusters. 
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Fig. 4.8. Dependence of the D/G ratios (areas and intensities) with the amount of KMnO4. 

 

4.2.2.2. Identification of structural defects 

 

From the evolution of the intensities of the D' and D-bands it is possible to identify the type of 

structural defects in GOs [36]. It should be noted that the intensities of the D and D'-bands are 

proportional to the concentration and type of defects, such as grain boundaries, vacancies, or 

sp3 hybridization [43]. Hence, in GOs, the occurrence of the D'-band in their Raman spectra 

can be attributed to the existence of C-sp3 and structural defects formed during oxidation. 

Before analyzing the relationship between the D' and D-bands for our GOs, it is necessary to 

take into account former interpretations made from previous works. For example, Ferrari et al. 

[33, 44–46] have shown that the ID/IG ratio follows a two-stage evolution. Stage 1 corresponds 

to graphene with few defects, while stage 2 corresponds to highly disordered graphene. The 

authors also found the transition between the two stages at ID/IG values ≈3.5 [46]. They also 

showed that in stage 1, the intensities of the D and D'-peaks are proportional to the defect 

concentration and, consequently, to each other. However, in stage 2, the relationship between 

the intensities of the two bands becomes more complex and it is not possible to relate them 

precisely. In our GO materials, the D/G ratios for both areas and intensities are ≤ 3.5, so it is 

expected they contain low defect concentrations. 

 

Fig. 4.9. shows the integrated D' band areas, (AD'/AG), versus the D band areas, (AD/AG). 

To obtain information about the nature of the defects, our data were compared with theoretical-
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experimental values of the AD'/AG ratio studied in the literature [36]. Thus, it was shown that 

defects associated with sp3 hybridization have a maximum AD'/AG ratio of ≈0.0769, whereas 

defects from vacancies or cluster edges have maximal AD'/AG about 0.1428 or  0.2857, 

respectively. Based on this, we find that the defects mainly present in pristine graphite are of 

the sp3 hybridization type. Since pristine graphite has not undergone any chemical oxidation 

process, these hybridizations are attributed to the disordered graphite network provided by sp2-

sp3 (C-C) bonds [29]. This type of hybridization has also been reported in nanocrystalline 

diamonds of small grain size [27]. Subsequently, in the lower oxidation [GO(0.5)], this type of 

defect remains highly predominant in the structure. This is largely consistent with the 

corresponding  X-ray diffraction pattern, which shows the high presence of graphitic domains 

with the original characteristics of pristine graphite. 

 

 
Fig. 4.9. Ratio of the (D’/G) band areas as a function of the band ratios (D/G). 

 

In parallel, the analysis of the D* peak associated with sp3 orbitals shows that in GOs where 

less KMnO4 is used [GO(0.5), GO(1), and GO(3)], the concentration of sp3 hybridizations 

increases for GO(0.5) but remains relatively unchanged for higher values. Although the defects 

associated with sp3 hybridizations are higher in GO(1) and GO(3), the analysis of the AD'/AG 

ratios is consistent with the presence of defects mainly associated with vacancies. This suggests 

that during the synthesis process, the different precursors or oxidants break the C-C bonds, 

creating gaps or vacancies in the lattice. Similarly, the intercalation of oxygenated species 

between the graphene layers would cause the separation of the graphene sheets and the creation 

of such vacancies. These vacancies will eventually serve as active sites for further 

functionalization when more oxidant is used. 
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Finally, the most oxidized GOs [GO(6) and GO(10)] coincide with the primary presence of 

boundary-like defects. These types of defects can occur in GO as a consequence of the 

heterogeneous nature of the oxidation process. The presence of functional groups near already-

formed vacancies would lead to oxidative functionalization of the surrounding carbon atoms. 

Oxidation may occur unevenly in different regions, resulting in a heterogeneous distribution of 

functional groups along the layer. 

 

4.2.2.3. Graphitic domain size 

 

The crystallite size of unoxidized graphitic domains was determined by calculating the ratio of 

the integrated intensities of the D and G bands (AD/AG) in the Raman spectra. Using eq. 5 [35], 

this ratio was employed to estimate the crystallite size (La). 

 

 
Fig. 4.10. Dependence of the AD”/AG ratio as a function of graphitic domains calculated by 

Raman spectroscopy. 
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provides information about the oxidized domains, while the results obtained by Raman are 

more related to the graphitic domains, especially the (002) reflection, which is no longer 

observable in the more oxidized GOs [GO(3), GO(6), and GO(10)] by X-ray diffraction. In 

addition, details of other Raman bands, such as the D-peak, can also indicate the presence of 

defects and disorder in the material. In summary, the combination of XRD and Raman allows 

a more complete and detailed analysis of the graphite structure, providing information about 

the oxidized domains, graphitic domains, as well as the presence of defects and disorder in the 

material, both being complementary tools for the study of the GO structure [47]. 

 

4.2.3. Morphology (SEM/TEM) and specific surface area (SSA) 

 

As shown previously, an increase in the D/G intensity ratio correlates with a higher degree of 

structural defects or disorder in the GO. As the oxidation degree increases, the amount of these 

functional groups on the surface increases, leading to an increase in active sites and surface 

chemical reactivity. This increase in functional groups also leads to increased dispersion and 

exfoliation of the material, which contributes to an increase in surface area. Fig. 4.11. compares 

the specific surface area (SSA) and pore volume concerning the AD/AG ratio and confirms the 

expected behavior. This is consistent with former reports demonstrating the increase in the 

specific surface area of graphite when oxidized to form GO [43, 46]. 

 

 
Fig. 4.11. Dependence of specific surface area (SSA) as a function of AD/AG ratio calculated 

by Raman spectroscopy. 
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Fig. 4.12 displays the micrographs of GO samples at a magnification of 2000x. In mages, 

wrinkled and layered flakes are visible on the surface, indicating the presence of oxidized 

graphene layers [48]. However, in Fig. 4.12.a., the less oxidized GO shows larger carbon 

platelets and more stacking associated with graphitic domains. Fig. 4.12.e. shows the more 

oxidized [GO(10)] with a higher degree of flaking and wrinkling, with flat lamellae, indicating 

a higher degree of exfoliation. TEM images show thinner material layers with higher oxidation, 

suggesting changes in SSA due to layer exfoliation. 

 

  
 

  
 

 
Fig. 4.12. SEM images of graphene oxides 
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4.3.  Surface chemical composition features 

 

The analyses carried out to date have made a significant contribution to understanding the 

evolution of the structural properties of GO concerning the increase in the amount of KMnO4. 

However, it is important to note that these techniques do not provide an exhaustive description 

of the nature of the functional groups present in the material. Therefore, additional techniques 

such as X-ray photoelectron spectroscopy (XPS) and Fourier transform infrared spectroscopy 

(FTIR) have been used to identify and characterize the functional groups in GO. These 

techniques provide valuable and complementary information on the chemical composition and 

bonding involved in GO.  

 

4.3.1. FT-IR characterization 

 

Fig. 4.13. shows the FT-IR spectra for pristine graphite and GOs in the 2000-400 cm-1 region. 

At higher wavenumbers, only the OH/H2O bands corresponding to intercalated water are 

observed and will not be discussed further in this work. No spectral bands were detected in the 

graphite, which aligns with the findings published in earlier research [49, 50].  

 
Fig. 4.13. FT-IR spectra of pristine graphite and synthesized graphene oxides. 
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The presence of bands at ≈593 and ≈1058 cm-1 corresponds to the epoxy stretching mode 

(C-O-C) located above the basal plane of the GO. The bands at ≈1230 and ≈1387 cm-1 are 

related with the bending mode of hydroxyl groups (C-OH) above the basal plane. For the bands 

at ≈1170 and ≈1730 cm-1, they correspond to carbonyl or carboxylic functional groups (C=O) 

located at the edge of the lamellae. For ≈1082 and ≈1623 cm-1, bands associated with skeletal 

(C–C) and the asymmetric stretching vibrational mode of sp2 hybridization (C=C) of the 

graphene sheet skeleton were identified [51]. Finally, the peak at ≈831 cm−1 can be ascribed to 

the C–H group [52] while the inclusion of bands associated with C-O-C, C-OH, and C=O 

would demonstrate the presence of oxygen molecules occupying both the edges and the basal 

plane of GOs [53, 54], thus confirming the oxidation of graphite.  

 

However, in GO(0.5) and GO(1), very low intensities of functional groups were observed in 

the corresponding FTIR spectra. If GO has low oxidation, the concentration of oxygenated 

groups on the surface may be relatively low. In this situation, the functional groups may not 

contribute significantly to the signals in the FTIR spectra, and the corresponding bands may be 

weak or almost imperceptible. As the degree of oxidation increases, the concentration of 

oxygenated groups increases. This leads to an increase in the intensity of the bands in the FTIR 

spectrum as more functional groups interact with the infrared radiation and produce stronger 

signals. This would be related to the model proposed in Fig. 4.6 for Lc deduced from XRD 

studies,  where it is observed that at low oxidation [GO(0.5) and GO(1)], the crystallite sizes 

associated with oxidized domains are still relatively small, while from GO(3), the domain size 

becomes more important. 

 

4.3.1.1. Chemical composition 

 

To evaluate the structural evolution of the synthesized GOs in more detail, the spectra were 

deconvolved into Lorentzian peaks to obtain the area under the curve, in the spectral regions 

1000-1500 cm-1 and 1500-2000 cm-1, respectively. Band assignment and spectral analysis were 

mainly performed by comparing FTIR studies on carbon materials reported in the literature 

[51, 55]. The deconvolved spectra are shown in Fig. 4.14. 

 

The lower oxidation GOs [GO(0.5) and GO(1)] are very similar to each other and show the 

presence of peaks not observed in pristine graphite. Mainly intense bands related to C-C and 

C-O skeletal vibrations are observed (≈1083 cm-1), as well as distinct intense bands related to 

-COOH (≈1226 and ≈1737 cm-1). Clear phenol-related bands at 1262, 1467, and 1563 cm-1 and 

an intense H-C=C-H band at ≈1409 cm-1 are also resolved. The presence of these bands, which 

are associated with bending modes above the basal plane and edges, suggests that oxidation 

starts selectively in certain regions of the material. That is, during the oxidation process, the 

edges of the lamellae are oxidized first. This results in a microstructure with predominantly 

edge-oxidized graphitic domains and a few exfoliated graphene layers. The graphite edges are 

more likely to oxidize first during the GO formation process due to their higher reactivity and 

accessibility to chemical reactions that introduce oxygen into the material structure. The mild 

oxidation process preserves the sp2 network of the carbon and the edges are functionalized with 

hydrophilic groups, making the material dispersible in water [56–58]. 
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Fig. 4.14. Deconvoluted FTIR spectra of GOs with different oxidation degree (a) range 1000-

1500 cm-1 and (b) range 1500-2000 cm-1 
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Subsequently, in a higher oxidation GO [GO(3)], the same bands as in the less oxidized GOs 

are still seen, in addition to the appearance of new bands related to ethers at ≈1171 and ≈1394 

cm-1, and lactones at ≈1704 cm-1. The newly developed bands may indicate a great diversity of 

functional groups formed at the edges. These functional groups are present at high oxidation 

degrees with variations in the ether/lactone fractions. Similarly, the appearance of an intense 

band at ≈1049 cm-1 associated with epoxide functional groups is observed. These groups appear 

in the basal plane and not only at the edges [59]. The intensity of this band gradually increases 

in GO(6) and GO(10), indicating a more extensive functionalization of the basal plane with the 

progression of the oxidation process. Finally, it is also observed that starting from GO(3), a band 

appears at ≈1629 cm-1 that gradually increases in intensity and is associated with C=C 

stretching. The increase in intensity is enhanced by a higher abundance of oxygen-containing 

elements [51]. This increase in intensity has been reported previously in other studies [60–63]. 

The general trend shows that as the oxidation degree increases, the presence of oxygen-

containing functional groups increases and influences other structural properties such as the 

degree of exfoliation and crystallite size described above. The increased diversity of functional 

groups at the basal plane and edges is the result of the prolonged oxidation process, which leads 

to a more complex and varied chemical structure in GO layers [63–65]. 

     

4.3.2. Quantitative determination of oxidation degree by XPS 

 

XPS was used to bring a complementary knowledge of the nature of the oxygenated groups of 

GO. Relative O/C ratios were calculated, as reported in other work [66, 67]. Fig. 4.15 shows 

the XPS C1s spectra of the graphite samples and the GOs produced. The C1s XPS 

deconvolution was carried out using the Gaussian function as reported in previous research 

[68]. The graphite spectrum shows the presence of peaks derived from the C=C bond at ≈284.6 

eV, from the C-C bond at ≈285.3 eV, the C-OH bond at ≈286.5 eV and 291 eV the π- π* 

transitions [69, 70]. 

 

Comparing the spectra of the GOs, the relative intensity of the graphitic domain (C=C/C-

C) decreases with increasing KMnO4, indicating gradual oxygenation of the material, which is 

consistent with the behavior of the sp2 and sp3 peaks obtained by Raman spectroscopy. The 

percentage of C=C/C-C decreases from ≈52.64% in GO(0.5) to ≈41.64% in GO(10). On the other 

hand, it is observed that in the lowest oxidation GO [GO(0.5)], the presence of C-OH bonds is 

mainly predominant (≈33.93%), followed by carbonyl groups (C=O; ≈9.51%), and a minimal, 

almost negligible amount of epoxide groups (C-O-C; ≈3.93%). The limited existence of only 

two types of oxygenated functional groups could be attributed to the fact that not enough 

KMnO4 was used during synthesis to promote other types. According to the model proposed 

by Lerf et al [71], the C-O-C bonds would be positioned in the basal plane, while the hydroxyl 

(C-OH) and carbonyl (C=O) groups would be found predominantly at the edges of the GO 

flakes or multi-vacancy groups. Then, with increasing oxidation, in GO(1) a significant 

occurrence of carbonyl group bonds (C=O; ≈12.55%) is observed, while the C-O bond content 

was briefly reduced to ≈27.92%. Additionally, an increase in the concentration of epoxide 

groups (C-O-C; ≈11.12%) is observed.  
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Fig. 4.15. XPS of GOs with different oxidation degrees. 

 

In GO(3) and GO(6), however, the C-OH bond content decreased further to ≈3.27%, while 

the C=O bond content increased further to a maximum of ≈21.17%. This is attributed to a 

deprotonation phenomenon due to the increased quantity of oxidant in GO synthesis [70]. The 

oxidative environment provided by KMnO4 can lead to the deprotonation of some hydroxyl (-

OH) groups. The deprotonation process involves the removal of a proton (H+) from the 

hydroxyl group, resulting in the formation of an alkoxide ion (-O-). The alkoxide ions (-O-) can 
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then react further in the presence of KMnO4 and the oxygen atoms in the structure can rearrange 

to form a carbonyl group (C=O). In parallel, the amount of epoxide groups in the basal planes 

increases with oxidation up to ≈23.44%, attributed to more basal planes being exposed. Finally, 

in GO(10), concentrations of functional groups similar to GO(6) are observed, attributed to a 

saturation effect, coincident with previous characterizations that have shown less evident 

changes with higher level of oxidant. 

 

The initial appearance of C-OH functional groups and their evolution to C=O groups at low 

oxidation level would demonstrate that the edges of the lamellae serve as reactive sites that are 

rapidly saturated at the onset of oxidation and that any subsequent increase in oxidation mainly 

affects other areas of the structure such as the basal planes, being demonstrated by the 

formation and increase of C-O-C bonds. This is consistent with the idea that edges and 

vacancies are the first sites to be occupied during the oxidation process discussed by FTIR. The 

results are shown in Table 4.3., where the increase in the oxidation degree of the GOs as a 

function of the amount of KMnO4 is quantitatively demonstrated by the O/C in Table 4.3. 

 

Table 4.3. Quantification of functional groups in GOs  

Materials 
C=C/C-C 

(%) 
C-OH (%) C-O-C C=O (%) 

-COOH 

(%) 
O/C 

GO(0.5) 52.64% 33.93% 3.93% 9.51% -- 0.741 

GO(1) 48.41% 27.92% 11.12% 12.55% -- 0.911 

GO(3) 47.32% 17.14% 19.50% 13.62% 2.42% 1.001 

GO(6) 44.61% 3.27% 23.44% 21.17% 7.51% 1.231 

GO(10) 41.64% 5.29% 23.93% 21.52% 7.63% 1.330 

 

4.4.Mechanism of graphene oxide formation 

 

The use of various characterization techniques is a key approach to understand the evolution 

of the microstructural, morphological, and physicochemical characteristics of GOs concerning 

their oxidation degree. The experimental methods contributed to a deeper understanding of the 

formation mechanism of these materials, revealing crucial aspects of their structure and 

behavior. In this context, different authors commonly distinguish three distinct and 

independent steps in the course of the conversion of bulk graphite into GO [72]. However, the 

purification process, which is a fundamental step to obtain high-purity materials, has also been 

included in this work. Accordingly, the steps leading to the formation of GO can be 

summarized as follows: 

 

The initial stage involves the transformation of graphite into a graphite intercalation 

compound (GIC). This stage begins immediately after the graphite is exposed to the acidic 

oxidizing medium and is completed within a few minutes. In the formed GIC, each graphene 
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layer alternates with an intermediate interlayer of intercalant (Fig. 4.16.). The interlayer 

arrangement is densely packed with H2SO4 and H3PO4 molecules, which do not form an 

ordered structure [73, 74]. 

 

 
Fig. 4.16. Schematic representation of the conversion of graphite into GIC. 

 

The second stage involves the transformation of GIC into the oxidized state of graphite, 

which is referred to as pristine graphite oxide (GrO). The conversion of GIC to GrO is much 

slower. The prerequisite for the successful oxidation of graphite is the capacity of acidic 

oxidizing media to intercalate graphite, resulting in the creation of graphite intercalation 

compounds (GIC). This applies to all currently recognized techniques for the preparation of 

GO. Intercalation expands the spacing between the layers of graphene in graphite, allowing the 

oxidant to reach the interlayer galleries (Fig. 4.17.).  

 
Fig. 4.17. Schematic representation of conversion GIC to the graphite oxide GrO 

 

Although KMnO4 is the used oxidant, the actual active species is Mn2O7 [75], which can 

selectively oxidize aliphatic unsaturated double bonds over aromatic double bonds. The small 

amount of H3PO4 acts as a catalyst in the oxidation reaction. It helps in promoting the reaction 

kinetics, making the oxidation process more efficient and controllable. The presence of 

phosphoric acid accelerates the formation of graphene oxide while maintaining the integrity of 

the graphene structure to a certain extent. While KMnO4 upon reaction with sulfuric acid 

(H2SO4) generates di-manganese heptoxide (Mn2O7) and combined with the strongly acidic 

medium facilitates the oxidation process (reactions 1 and 2). In summary, as there is a greater 

amount of KMnO4, more oxidation is promoted in the material.  

 

                    𝐊𝐌𝐧𝐎𝟒 + 𝟑𝐇𝟐𝐒𝐎𝟒 ⟶ 𝐊+ + 𝐌𝐧𝐎𝟑
+ + 𝐇𝟑𝐎+ + 𝟑𝐇𝐒𝐎𝟒

−                (reaction 1) 
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                                         𝐌𝐧𝐎𝟑
+ + 𝐌𝐧𝐎𝟒

− ⟶ 𝐌𝐧𝟐𝐎𝟕                                     (reaction 2) 

 

Upon adding the combination to deionized water, the H2SO4's dilution heat leads to a quick 

increase in the temperature of the mixture, resulting in the intercalated graphite experiencing 

secondary volume expansion [76]. Under these conditions, the Mn(VII) compound can produce 

ozone and oxidizing radicals such as hydroxyl radicals or atomic oxygen, which contribute to 

the oxidation of graphite to form some oxygen-containing groups [77]. At this stage, both FTIR 

and XPS showed that the functional groups formed at low oxidation are mainly present at the 

edges, and as oxidation increases, more functional groups are formed and occupy the basal 

planes of the lamellae as well. The oxidizing capacity of ozone can be enhanced by the 

formation of hydroxyl radicals when it encounters both water and newly formed MnO2. This 

destructive oxidation leads to the formation of more permanent defects covered by carboxyl 

groups. However, a certain amount of insoluble manganese compounds, such as MnO2, would 

be generated and grow on the graphite oxide surface [78]. Subsequently, the addition of H2O2 

reduces Mn7+ and Mn4+ to Mn2+. 

 

 
Fig. 4.18. Schematic representation of purification using ligands during the washing process. 

 

The third step consists of the purification using ligands during the washing process which 

results in pure graphite oxide (pGrO) (Fig. 4.18.). When the GrO and CA dispersions are mixed 

and stirred, the manganese ions desorb from the GrO and coordinate with the ligands. Due to 

ligand chelation, manganese complexes with ligands are relatively stable. Therefore, most of 

the manganese ions will be desorbed from the GrO by forming complexes with competitive 

ligands. This makes the purification process efficient and the removal of manganese successful, 

as demonstrated by EPR. 

 

 
Fig. 4.19. Conversion of pure graphite oxide (pGrO) to GO. 
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Finally, the fourth step is the conversion of GrO to GO. This process entails the breaking 

of the interlayer bonds along the c-axis and the separation of the pGrO into individual atomic 

layer sheets, as seen in Fig. 4.19. Several synthesis techniques indicate that sonication is 

essential for dispersing the produced pGrO in aqueous solutions. Sonication is required only 

for partially oxidized graphene oxide (GO) samples that are generated from graphite with high 

particle sizes, as specified in the original protocols [72]. When the prepared GO is sufficiently 

oxidized, it spontaneously flakes off in monolayer sheets by simple stirring in water. 

 

4.5. Electrical conductivity behavior 

 

Fig. 4.20.a. shows the dependence of the electrical conductivity (AC) at room temperature on 

the frequency of the GOs. All GOs showed little variation over the frequency range analyzed, 

with almost constant values. This behavior was reported by Kavinkumar T. et al. for a GO 

heat-treated at 220 °C [79]. A possible explanation for this phenomenon is that, within this 

range, the charge carriers (electrons or holes) of the GO undergo scattering by defects and 

impurities at a rate approximately balanced by their mobility. As a result, the overall 

conductivity remains relatively stable. 

 

Fig. 4.20.b. shows the reduction of the electrical conductivity of GO as the oxidation degree 

increases. This phenomenon is directly related to changes in the structure and conduction 

properties of GO, i.e. at low oxidation a highly conjugated π-bond structure is maintained, 

which allows high electronic mobility and thus high conductivity. Subsequently, the 

introduction of oxygenated groups breaks the π-bonds and alters this conjugated structure, 

leading to a dispersion of electronic states that reduces the mobility of electrons through the 

material. Thus, with increasing oxidation, more and more π-bonds are broken, and the structure 

becomes less conductive. The variation of electrical conductivity with the oxidation degree is 

given by the following equation, where x represents the amount of KMnO4. 

 

𝜎′ = −0.0053 + 0.066𝑒(−0.1908𝑥) 

 

   
Fig. 4.20. (a) Electrical conductivity (σ’) of GO as a function of frequency, and (b) 

dependence of the electrical conductivity as a function of the amount of KMnO4. 
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4.6. Conclusion 

 

GO was successfully prepared by the Tour method. A thorough analysis of the physic-chemical 

properties of the obtained pure GOs confirmed the precise ability to control the oxidation 

degree by adjusting the amounts of KMnO4 used during the synthesis. 

 

• The presence and evolution of the (001) planes characteristic of GO was confirmed by 

X-ray diffraction. Quantitative analysis revealed a significant increase in the crystallite 

size of the oxidized domains with increasing KMnO4 quantity, following an exponential 

pattern ranging from ≈2.04 nm to ≈7.70 nm. This study also revealed the expansion of 

the inter-reticular spacing from ≈0.34 nm initially for the precursor graphite to ≈0.903 

nm for the more oxidized GO. 

 

• Raman spectroscopy analysis of the D and G-bands has provided a more profound 

comprehension of the degree of structural defects and carbon ordering. The AD/AG ratio 

has been used as a quantitative measure to characterize these properties and shows a 

progressive increase from ≈1.36 at the lowest oxidation GO to a maximum of ≈3.50 at 

the highest KMnO4 concentration conditions. These results underline the direct 

influence of oxidation on the structural configuration of the material, demonstrating a 

transition from the predominance of defects associated with sp3 hybridizations in the 

less oxidized states to the predominance of "vacancies" and "grain boundary" defects 

in the more oxidized states. In addition, the reduction in the size of the graphite domain 

was confirmed in parallel with the XRD. 

 

• SEM images showed significant changes in the morphology of the GO structures. The 

transition from multilayered structures to agglomerates and wrinkled nanosheets 

indicates a more pronounced exfoliation process, suggesting a higher degree of 

disorder. This phenomenon is quantitatively confirmed by the analysis of the specific 

surface area (SSA), of which significant increase from 133.08 m2/g for graphite to a 

maximum of 394.22 m2/g for the more oxidized graphene oxide supports the increase 

of the interplanar distance and the prevalence of grain boundary defects. 

 

• The combined application of FTIR and XPS has provided an accurate understanding of 

the chemical composition of GOs. The results confirm the presence of hydroxyl, 

carbonyl, and epoxy groups, showing variations in area with increasing concentration. 

In particular, it is conclusively shown that under low oxidation conditions, species 

mainly located at the edges of the lamellae predominate, while an increase in KMnO4 

concentration systematically leads to the gradual appearance of oxygenated species 

occupying the basal planes. This shows a clear evolution in the distribution and 

configuration of the oxygenated functional groups within the GO structure, in direct 

response to the controlled variation of the oxidation conditions, confirming the 

tunability of the oxidation degree of the GOs produced by the Tour method. 
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• The electrical conductivity was also affected with increasing oxidation level, decreasing 

from ≈0.0582 S/cm to ≈0.0051 S/cm. These changes in optical and electrical properties 

are directly related to changes in the GO structure, i.e. at low oxidation a highly 

conjugated π-bond structure is maintained, allowing high electronic mobility and hence 

high conductivity. The introduction of oxygenated groups, on the other hand, breaks the 

π-bonds and alters this conjugated structure, leading to a dispersion of electronic states 

that reduces the mobility of electrons through the material. In both cases, the data were 

fitted to an exponential model. This indicates that the properties can be significantly 

altered during the first few oxidation degrees, but at higher oxidation the properties 

show relative stability, suggesting a saturation of the changes. 
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CHAPTER V: Mechanosynthesis: TiO2-GO Hybrid nanostructures by ball−milling 

Mechanochemistry is a branch of solid-state chemistry in which intramolecular bonds are 

broken mechanically using external mechanical energy, followed by additional chemical 

reactions [1]. High energy ball milling is a process in which a mixture of powders placed in the 

ball-mill is subjected to the high-energy collision of balls. This process was developed by 

Benjamin et al. at the International Nickel Company in the 1960s [2]. The ball mill system 

comprises a solitary turntable, sometimes referred to as a turntable, and either two or four 

bowls. The turntable exhibits unidirectional rotation while the bowls exhibit counter-rotational 

motion. The centrifugal forces produced by the bowl's movement on its axis, in conjunction 

with the turntable's rotation, exert an effect on both the powder combination and the grinding 

balls within the bowl. The powder mixture is fragmented and bonded together by the high 

velocity impact. The centrifugal forces alternate in synchronization due to the various rotation 

orientations of the bowl and turn disc. Friction arises from the interaction between the rigid 

grinding balls and powder mixture as they repeatedly move in opposite directions down the 

inside surface of the bowl and collide with the opposing surface. The kinetic energy of the 

milling balls in the vertical direction is up to 40 times greater than the energy caused by 

gravitational acceleration. Hence, the planetary ball mill is well-suited for high-speed grinding. 

For TiO2, high-energy ball-milling has been used to modify the phase composition and particle 

size, resulting in the formation of composite nanostructures with extended light absorption and 

small bandgaps, properties that are very useful in the photocatalytic degradation of pollutants. 

Research has also shown that mechanical milling can promote the efficient formation of 

hybridized nanostructures based on TiO2 with other materials to obtain improved properties in 

various applications (Table S.5.1.). 

 

On the other hand, the ball-milling process has also been shown to influence GO particle 

size [3]. Mondal O, et al, 2015 [4] demonstrated that high-energy ball-milling in an inert 

atmosphere converts GO to reduced graphene oxide (rGO), as the process introduces defects 

and contributes to its reduction. Ball-milling is a method to exfoliate graphite by applying 

lateral force. During the ball-milling process, two factors contribute to the exfoliation. The 

main contributing factor is the shear force applied by the balls. The sheer force alone can 

produce large flakes of graphene. The secondary factor is the collisions that occur during 
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milling. Strong collisions can break these large flakes and potentially change the crystal 

structure, resulting in a more amorphous mass [5]. 

 

Due to the prominent role of mechanosynthesis as a tool for the fabrication of 

nanostructures, this chapter is dedicated to the study of the elaboration of hybrid nanostructures 

based on TiO2 and GO by the ball milling process. The fabrication procedures are described in 

detail in the second chapter of this work. A comprehensive research was conducted to examine 

the surface properties of GOs and the impact of functional groups on their composition. 

Different research methods were employed, such as XRD, Raman spectroscopy, FTIR-ATR, 

and BET analysis were used to determine the surface area. The morphology resulting from the 

combination of both structures was observed by SEM/TEM. In addition, the optical and 

electrical conductivity properties of the hybrid nanostructures were studied. 

 

5.1. Microstructural analysis 

 

The study of TiO2 and GO hybrid nanostructures by the obtained high energy ball-milling 

process has been enriched by the study of the structural and morphological features. X-ray 

diffraction (XRD) has revealed the presence of the TiO2 crystalline phases, while Raman 

spectroscopy has shed light on the interactions between TiO2 and GO, as well as the changes 

in the D/G ratios after incorporation into the nanostructure. BET characterization has provided 

valuable information on the specific surface area and porosity of the nanostructures. Finally, 

direct observation at the nanometer scale by Scanning/Transmission Electron Microscopy 

(SEM/TEM) has allowed us to accurately visualize the resulting morphology of the 

nanostructures, thus validating the effectiveness of the ball milling. 

 

5.1.1. X-ray powder diffraction 

 

Fig. 5.1 shows the XRD patterns of pristine TiO2 samples compared with the diffractograms 

of milled TiO2 and hybrid TiO2-GO-based nanostructures obtained by high energy mechanical 

milling. Pristine TiO2 shows reflections from the (101), (004), (200), (211), and (105) planes 

at 2θ≈25.24°, 37.75°, 47.99°, 53.85°, and 55.03°, respectively, all corresponding to the anatase 

phase of TiO2 (JCPDS 21-1272). In principle, the patterns would demonstrate the crystalline 

nature of pristine TiO2.  

 

After the mechanical milling process, the milled TiO2 showed significant changes in the 

diffraction planes compared to the pristine TiO2. Reflections of the anatase phase were 

identified at 2θ≈25.90, 37.68, 47.94°, 53.77°, 54.94°, and 62.69° corresponding to the (101), 

(004), (200), (105), (211), and (204) planes (JCPDS fiche no. 21-1272). Mechanical milling 

leads to a reduction of the intensity of anatase phase reflections and an increase in peak width. 

This is due to a decrease in the average crystallite size (D), the introduction of defects such as 

oxygen vacancies, increased microstrain caused by the milling process, and a transition to a 

more amorphous phase [6, 7]. Similarly, multiple reflections at 2θ≈27.41°, 36.29°, 41.47° and 

54.63° were attributed to planes (110), (012), (111) and (211) of the rutile phase (JCPDS fiche 

no. 21-1276) as well as a layer (121) of the brookite phase at 2θ≈31.49° (JCPDS fiche no. 29-
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1360). The presence of multiple TiO2 phases after the milling process would indicate the 

transformation of a fraction of the anatase phase into rutile and brookite. The presence of many 

phases is ascribed to chemical reactions occurring within the structure due to the rise in stored 

energy during the ball milling process, resulting in an anticipated increase in temperature and 

local pressure [8, 9]. Our results are in broad agreement with the diffractograms reported in the 

literature for mechanically milled TiO2 [10, 11].  

 

 
Fig. 5.1. XRD patterns of TiO2-GO nanostructures (TG) and milled TiO2. 

 

In contrast, the diffractograms of the hybridized nanostructures did not show any significant 

changes in comparison with the diffraction planes of milled TiO2 and did not show any 

characteristic GO reflection. This lack of GO-related peaks can be attributed to the fact that the 

limited presence of GO in the sample (2%) may not be high enough to produce distinctive 

signals in XRD. Therefore, other techniques such as Raman and FT-IR were used to confirm 

the presence of GO in the nanostructures. 
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5.1.2. Raman spectroscopy analysis  

 

Fig. 5.2.a shows the Raman spectra in the range of 100 to 1000 cm-1 where bands related to 

pristine TiO2 are observed. The analysis showed active Raman modes at 142.7, 197.4, 396.6, 

520.0, and 640.8 cm-1 corresponding to Eg(1), Eg(2), B1g(1), B1g(2)+A1g, and Eg(3) modes, 

confirming the presence of the anatase phase [12, 13]. The narrow and intense band at ≈142.7 

cm-1 can be attributed to the O-Ti-O bending vibration in TiO2 [14]. After high energy ball-

milling, the main band of anatase showed a shift to a higher position (≈158.95 cm-1), as well 

as a loss of intensity and increase of amplitude (FWHM), concerning pristine TiO2. The slight 

shift to a higher position is related to a change in the crystal structure and the presence of 

defects [15, 16]. Other authors have mentioned that the shift to higher positions indicates a 

reduction in crystallite size [17]. Added to the bands of the anatase phase, bands at ≈438 and 

≈610 cm-1 corresponding to the Eg and A1g vibrational modes, of the rutile phase were identified 

[18], as well as small bands at ≈323 and ≈366 cm-1 associated with the brookite phase [19, 20]. 

Raman spectra complement and confirm that high energy ball-milling of anatase TiO2 creates 

a mixture of rutile and brookite phases. This phase transformation produced by high-energy 

ball-milling at room temperature has been previously reported in the literature [21, 22]. In 

parallel, the spectra of TiO2 and GO hybridized nanostructures showed the same bands as 

milled TiO2.  

 

  
Fig. 5.2. Raman spectra of the hybrid nanostructures in the range of (a) 100-1000 cm-1, and 

(b) range of 1000-2000 cm-1. 

 

Unlike X-ray diffraction, Raman spectroscopy is very sensitive to the vibrational modes 

of materials based on carbon, so it can detect even small concentrations of GO [23]. This is 
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demonstrated by spectra in the range 1000 to 2000 cm-1 (Fig. 5.2.b). The spectra showed the 

characteristic G and D-bands associated with GO at ≈1349 and ≈1604 cm-1, respectively. The 

evolution and characteristics of each band as a function of the oxidation degree have been 

studied in detail in the Raman section of Chapter 4. 

 

5.1.2.1. Effect of mechanical milling on graphitic domains 

 

In an attempt to demonstrate the structural changes in the carbonaceous structure caused by the 

mechanical milling process, the spectra were deconvoluted using Lorentzian peaks to identify 

in detail the evolution of the identified bands D*, D, D", G, and D'. The deconvoluted spectra 

are shown in Fig. S.5.1 and the data obtained are given in Table 5.1. 

 

Table 5.1. Values obtained from the Lorentzian deconvolutions of the Raman spectra. 

Material Parameters D*  D  D"  G  D´  

TG(0.5) 

Position 1206.38 1371.01 1529.26 1616.40 1640.77 

FWHM 157.06 100.63 131.43 54.18 33.10 

Area 5172.97 58818.94 12606.41 16782.64 8422.68 

TG(1) 

Position 1206.91 1372.04 1526.35 1620.55 1644.42 

FWHM 245.57 91.64 193.55 54.20 25.67 

Area 4069.58 17452.36 6263.78 6580.21 1550.05 

TG(3) 

Position 1206.98 1374.53 1523.84 1615.61 1642.34 

FWHM 49.16 140.43 133.67 61.95 35.05 

Area 979.97 56108.66 11071.21 15042.65 6434.48 

TG(6) 

Position 1205.62 1376.23 1521.98 1612.25 1640.90 

FWHM 23.63 154.52 122.53 64.87 39.31 

Area 711.44 95317.57 15796.89 22294.92 12961.58 

TG(10) 

Position 1229.20 1370.83 1554.28 1611.20 1637.54 

FWHM 59.58 133.93 228.00 55.58 40.15 

Area 775.51 50439.97 19409.30 8383.30 9802.23 

 

5.1.2.1.1. D- and G-band positions 

 

The results show the shift to higher positions of the D and G-bands of GOs after their 

incorporation into the nanostructures with TiO2 (Fig. 5.3.). The shift in band positions may be 
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due to the high number of exfoliated layers [24]. Specifically, the G-band shift is associated 

with the formation of new sp3-carbon atoms in the graphitic lattice [25]. Authors such as F. 

Mayoli et al [26] related this shift to a lower content of oxygen groups and the regeneration of 

the graphite structure. While the shift of the D-band is due to activation by defects [27, 28]. 

The analysis of the positions would qualitatively demonstrate the creation of an exfoliated 

structure with a high amount of defects as a result of mechanical milling. 

 

  
Fig. 5.3. Band positions of GO before and after incorporation into TiO2 nanostructures. (a) D-

band position (b) G-band position. 

 

5.1.2.1.2. AD/AG and graphite crystallite size 

 

To understand the structural characteristics in detail, the ratio between the D and G-bands was 

evaluated, since it is related to the number of defects present in the carbon materials. In all 

cases, an increase in the AD/AG ratio was observed after mechanical milling (Fig. 5.4.a.). This 

increase would confirm the introduction of structural defects and disorder in the lattice of GOs 

[29]. The crystallite size of the graphitic domain present in the hybrid nanostructures was 

estimated using equation (5) and the AD/AG ratio. Fig. 5.4.b. shows the decrease in crystallite 

size associated with the increase in defect density and structural disorder [30, 31]. Milling 

induces the formation of structural defects, such as vacancies, edges, and functional groups, as 

well as the creation of disorder in the carbon lattice, as translated with increasing AD/AG ratios 

[31]. It is also observed that the most significant change occurs in the nanostructure containing 

the lowest oxidized GO [GO(0.5)]. In principle, mechanical milling causes additional exfoliation 

of the graphite layers that were not separated during GO synthesis [32]. This observation could 

be due to the initial state of the less oxidized GO, i.e. being less exfoliated, with the possibility 

of changes in its microstructure, which is traduced by a more noticeable effect on the crystallite 

size. In this context, the more oxidized GOs, which already have a more exfoliated structure, 

would cause the changes to be minimal despite the same milling conditions. 
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Fig. 5.4. (a) AD/AG ratio of GO before and after incorporation into TiO2 nanostructures and 

(b) evolution of GO graphitic domain size (Lc) before and after incorporation into TiO2 

hybrid nanostructure. 

 

By analyzing the deconvolved D'-bands, the type of structural defects in the material were 

identified. However, according to the model of Ferrari et al. [33] used to analyze the GOs in 

the previous chapter, since the AD/AG ratios are <3.5 in all cases, they would mean GOs with 

a high degree of disorder, making the identification imprecise. Nevertheless, when trying to 

identify the type of defects associated with the AD'/AG ratios, they all show values greater than 

≈0.2857, which is consistent with boundary-type defects. Such defects appear in GO as a 

consequence of mechanical milling, which has been associated with the generation of 

boundary-type defects and other structural irregularities in GO [30, 34]. The presence of this 

type of defect after milling could be largely related to the reduction in crystallite size shown in 

the hybrid structures. 

 

5.1.3. Specific surface area (SSA) 

 

Mechanical milling is a process that reduces particle size and increases the specific surface area 

of the milled material. This is due to several factors such as particle size reduction by ball 

collision with the material, particle fracture and deformation, cold fusion and mechanical 

alloying, homogenization of particle distribution, and increased porosity. These processes 

create new surfaces and edges resulting in increased specific surface area [35, 36]. This is 

demonstrated by the increase in SSA of pristine TiO2 from 8.634 to 12.32 m2/g after milling. 

Nonetheless, the addition of GO to the mixture seems to have a synergistic effect as it further 

increases the surface area of the hybridized nanostructures. Carbon materials are known for 

their high specific surface area [37], as shown in the previous chapter. Thus, the combination 

of TiO2 and GO may create additional interfaces, which could explain the additional increase 

in surface area shown in Fig. 5.5.a. 
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Fig. 5.5. (a) Specific surface area (SSA) and pore volume of TiO2-GO hybrid nanostructures 

and (b) Specific surface area (SSA) of GO after and before incorporation into TiO2 

 

Before their incorporation into TiO2, the GOs exhibited an increase in specific surface area 

with increasing oxidation. However, when these GOs were incorporated into the hybrid 

nanostructures, a trend opposite to that of the original GOs was observed. Fig. 5.5.b. shows the 

relationship between the specific surface areas and the oxidation degree of the GOs before and 

after their incorporation into TiO2. The observed discrepancy is explained by the nature of the 

initial oxidation level of the GOs. In particular, highly oxidized GOs have a more negative 

surface charge due to the presence of negatively charged functional groups. These groups can 

form hydrogen bonds or van der Waals interactions between GO sheets, leading to 

agglomeration. 

 

This results in less surface area available for chemical reactions highlighting the critical 

importance of initial oxidation on the properties and dispersion of GOs in TiO2 nanostructures, 

which could have significant implications for their performance and applications. The 

importance of the surface area is evident in various applications, such as adsorption reactions 

or catalysis using nanomaterials. 

 

5.2. FT-IR component interactions 

 

Fig. 5.6. shows the FT-IR-ATR spectra of the hybridized nanostructures and TiO2 before and 

after mechanical milling. In pristine TiO2, two well-defined bands corresponding to Ti-O 

stretching vibrations were observed at ≈731 and ≈445 cm-1, while the band at ≈574 cm-1 was 

attributed to Ti-O-Ti bonds in the lattice [38]. In the spectrum of milled TiO2, intensities 

corresponding to specific vibrational modes persist in the range of 400 to 900 cm-1. However, 

their intensities show a reduced definition, which is consistent with the formation of an 

amorphous phase and the decrease in crystallinity phenomena due to the mechanical milling 

process, as demonstrated by X-ray diffraction and Raman spectroscopy. Conversely, the hybrid 

nanostructures additionally showed the presence of C-OH bonds at ≈1404 cm-1, C-O at ≈1056 

cm-1, and a low-frequency peak at ≈846 cm-1 attributed to the Ti-O-C bond formed between 

0

5

10

15

20

25

30

35  Specific surface area (m2/g)

 Pore volume (cc/g)

Nanostructures

TG(0.5) TG(1) TG(3) TG(6) TG(10)
Milled 

TiO2

Pristine 

TiO2

0.000

0.005

0.010

0.015

P
o

re
 v

o
lu

m
e
 [

c
c
/g

]

S
p

e
c
if

ic
 s

u
rf

a
c
e
 a

re
a
 (

S
S

A
) 

[m
2
/g

]

150

200

250

300

350

400

Less oxidized High oxidized

Surface area 

of GO

Surface area 

of GO into TiO2

16

18

20

22

24

26

28

30

32

34

S
S

A
-G

O
 [

m
2
/g

]

TG(0.5)
TG(1) TG(3) TG(6) TG(10)

TiO2-GO hybrid nanostructures

S
S

A
-G

O
 i
n

to
 T

iO
2
 [

m
2
/g

]

a) b) 



 

107 

 

GOs and TiO2 [39, 40]. The presence of oxygen-containing functional groups on GOs is 

advantageous for the creation of nanostructures in conjunction with TiO2 particles [41, 42]. 

 

 
Fig. 5.6. FT-IR of hybrid nanostructures using GOs with different oxidation degrees 

 

5.2.1. Quantification of Ti-O-C bonds 

 

To fully elucidate the atomic interaction between the two structures, a Lorentzian 

deconvolution analysis of the FT-IR spectra was performed in the range of 400 to 1200 cm-1 

(Fig. S.5.2). The analysis revealed quite similar areas under the curve in the quantification of 

Ti-O-C bonds, regardless of the oxidation degrees of the incorporated GO (Fig. 5.7.). This 

observation suggests that the amount of oxygen in the GOs does not significantly influence the 

bond formation process during mechanical milling. It could be suggested that breaking bonds 

in the TiO2 crystal lattice create sites with unsaturated Ti-O bonds. These free bonds are more 

reactive and prone to interact with other chemical species present in the environment and then 

participate in the formation of Ti-O-C bonds during their interaction with the graphitic material 

[43]. This interpretation could relate the spectra observations, and the possible origin of the 

oxygen involved in the Ti-O-C bonds in the hybrid nanostructures, explaining the lack of 

significant variation in the oxidation degrees of GO. On the other hand, although there are no 

significant changes, it is observed that the quantification of C-O bond contents is slightly higher 

in nanostructures with mostly oxidized GOs, consistent with the high concentration of epoxide 

2000 1800 1600 1400 1200 1000 800 600 400

 
 

 

TG(10)

TG(6)

TG(3)

TG(1)

TG(0.5)

Milled TiO2

Pristine TiO2

 
 

T
ra

n
s

m
it

ta
n

c
e
 (

%
)

Wavenumber (cm-1)

 

 

 

≈445 

(Ti-O)

≈574 

(Ti-O-Ti)

≈731 

(Ti-O)

≈846 

(Ti-O-C)

≈1056 

(C-O)

≈1404 

(C-OH)



 

108 

 

groups in highly oxidized GOs demonstrated in Chapter 4. This result could indicate that 

milling conditions, such as elevated temperature, could lead to the reduction of some 

oxygenated groups [44, 45]. This would be due to the breaking of chemical bonds and the 

release of gaseous molecules due to the high energy involved in the process. Hard milling 

conditions and increasing temperature can lead to the degradation of some functional groups, 

especially those that are more sensitive to extreme conditions, such as carboxyl groups, which 

can undergo decarboxylation at elevated temperatures [46].  

 

 
Fig. 5.7. Quantification of Ti-O-C and C-O bonds by Lorentzian deconvolution spectra of 

FTIR spectra. 

 

5.3. Morphology (SEM/TEM) 

 

Fig. 5.8. shows SEM images of pristine TiO2 and the different TiO2-GO hybrid nanostructures. 

Initially, the pristine TiO2, particles up to ≈300 nm are observed with a majority distribution of 

≈110 nm, while in the nanostructures the size decreases, presenting particle distributions 

mostly smaller than 100 nm (between 81 and 89 nm). Likewise, through elemental mapping of 

Ti, C, and O, it was observed that the elements present in the nanostructure are homogeneously 

distributed, as no isolated regions or clumps are observed in our material. This is an indicator 

of the integration and homogenization of both materials in the nanostructure. 
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Fig. 5.8. Elemental distribution of Ti (red), C (blue), and O (green) in the pristine TiO2 and 

TiO2-GO nanostructures and particle size distribution curves (adapted from our publisher 

work on Elsevier 2023 [47]). 

 

On the one hand, in the TEM images of pristine TiO2, particles with a size of ≈110 nm are 

observed (Fig. 5.9.a-left), which confirms the information presented in the SEM distribution. 

Furthermore, an ordered structure with a long-range arrangement and an interplanar distance 

of about ≈0.351 nm, corresponding to the crystalline plane (101) of the anatase phase of TiO2, 

is observed (Fig. 5.9.a-right). On the other hand, Fig. 5.9.b-d shows TEM images of several 

TiO2-GO nanostructures, in which irregular and agglomerated GO-layered TiO2 particles with 



 

110 

 

an average size between ≈85-90 nm is observed. The images showed that the morphology of 

the nanostructures did not show significant changes between them, regardless of the oxidation 

degree of the incorporated GO. The presence of the (101) TiO2 planes is also evident; however, 

due to the fracturing of the particles as a result of milling, different short-range regions 

surrounded by a GO layer can now be observed. In summary, the TEM images confirm the 

formation of core-shell structures and support the formation of a hybrid TiO2-GO nanostructure 

rather than a separate mixture of TiO2 and GO, thus validating the formation mechanism 

proposed in Fig. 5.10. 
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Fig. 5.9. TEM images of (a) pristine TiO2 in comparison with (b,c, and d) the TiO2-GO 

nanostructure structure after the ball-milling process (reprinted from our publisher work on 

Elsevier 2023 [47]). 

 

5.4. Mechanism of formation of TiO2-GO hybrid nanostructures 

 

During mechanical ball-milling, various phenomena and changes occur in processed powder 

materials due to the interaction between the milling media and the powders and can vary 

depending on the materials and specific process conditions. Jia, H et al 2009 [48] and Saba, F 

et al 2016 [49] proposed a mechanism for the formation of Ti-C alloys by the ball-milling 

process. Based on this model, a schematic representation proposing the formation of hybrid 

nanostructures based on TiO2 and GO is shown in Fig. 5.10. During the first few minutes of 

milling, TiO2 and GO powders are mixed with the milling balls in the jar. The milling balls 

impact and crush the powders, resulting in an initial mixing of the two materials. This mixing 

is important to achieve a uniform distribution of the components (Fig. 5.10.a.). The particle 

size of the TiO2 is then reduced as the ball impacts and crushes the powders (Fig 5.12.b-c). For 

GO, the impact and shear forces exerted by the balls cause the GO flakes to exfoliate and break 

into smaller fragments. During this stage, the average particle size decreases and the specific 

surface area increases. Subsequently, mechanical milling introduces a significant amount of 

mechanical energy into the system, which can lead to plastic deformation and the introduction 

of crystalline defects in the TiO2 and GO particles. These defects can increase the reactivity of 

the materials, making them more susceptible to chemical reactions that make it easier for the 

two materials to combine and adhere to each other (Fig. 5.10.d.). Increased milling time can 

result in progressively smaller particles with surfaces containing Ti-O-C bonds. Consequently, 

with continuous milling, the GO powders would bond with the TiO2, creating a welding effect 

between the two materials (Fig. 5.10.e.). This combination would result in the formation of a 

composite structure where the GO would be dispersed in the TiO2 (Fig. 5.10.f.). Finally, it is 

important to note that as the ball-milling continues, there is an increase in temperature caused 

by the friction generated by the milling balls, which causes phase changes in the TiO2. Whereas 

in GO this would cause the reorganization of its functional groups, affecting its chemical 
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properties and reactivity. However, if the time increases significantly, this could hurt GO, as 

the excessive local accumulation of heat could lead to structural degradation and loss of 

properties. 

        

    

   
Fig. 5.10. Schematic mechanisms of formation of hybrid nanostructure by ball-milling. 

 

5.5.  Optical properties of hybrid nanostructures 

 

5.5.1. Absorbance 

 

Fig. 5.11. shows the UV-Vis absorption spectra of the different nanomaterials in the range 300-

600 nm. The pristine TiO2 shows an absorption spectrum with a strong absorption peak in the 

UV region and an absorption edge at ≈392 nm, similar to that reported in the literature [50]. 

Subsequently, after mechanical milling, TiO2 showed a redshift of the absorption edge to ≈441 

nm. In addition, the spectrum exhibited an increase in absorption in the visible region. This 
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increase in absorbance can be attributed to various factors such as particle size reduction, the 

creation of structural defects, and/or changes in the crystalline structure of the material. 

Mechanical milling led to the creation of more edges and active surfaces on the TiO2 particles, 

which increased their ability to absorb light. This phenomenon corroborates the fact that the 

structure and properties of TiO2 were modified due to the creation of defects and/or changes in 

the crystalline structure of TiO2 during the milling process. 

 

 
Fig. 5.11. UV-Vis absorption spectra of TiO2 and TiO2-GO nanostructures. 

 

Then, after the incorporation of GOs, a further increase in absorption in the visible light 

region is observed, which could be due to the presence of the carbonaceous compounds [51, 

52]. The increase in visible absorption observed in hybrid nanostructures indicates increased 

photon harvesting in this region [53], which is beneficial in advanced oxidation processes such 

as photocatalysis. Each spectrum showed a characteristic absorption in the UV region 200-400 

nm associated with the O2p → Ti3d  electron transition [54]. The absorption edge was further 

redshifted in the range of ≈461 and ≈510 nm, where the largest redshift was observed for the 

nanostructure with the lowest oxidized GO [TG(0.5)]. 

 

5.5.2. Optical bandgap 

 

The optical bandgap of the different materials was determined from the Kubelka-Munk 

functions vs the energy plot. As a result of the absorption edge shift in the different materials 

after mechanical milling, the resulting optical bandgap was reduced from ≈3.27 eV for pristine 

TiO2 to ≈3.02 eV for milled TiO2 (Fig. 5.12.a), which is in agreement with the reports of other 
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authors [55]. The nanostructures exhibited bandgaps in the range of ≈2.95 to 3.07 eV (Fig. 

5.12.b.). This result suggests that mechanical milling modified the structure and properties of 

TiO2, significantly reducing its bandgap without the addition of GO. In this context, GO had 

no significant effect on the electronic structure of TiO2. It is therefore possible that the 

contribution of GO to the nanostructure is confined to the core-shell interface, as revealed by 

TEM, and does not significantly affect the optical properties of the core. 

 

  
Fig. 5.12. Plots of (αhν)

2 vs the energy of absorbed light of (a) TiO2 and (b) TiO2-GO 

nanostructures.  

 

5.6. Electrical conductivity 

 

Fig. 5.13.a. shows the change in electrical conductivity as a function of frequency at room 

temperature for pristine and milled TiO2 and hybrid nanostructures, respectively. The 

conductivity of all samples increased with increasing frequency. At low frequencies, charge 

carriers move a long distance within the material to change the direction of the electric field. 

In this case, the average distance crossed by the charge carriers is greater than the correlation 

length at frequencies below the critical frequency. At high frequencies, the electrical 

conductivity is realized as a hopping process of carriers between localized states, so an almost 

linear increase is observed in the plots [56]. Likewise, the materials showed the absence of a 

DC (direct current) plateau due to the interfacial polarization (Maxwell-Wagner-Sillars (MWS) 

polarization) caused by charge accumulation at the interface, as observed in other works [57–

59]. However, the latent plateau of continuous conductivity (σDC) in systems with MWS 

polarization effects can be determined using the Jonscher model (eq.10) [60]. 

 

         σ(ω)= σDC+ Aωn = σDC+ σAC                    (eq. 10) 

 

where σ(ω) is the total conductivity at frequency ω, σDC is the DC conductivity (direct 

current) σAC is the AC conductivity (alternating current) of the sample, n is the level of 

interaction of the mobile ions with the surrounding lattices and A is a constant whose value 

indicates the polarizability strength. 
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Fig. 5.13. Electrical conductivity at room temperature of TiO2-GO nanostructures. 

 

The calculated values show that the conductivity of pristine TiO2 increased after the milling 

process, which can be attributed to the reduction in particle size and the increased number of 

defects in its crystal structure created by mechanical milling (Fig. 5.13.b.). These defects, such 

as vacancies or interstitials, facilitate electrical conduction [29]. TiO2 is easily partially 

reduced. which can also contribute to its conductivity and can be further reduced with a less 

oxidized GO. After the incorporation of GO into the nanostructures, a slight increase in 

conductivity was observed. This may indicate that when GO is added to TiO2, it can act as a 

'glue' to bind the ground TiO2 particles together, as shown by TEM (Fig. 5.10.). This creates a 

conductive network in the matrix, which improves dispersion and contact between the TiO2 

particles and improves conductivity by providing a pathway for electron flow. In this context, 

the interface between TiO2 and GO is critical, allowing more efficient charge transfer, as 

evidenced by the increase in the exponent "n" in Table 5.2. Furthermore, the higher 

conductivity in the lower oxidation nanostructures [TG(0.5) and TG(1)] may be related to a higher 

specific surface area, which further facilitates charge transfer. This finding aligns with prior 

investigations conducted by Li X et al [61] and the BET calculated surface areas are shown in 

Fig. 5.5. 

 

Table 5.2. The fitting parameters obtained from experimental data of the conductivity (σDC) 

as a function of frequency using Jonscher's power law 

Materials σDC (S/cm) A n R2 

Pristine TiO2 5.590 x 10-9 6.803 x 10-10 0.386 0.984 

Milled TiO2 2.485 x 10-8 9.379 x 10-11 0.649 0.998 

TG(0.5) 3.090 x 10-7 1.059 x 10-9 0.662 0.999 

TG(1) 2.507 x 10-7 8.593 x 10-10 0.661 0.999 

TG(3) 1.778 x 10-7 6.095 x 10-10 0.662 0.998 

TG(6) 1.457 x 10-7 4.996 x 10-10 0.663 0.999 

TG(10) 1.632 x 10-7 5.595 x 10-10 0.662 0.998 
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5.7. Conclusion 

 

Hybrid nanostructures based on TiO2 and GO were successfully obtained by ball-milling.  

 

• Microstructural analysis by XRD revealed a broadening and reduction in the intensity 

of the peaks corresponding to the anatase phase, as well as lower-quality 

diffractograms. This was attributed to the fracturing of the particles into smaller 

fragments, affecting the grain size distribution and crystalline orientation. The 

appearance of additional crystalline phases such as rutile and brookite was also 

observed and confirmed by Raman spectroscopy. These results suggest that the 

resulting hybrid nanostructures consist of a TiO2 main matrix with a mixture of 

allotropic varieties with a high level of structural defects. 

 

• Quantitative analysis by Raman spectroscopy has shown that high energy ball-milling 

generates a high concentration of structural defects and disorder in the GOs 

incorporated in the hybrid nanostructure, highlighting the predominant presence of 

“grain boundaries” in all cases. Furthermore, it was observed that the pronounced 

structural changes of the GOs concerning their oxidation degree, discussed in Chapter 

4, lose a clear trend after the high energy ball-milling process, due to the aggressive 

nature of this method. 

 

• The effect of high energy ball-milling was also evidenced by a significant increase in 

the specific surface area (SSA) of pristine TiO2 from ≈8 m2/g to ≈12 m2/g. 

Subsequently, with the addition of GO, the SSA continued to increase to a maximum of 

≈29 m2/g. However, when analyzing the behavior of different hybrid nanostructures, it 

was found that the SSA was higher in GOs with a lower oxidation degree compared to 

those with a higher oxidation, contrary to what was observed for the GOs of Chapter 4. 

This phenomenon was attributed to the fact that GOs with higher oxidation led to higher 

agglomeration Because of there is a greater concentration of functional groups, as 

demonstrated by FTIR. 

 

• SEM images confirmed the reduction of the TiO2 particle size from ≈110 nm to particles 

with dimensions between ≈81 and ≈88 nm after the ball-milling process. On the other 

hand, TEM analysis revealed the formation of hybrid TiO2-GO nanostructures, where 

irregular and agglomerated GO-coated TiO2 particles were observed. FTIR analysis 

showed the formation of Ti-O-C bonds, which confirms the interaction and connection 

between the two investigated structures. 

 

• The study of the electrical properties showed an improvement in the electrical 

conductivity of TiO2 after milling from 5x10-9 to 2x10-8 S/cm. The optical bandgap was 

reduced from ≈3.27 eV to ≈3.02 eV. However, although the analysis of the GO hybrid 

nanostructures revealed a significant improvement in light absorption in the visible 

region, this was not reflected in the bandgap, which remained in the range of ≈2.95-
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3.03 eV. This behavior was also reflected in the electrical conductivity. These results 

suggest that although ball-milling improves the optical-electrical properties of TiO2, the 

addition of GO does not cause a significant change in these properties, highlighting the 

need to explore other strategies to improve the properties of the hybrid material. 
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Chapter VI:  

 

Photosonication: Engineering of hybrid 

nanostructures based on TiO2 & GO 
 

CHAPTER 6. Photosonication: Engineering of hybrid nanostructures based on TiO2 & GO 

Sonochemistry is the study of the chemical reactions that occur when molecules are exposed 

to high-frequency ultrasound (between 20 kHz and 10 MHz) [1]. Sonochemistry is used to 

enhance chemical reactions such as synthesis and catalysis. This technique results in the 

formation of large-area nanostructures with limited agglomeration. When intense ultrasonic 

waves are coupled into liquids, very short-lived bubbles are created that grow and break 

immediately due to the phenomenon of acoustic cavitation. Ultrasonic cavitation enhances 

mass transfer between reactants, accelerates the reaction, and/or allows the chemical pathway 

to be altered [2]. During the formation and collapse of the formed bubbles, a high-stress region 

is created in the vicinity of the bubbles, which raises the local temperature and creates a high-

pressure region of about 20 Mpa [3]. Sonochemical synthesis has gained interest in green 

chemistry because it is cost-effective and can reduce the use of additional reagents during 

synthesis. The use of sonochemical approaches offers several advantages, such as faster 

reaction times, larger surface area, uniform size distribution, and higher phase purity in 

nanomaterials synthesized using these strategies [2]. 

 

The application of ultrasound to TiO2 is effective in reducing its particle size, producing 

greater sphericity and homogeneity compared to conventional methods [4]. In addition, the use 

of ultrasound can cause atomic rearrangements and the formation of defects in TiO2, facilitating 

the activation of its surface [5]. This phenomenon is induced by cavitation bubbles, during the 

ultrasonication process, creating defects on the surface of nanoparticles [6]. For example, in a 

recent study on the ultrasonic treatment of TiO2 by Bae et al. in 2022 [5], it was shown that the 

cavitation bubbles generated during this process led to the formation of Ti3+ defects on the 

surface of TiO2 particles. In the case of GO, sonication plays a significant role in several 

properties. The sonication time during GO preparation affects the sheet dimension, point 

defects, surface morphology, oxidation degree, and interlayer spacing [7]. According to 

Mellado C. et al. 2019 [8], when direct sonication is applied to GO samples, interlayer 

deformation is generated, which increases the roughness and defects of the sheets. In a study 

by Ye S. et al. 2016 [9], the effect of sonication on the mechanical characteristics of GO was 

study and it was found that soft and short sonication achieves complete delamination of GO 

flakes while maintaining a large lamella size. However, increasing the sonication time 

significantly reduced the size, resulting in a deterioration of the mechanical properties. Turner 
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P. et al. 2019 [10] pointed out that sonication is a method for in situ control of graphene flake 

size. Inertial cavitation drives exfoliation and provides a way to improve exfoliation rates. 

Other studies suggest that sonication plays a critical role in the reduction of GO to form reduced 

graphene oxide (rGO) [11]. Ručigaj A. et al. 2022 [12] demonstrated that ultrasonic cavitation 

not only leads to GO exfoliation but also causes cleavage of in-plane C-C covalent bonds, 

resulting in GO reduction. On the other hand, previous research has demonstrated the 

effectiveness of sonication in the formation of hybrid structures [13]. A study by Lee J. et al. 

in 2016 highlighted the achievement of SiO2/TiO2 core-shell structures, which were used in the 

degradation of methyl orange [14]. Similarly, Ghows N. et al. in 2012 [15] achieved CdS/TiO2-

based core-shell hybrid nanostructures by using sonication. These results highlight the potential 

of sonication in the synthesis of complex hybrid nanostructures.  

 

Thus, the present chapter focuses on the analysis of hybrid nanostructures based on TiO2 

and GO prepared by photosonication. The discussion points out the influence of the oxidation 

degree of the incorporated GO on the structural, morphological, and chemical characteristics 

of the resulting hybrid nanostructures. The details of the fabrication have been described in 

detail in Chapter 2. The efficacy of the photosonication process for the formation of Ti3+ surface 

defects as paramagnetic species was demonstrated. The adsorption of GO induced the 

formation of Ti-O-C chemical bonds, limiting the concentration of Ti3+ surface defects. In 

addition, optical and electrical properties were evaluated to provide a complete picture of the 

potential applications of the fabricated nanostructures TiO2-GO. 

 

6.1.Structural and morphological analysis 

 

The study of hybrid nanostructures based on TiO2-GO by the photosonication process has been 

enriched by a detailed analysis of the structural and morphological properties of the resulting 

materials. The application of advanced techniques, such as SEM/TEM, has allowed direct 

observation at the nanometer scale, providing accurate visualization of the resulting 

morphology of the nanostructures. The use of X-ray diffraction allows the identification of the 

crystalline phases of TiO2, while Raman spectroscopy sheds light on the characteristics of the 

graphite domain in the GOs after their incorporation into the nanostructures, as inferred from 

the changes in the D/G ratios. In addition, electron paramagnetic resonance (EPR) experiments 

were carried out to identify the active electronic defects present at the interfaces and to study 

their characteristics concerning GO oxidation and the effect of sonication of the TiO2-GO 

nanostructures. The FTIR-ATR technique was used to elucidate the nature of the interface 

between the two structures, providing a deeper understanding of the interactions at the 

molecular level. This comprehensive set of analytical techniques has allowed a thorough 

investigation of the TiO2-GO hybrid nanostructures, providing a solid basis for understanding 

their fundamental properties and emphasizing a suitable formation mechanism. 

 

6.1.1. Morphology TiO2-GO by TEM 

 

Fig. 6.1.a. shows pristine TiO2 particles, with an average size of ≈108 nm, while the hybrid 

nanostructures are mainly composed of TiO2 particles coated with GO, forming a core-shell 
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type structure. These observations demonstrate the formation of a TiO2-GO hybrid structure 

rather than a separate mixture of TiO2 and GO. Fig. 6.1.b. presents the nanostructure with the 

lowest oxidation of GO [TG(0.5)]. It is shown that TiO2 particles are surrounded by an irregular 

GO shell with thicknesses between approximately 6 and 21 nm, as well as other uncoated areas. 

On the other hand, nanostructures with a higher oxidation degree as [TG(10)], present a more 

homogeneous shell on the whole particle, albeit with less thickness (Fig. 6.1.c.). TEM images 

of the core-shell structures with intermediate oxidation degrees are shown in Fig. S.6.1. For 

TG(1), although it shows a coated particle, the outermost layer presents different thicknesses 

ranging between ≈10 and ≈3 nm while TG(3) and TG(6) show an improved homogeneity with 

average thicknesses of ≈5 and ≈4 nm, respectively. This organization is influenced by the 

morphology of the GO as a consequence of its oxidation degree described in Fig. 4.10. of 

Chapter 4. That is, the GO with lower oxidation presents larger carbon platelets, as well as 

greater stacking, compared to the GO with higher oxidation where there is a greater degree of 

flaking and wrinkling. 
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Fig. 6.1. TEM images of TiO2-GO nanostructures by photosonification method (a) Pristine 

TiO2 (b) TG(0.5) nanostructure with lower oxidation (c) TG(10) nanostructure with higher 

oxidation (reprinted from our publisher work on Elsevier 2024 [16]). 

 

6.1.2. X-ray diffraction analysis 

 

Fig. 6.2. shows an overlay of the XRD patterns of pristine TiO2 compared to those of the TiO2-

GO nanostructures. Pristine TiO2 shows diffraction peaks from the planes (101), (004), (200), 

(211), and (105) at 2θ≈25.24°, 37.75°, 47.99°, 53.85°, and 55.03°, respectively, all 

corresponding to the anatase phase of TiO2 (JCPDS 21-1272). The XRD patterns of the 

nanostructures show a crystalline nature of TiO2, and no peaks related to GO were observed, 

presumably due to their low concentration (2%) of GO compared to TiO2. 

 

The magnification of the TiO2 XRD peak (101) in Fig. 6.2. shows a decrease in its intensity 

in the nanostructures compared to pristine TiO2. This behavior reveals the reduction of the 

crystalline phase in TiO2-GO nanostructures, which is attributed to two phenomena caused by 

the sonication process in a liquid medium. First, (i) the deagglomeration and delamination of 

the particles lead to smaller grains [17]. The reduction in particle size directly impacts the 

strength of the peaks. As the particle size drops, fewer lattice planes contribute to the diffraction 

pattern, resulting in a decrease in the intensity of the XRD peaks [18]. Second, (ii) the cavitation 

bubbles created in the solution when subjected to ultrasound facilitate the desorption and 

release of species that are typically adsorbed on the surface of the particles. This process leads 

to the reduction of surface titanium ions through the formation of Ti3+ [19–21] as discussed 

below in the EPR results section. Both phenomena (i) and (ii) actively contribute to the 

observed decrease in the peak intensity of TiO2 in sonicated nanostructures. 

 

Upon incorporation of GO under sonification, the Ti3+ ions generated on the surface of the 

particles were neutralized by forming bonds with the oxygen atoms in the surrounding GO. 

Thus, oxygen in GOs can act as an oxidizing agent and accept electrons to form bonds with 

reduced species, such as Ti3+ ions on the surface of sonicated TiO2 particles. This may lead to 
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partial recovery of crystallinity in the region near the interface between TiO2 and GOs, 

increasing the intensity of XRD peaks. Thus, the highest oxidized nanostructure TG(10) exhibits 

a higher intensity compared to the less oxidized TG(0.5). This behavior may also explain the 

modest displacement of the peak towards lower 2-theta angles. When Ti3+ is formed on the 

surface of TiO2 particles, it generates a distortion in the arrangement of atoms in the crystalline 

planes near the surface [22, 23]. This distortion can lead to an increase in the spacing between 

the crystalline planes, resulting in a shift of the diffraction peak towards smaller angles. 

However, by incorporating GO, the partial recovery effect due to oxygenated groups will again 

shift the peak position to higher angles, and for this reason, the nanostructure with the most 

oxidized GO [TG(10)] shows an XRD line position similar to pristine TiO2. 

 

 
Fig. 6.2. XRD of pristine TiO2 and TiO2-GO hybrid nanostructures by photosonication 

(reprinted from our published work on Elsevier 2024 [16]). 

 

The Debye-Scherrer relation (Eq. 1) was used to evaluate the crystallite size (D) from the 

diffraction patterns. The average crystallite size calculated for the pristine TiO2 was 

approximately 35 nm. In the TG(10) nanostructure, the D value is similar to pristine TiO2 but 

decreases monotonically down to 27 nm for the TG(0.5) (Table 6.1.). The deformation (ε) and 

the dislocation density (δ) were calculated using eq. 3 and 4. The calculated ε and δ values 

show a similar evolution as a function of the GO oxidation degree (Table 6.1.). Moreover, 
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surface states play an important role in nanomaterials, particularly, when surface reactions are 

involved in phenomena such as adsorption or heterogeneous catalysis. The dislocation density 

(δ) and the average strain (ε) reduce the occurrence of surface defects resulting from the 

mechanical stress induced by the sound waves applied during the sonication process. The 

gradual increase of these parameters with the lowering of the GO oxidation degree 

demonstrated strong interactions at the nanostructure interfaces.  

 

Table 6.1. Calculated values from the XRD pattern 

Materials 
Average crystallite 

size D (nm) 

Dislocation 

density δ (nm-2)  

Average 

Strain (ε) 

Pristine TiO2 35.65 0.00079 0.00264 

Sonicated TiO2 26.89 0.00138 0.00339 

TG(0.5) 27.21 0.00135 0.00336 

TG(1) 30.10 0.00110 0.00305 

TG(3) 32.25 0.00096 0.00287 

TG(6) 33.90 0.00087 0.00270 

TG(10) 35.58 0.00079 0.00260 

 

In summary, the information in Table 6.1. shows a remarkable trend of TG(10) values 

converging to the behavior of pristine TiO2. As mentioned above, the main reason can be due 

to the interaction of the oxygen in the GO with the Ti3+ defects created on the surface of the 

sonicated particles. Consequently, this interaction would partially contribute to restore the 

crystalline structure with a dislocation density (δ) comparable to that of pristine TiO2. 

Similarly, such interaction would compensate for the deformations induced by Ti3+ defects. 

The interaction with the oxygen present in the GO would also attenuate the local deformations, 

resulting in an average deformation value similar to that of pristine TiO2. These effects are 

more prominent at greater oxidation levels due to the increased oxygen concentration. 

 

6.1.3. Raman spectroscopy analysis 

 

The Raman spectra of the photosonicated hybridized nanostructures in the range of 100 to 800 

cm-1 are shown in Fig. 6.3. The identified Raman modes are consistent with the anatase phase 

(Fig. 5.2.-Chapter 5). The narrow and intense band at ≈142 cm-1 is attributed to the Ti-O-C in 

nanostructures based on TiO2 and GO [24], so the non-stoichiometry at the surface due to 

reduced Ti3+ ions strongly influence the intensity and signal width of the Eg(1) band. 

 

The magnification of Fig. 6.3. shows an increase in Eg(1) signal intensity with increasing 

oxidation degree, together with a slight shift to a higher wavenumber position (Fig. 6.4.a.). The 

observed changes are attributed to the interactions between the adsorbed GO on the TiO2 

surfaces after the photosonication process, which modify the features of the interface. TiO2 
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particles coated with GO fragments may create surface regions of higher or lower stress, which 

can alter the interaction of the interfaces. As shown in the TEM images for TG(0.5), an irregular 

GO shell occurs on TiO2 surfaces, and this arrangement hardly changed the Raman fingerprint 

of TiO2. This behavior contrasts with the sample TG(10) where a more ordered GO shell is 

homogeneously realized as a thin layer on TiO2. In this case, the realization of layers with easy 

charge transport in the nanostructure can be expected. Therefore, the increase in Raman 

intensity of TiO2-GO nanoparticles could be related to the plasmonic effect originating from a 

large electronic density present within the shell layer. When GO interacts with light, it causes 

electronic oscillations that produce a locally amplified electric field. As a consequence, the 

detection of surface species is improved by intense Raman signals from the surface of TiO2 

core-shell nanoparticles [25, 26].  

 

 
Fig. 6.3. Raman spectra of TiO2 anatase and TiO2-GO nanostructures by photosonication 

(reprinted from our publisher work on Elsevier 2024 [16]). 

 

Fig. 6.4.b. shows the decrease of FWHM with increasing crystallite size as determined by 

XRD. This phenomenon is attributed to the presence of a greater number of atoms with 

unsaturated coordination on the surface of smaller crystallites. This can result in a wider range 

of Ti-O bond lengths and increased disorder within the material. 
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Fig. 6.4. Evolution of (a) intensity and E(1g) position band and (b) changes in the amplitude 

[FWHM] of the Eg(1) band and the crystallite size. 

 

Fig. 6.5 shows the Raman spectra of TiO2-GO hybrid nanostructures in the range of 1000 

to 2000 cm-1. The presence of the D and G-bands are observed. The evolution of GO before 

and after its incorporation into TiO2 nanostructures is discussed below. 

 

 
Fig. 6.5. Raman spectra of TiO2-GO hybrid nanostructures (range 1000-2000 cm-1) 
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6.1.3.1. Evolution of GO after incorporation into hybrid nanostructures 

 

The spectra were deconvolved using the Lorentzian line shape to properly analyze the features 

of the D and G-bands of the GOs incorporated into the nanostructures. To evaluate the 

structural changes in the carbonaceous structure before and after its incorporation into the TiO2 

hybridized nanostructures, the spectra were deconvoluted using Lorentzian peaks to identify in 

detail the evolution of the identified bands D*, D, D", G, and D'. The deconvolved spectra are 

shown in Fig. S.6.2. and the data obtained are given in Table 6.2. 

 

Table 6.2. Values obtained from the Lorentzian deconvolutions of the Raman spectra. 

Material Parameters D* D D" G D´ 

TG(0.5) 

Position 1182.16 1310.48 1582.49 1644.34 1705.98 

FWHM 20.39 129224.18 39383.65 91232.29 34218.68 

Area 6.38 158.60 95.48 114.55 86.21 

TG(1) 

Position 1182.63 1315.35 1589.15 1646.04 1700.77 

FWHM 21.55 140258.81 41110.04 92485.63 40996.71 

Area 5.82 153.59 89.57 119.22 125.44 

TG(3) 

Position 1182.71 1326.13 1584.42 1639.63 1697.97 

FWHM 20.00 238666.68 70546.17 153371.32 73043.35 

Area 6.00 143.41 82.93 113.91 121.96 

TG(6) 

Position 1182.77 1334.40 1568.83 1622.97 1682.39 

FWHM 28.15 291472.89 79104.20 168178.37 98611.15 

Area 6.69 142.29 81.43 104.25 153.35 

TG(10) 

Position 1182.08 1333.91 1570.65 1626.70 1676.04 

FWHM 21.25 285743.27 81915.79 163443.79 96310.37 

Area 2.45 138.75 84.20 106.45 168.42 

 

6.1.3.1.1. D- and G-band positions 

 

The results showed a shift towards lower positions of the D-band in the GOs after 

photosonication and incorporation into TiO2 (Fig. 6.6.a.). This phenomenon indicates a 

decrease in structural defects and an improvement in the crystallinity of the material. A lower 

D-band position indicates a reduction in such defects, resulting in a more ordered structure. 

This shift is often observed during the reduction of GO to reduced graphene oxide (rGO), 

indicating an improvement in the quality of the material [27, 28]. 
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In contrast, the shift of the G-band to a higher position, (Fig. 6.6.b.) indicates a reduction 

of oxygen-containing functional groups and an increase in the size of the sp2 carbon domain of 

the material. This shift is commonly referred to as a "red shift" in Raman spectra. As discussed 

in Chapter 4, the G-band in the Raman spectrum of GO is associated with the sp2 carbon 

domains, and a higher position indicates a decrease in oxygen-related functional groups and an 

increase in the average size of the sp2 carbon domains, reflecting the restoration of the graphitic 

structure. Other researchers have shown that sonication is an effective method for GO reduction 

and graphitic structure restoration, resulting in the observed red shift in the G-band of Raman 

spectra [29, 30]. 

 

  
Fig. 6.6. Band position of GO before and after incorporation into TiO2 nanostructures. (a) D-

band position (b) G-band position 

 

6.1.3.1.2. AD/AG ratio and graphitic crystallite size 

 

The correlation between the D- and G-band areas (AD/AG) was evaluated as shown in Fig. 

6.7.a. In all cases, a decrease in the AD/AG ratio of the GOs was observed after their 

incorporation into the nanostructures with TiO2. This change is further reflected in the 

increased size of graphitic crystallites after photosonication (Fig. 6.7.b), which is associated to 

the reduction of structural defects and restoration of sp2 carbon domains, thus improving 

crystallinity. Previous research has shown that sonication favors GO dispersion and stimulates 

the reduction of GO to rGO, which is associated with an increase in the average size of sp2 

carbon domains and crystallite size. These changes are manifested in the Raman spectra by a 

red shift of the G-band and a reduction of the D/G ratio [31, 32]. 

 

It was observed that the AD/AG ratio trend is maintained according to the initial oxidation 

degree of the GOs, i.e. as the oxidation increases, the AD/AG ratio increases. However, within 

the set of all GOs, the one with the lowest oxidation [TG(0.5)] showed minimal changes after 

incorporation into TiO2. In this context, the original low-oxidation GO presented larger 
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graphitic crystals without significant changes due to its initial oxidation. In addition, it showed 

a low presence of functional groups, suggesting a higher resistance to transformations during 

the sonication process. In contrast, the most oxidized GOs, being highly exfoliated and with a 

high concentration of oxygenated groups, experienced a more pronounced change in their 

structure during photosonification. This phenomenon involved, first of all, the removal of a 

greater concentration of functional groups, resulting in a more pronounced restoration of the 

graphitic domains. In conclusion, the GO oxidation degree exerts a significant influence on the 

resistance of its structure to photosonification-induced changes. The reduced presence of 

oxygenated groups in a low oxidation GO seems to give it a higher stability and a lower 

susceptibility to structural changes during the sonication process compared to highly oxidized 

GOs. 

 

  
Fig. 6.7. Evolution of graphene oxide before and after incorporation into TiO2 (a) AD/AG ratio 

and (b) GO graphitic domain size (Lc). 

 

Analysis of the D' bands showed AD'/AG values greater than ≈0.28 in all cases, consistent 

with boundary-type defects (discussion in Chapter 4). This is consistent with the nature of 

defects caused by the GOs sonication process [32]. Therefore, the research supports the idea 

that photosonification mainly promotes this type of defect. 

 

6.1.4. Interface bonds analysis by FTIR-ATR 

 

Fig. 6.8.a. shows the FTIR-ATR spectra of pristine TiO2 and TiO2-GO nanostructures. In 

pristine TiO2, two bands corresponding to the Ti-O stretching vibration were observed at ≈731 

and ≈445 cm-1, while the band at ≈574 cm-1 was attributed to Ti-O-Ti bonds in the lattice [33]. 

On the other hand, an additional band at ≈1063 cm-1 corresponding to C-O stretching vibrations 

was identified in the nanostructures, which becomes more intense and defined with increasing 

GO oxidation degree (Fig. 6.8.b.). Thus, an increase in the intensity of the spectra in the range 
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of 400-900 cm-1 is also observed, which is associated with the formation of a higher 

concentration of Ti-O-C bonds [34]. 

 

To validate and fully elucidate the atomic interaction between the two structures at the 

interface, a Lorentzian deconvolution analysis of the spectra in the range of 400 to 900 cm-1 

was performed (Fig. S.6.2.). This analysis identified a band at ≈800 cm-1 that is attributed to 

the presence of Ti-O-C bonds. These bonds are related to the bonding between the free 

electrons on the TiO2 surface and some unpaired π-electrons of the GO, resulting in a shift of 

the vibrational modes [35]. This finding evidences the formation of Ti-O-C bonds resulting 

from the neutralization of the Ti3+ surface defects of TiO2 with oxygen from the GO functional 

groups. Furthermore, quantification of the area under the curve revealed a direct relationship 

between the GO oxidation degree and the formed amount of Ti-O-C bonds (Fig. 6.8.b.). This 

phenomenon is in agreement with the theoretical DFT study in Chapter 3 [42], where it was 

shown that after the geometrical relaxation of a hybrid structure based on TiO2 and GO, both 

surfaces are connected by the oxygen atom from the GO, thus forming a Ti-O-C bond that 

bridges the two structures. The study also revealed the absence of bonds between the C and Ti 

atoms. Our results would then confirm the nature of the interaction between the two structures 

at the interface. 

 

  
Fig. 6.8. (a) FTIR-ATR spectra range of 400-2000 cm-1 (b) Quantifying the area under the Ti-

O-C bond curve (reprinted from our published work on Elsevier 2024 [16]). 

 

6.2.EPR study 

 

6.2.1. Ti3+ defects on TiO2 by EPR 

 

EPR spectroscopy is highly sensitive to paramagnetic species caused by defects such as 

vacancies, impurities, and valence changes due to oxidation or reduction. EPR has been used 

to elucidate the nature of electronic active defects that accompany the formation of TiO2-GO 

nanohybrid nanostructures during sonication treatment. Fig. 6.9. shows the EPR spectra of 
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TiO2 at room temperature, before and after the photosonication process. In pristine TiO2, Ti3+ 

ions exhibit a 3d1 electronic configuration, generating a sharp EPR signal with the 

characteristics of dust spectra associated with d-unpaired (S=1/2) spin species in a local axial 

symmetry. The Ti3+ concentration is directly related to the signal intensity and the Landé �̃�-

tensor anisotropy which is traduced by different resonance lines in the EPR spectra is directly 

correlated with the local environment symmetry of Ti3+. In EPR spectroscopy, such symmetry 

is accounted theoretically by the anisotropic interaction between the applied magnetic field and 

the spin-related magnetic moment of the unpaired electron carried by Ti3+. In a general case, 

this interaction is represented by a spin Hamiltonian (�̂�) [36, 37] written as: 

 

                                   �̂� = µB • �⃗�  • �̃� • 𝑆                              (eq. 11) 

 

Where µB represents the Bohr magnetron, �⃗⃗�  is the magnetic field (vector), �̃� is the Landé 

tensor and �⃗⃗�  the electron spin operator (vectorial). From the observed form of the EPR 

spectrum composed of two well-resolved singularities, the parameters of the tensor in its 

orthonormal main frame (OXYZ) are such that gz=g|| and gx=gy=g⊥.  

 

 
Fig. 6.9. EPR spectra of pristine and photosonicated TiO2 at room temperature. 

 

In this case, the positions of the analysis of the EPR line lead to the g-tensor values with 

gz=g∥=1.936 and gx=gy=g⊥=1.993. These values describe the anisotropy of the host crystal site 

for Ti3+ as an octahedral or pyramidal environment with oxygen ligands on a square basis. After 

the TiO2 sonication process and before incorporating GO, g-tensors at gz=g∥=1.933 and 
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gx=gy=g⊥=1.990 remain very close to those of pristine TiO2. The almost constant component 

values of the g-tensors suggest that the local structure of the hosting environment for Ti3+ is 

similar to that in which native defects are involved. Nevertheless, there is a noticeable rise in 

the strength of the EPR signal, indicating an increase in the concentration of Ti3+ caused by 

photosonication.  Indeed, ultrasonic treatment of TiO2 powders in solution influences the 

aggregation or dispersion of the particles and, at the same time, modifies the arrangement or 

distribution of the surface atoms. That is, if the TiO2 particles were agglomerated before 

sonication, the process could have disorganized these environments, exposing a larger fraction 

of the surface area. This increase in surface area would confirm the increase in surface Ti3+ ion 

concentration. To summarize, the principal changes in the EPR spectra before and after 

photosonication confirm our XRD discussion and provide compelling proof that the procedure 

itself influences the rearrangement of atoms, resulting in defects on the TiO2 surface. 

 

6.2.2. Field splitting (WΔg) and anisotropy after GO incorporation 

 

Fig. 6.10. shows the EPR spectra of the sonicated TiO2  after the incorporation of GOs with 

different oxidation degrees. Comparing the magnetic field splitting  (WΔg) due to the anisotropy 

of the g-tensor in the nanostructures with that of the photosonicated TiO2  (WΔg =99.91 G), we 

may notice a significant decrease in this value for all the nanostructures considered. The 

relative reduction of that factor, of the order of 18%, implies a significant effect of GO 

adsorption on the TiO2 surfaces leading to the formation of core-shell-type structures, as 

demonstrated by the TEM observations discussed above. On one hand, GO is a material with 

excellent mechanical properties such as high tensile strength and stiffness [38]. The location of 

GO clusters on the TiO2 surface leads to compressive forces that could influence the reduction 

of interatomic distances with a particular effect on surface bonding. Therefore, it is expected 

that the local environment of the reduced Ti3+ ions on the surface will change as it will be also 

the anisotropy of the associated EPR spectra. These experimental results support the theoretical 

findings presented in Chapter 3, where it was shown that the inclusion of GO on the TiO2 

surface resulted in a decrease in the distance between Ti-O atoms compared to the optimized 

TiO2 structure. 

 

On the other hand, analyzing the EPR line intensity of the nanostructures, it was first 

observed that the intensity of Ti3+ in the TG(0.5), TG(1), and TG(3) spectra gradually decreased 

with the adsorption of the GO layers. Within the GO shells formed, chemical oxygen bonding, 

and delocalized charges are involved and favor electronic interactions between the adsorbed 

GO and the TiO2 surfaces. Surprisingly, despite the increase in the amount of oxygen 

contributed by the higher oxidizing GOs, TG(6) and TG(10) nanostructures again show an 

increase in the intensity of the Ti3+ EPR signals. While this observation contrasts with the 

straightforward interpretation, the clarity presented by the XRD data guides us toward a deeper 

explanation of the observed phenomena. The shift of the XRD peaks to higher angles provides 

a solid basis for developing the hypothesis about how the increased oxidation of GO contributes 

to defect neutralization. So, we would also expect it to decrease the intensity of the Ti3+ signals 

in the EPR spectra. However, the high density of functional groups present in highly oxidized 

GO would promote interaction with each other, which may lead to the formation of small 
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agglomerates or aggregates [39]. This agglomeration may result in more pronounced magnetic 

and electronic interactions in the material, which, in turn, may increase the intensity of the EPR 

signals.  

 

 
Fig. 6.10.  EPR spectra of TiO2-GO hybrid nanostructures by photosonication (Adapted from 

our published work on Elsevier 2024 [16]). 

 

6.2.3. Paramagnetic behavior of GO as a function of the oxidation degree  

 

The room-temperature EPR signals of GO materials within the nanostructures were recorded. 

A single and sharp resonance line was observed with a Lorentzian shape located at g≈2.004. 

This value is characteristic of paramagnetic species involved in disordered carbon 

environments (sp3) as dangling bonds. Nevertheless, the presence of conduction electrons is 

expected to affect the EPR signal, provided that the associated spin relaxation times are long 

enough to allow detection of the associated EPR signal. As will be discussed below, the 
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temperature evolution of the EPR signal is relevant to distinguish between localized spins in 

disordered environments and delocalized spins associated with conducting electrons or 

thermally activated spin species. For the room temperature EPR spectra, their analysis leads to 

the spectral parameters summarized in Fig. 6.11.  

 

 
Fig. 6.11. EPR signal intensity and amplitude behavior of GO in TiO2-GO nanostructures 

(reprinted from our published work on Elsevier 2024 [16]). 

 

The integrated intensity I0 increases with increasing oxidation degree to reach the 

maximum for TG(10). This behavior is attributed to the presence of radical species formed with 

the incorporation of functional groups. An increase in the density of radicals and unpaired 

electrons in the sample can lead to more pronounced electron paramagnetic resonance (EPR) 

signals. Initially, the majority of the carbon rings are expected to remain intact, characterized 

by a low oxidation degree and consisting of three double bonds. However, as seen in Raman 

studies (D-band), the inherent disorder induces the formation of dangling bonds where sp3 

bonding and then accounts for the low radical concentration and then the low intensity of the 

EPR signal. With increasing the oxidation, a higher density of functional groups is created  and 

with it an increased disorder. In parallel with the increase of the intensity, the line-width (ΔH) 

progressively decreased with increasing oxidation degree. The decrease of the linewidth can 

be understood by exchange-narrowing phenomena [40]. Indeed, oxidation increases the 
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concentration of unpaired spins, which stimulates interactions between nearby spins. These 

interactions average the EPR signal from the different EPR active sites and limit the dispersion 

of the resonance position. As a consequence, the narrowing of the EPR line occurs with more 

or less intensity depending on the strength of interactions between unpaired spin species. 

 

6.2.4. Paramagnetic behavior of GO as a function of temperature  

 

The magnetic properties of the embedded GO were studied using temperature-induced changes 

of the EPR spectra in the temperature range from 100 to 300 K. Fig. 6.12. presents temperature 

dependencies of the normalized EPR signals. Intensities were determined from the double 

integral of the EPR signal and fitted using the Curie-Weiss equation [I0=C/(T-θC)], where C is 

the Curie constant and θC is the Curie temperature. The result of the fit is shown as a dotted 

line superimposed on the experimental data.  

 

The temperature-dependent magnetic susceptibility can inform the nature of interactions 

between paramagnetic species. Thus, a ferromagnetic interaction is shown for 

TG(0.5);(θC=68.7>0) and for TG(1);(θC=85.6>0) from the simulation of their temperature 

variation EPR signal intensity. No additional temperature constant spin susceptibility was 

observed. This excludes the existence of Pauli susceptibility which is associated with 

delocalized electrons. However, often structural defects, such as vacancies and edges, among 

other perturbations, are responsible for magnetic properties [41]. Therefore, the 

ferromagnetism observed in TG(0.5) and TG(1) would be attributed to local regions where defects 

can couple to each other [42, 43]. This can lead to spin interaction between magnetic moments 

located in defects or functional groups, resulting in preferential spin alignment, and promoting 

ferromagnetism [44]. Thus, for TG(0.5) and TG(1) the saturation of the intensity is observed 

below 130 K, indicating the manifestation of magnetic ordering at low temperatures. 

 

In contrast, the negative Curie-Weiss temperature for TG(3) indicates the presence of 

antiferromagnetic interactions (θC=-28.2<0). Although anti-ferromagnetism in GO has not 

been widely reported or definitively established, some studies have suggested such interactions 

in GO with the controlled introduction of defects. Ramakrishna et al. 2009 [45], revealed that 

in all prepared GO samples dominant ferromagnetic interactions coexist along with 

antiferromagnetic behavior similar to what occurs in disrupted or phase-separated systems. 

According to scientists, the magnetic properties of GOs are influenced by the number of layers 

and the area of the samples. In particular, lower values of both factors result in higher 

magnetism. Yazyev O et al. 2007 [46], determined that in graphitic materials with defects 

present with equal probability in both sublattices, the overall correlation of magnetic moments 

would be expected to be antiferromagnetic. They also found that both ferromagnetic and 

antiferromagnetic scenarios of magnetic interaction are possible, with the latter being more 

likely for truly disordered systems. Experimental evidence has shown that graphene with 

imperfections undergoes a transition from paramagnetic to antiferromagnetic when the 

temperature reaches a critical point. This behavior is caused by the appearance of numerous 

nucleations in the antiferromagnetic domains as a result of defect rearrangement with 

increasing temperature. Semenov Y., et al. 2011 [47] further add that since each domain is 
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characterized by partial compensatory magnetization of defects associated with different 

sublattices, the whole shows superparamagnetic behavior in the magnetic field. 

 
Fig. 6.12. Evolution of GO EPR signal intensity of TiO2-GO nanostructures (Temperature 

range: 100-300K) (reprinted from our published work on Elsevier 2024 [16]). 

 

Fig. 6.12 also shows an atypical spin susceptibility for the GOs with the highest oxidation 

degrees, namely TG(6) and TG(10). That is, with increasing temperature, the susceptibility 

decreases up to the inflection point around 270 K and then increases. The curves TG(6) and 

TG(10) were fitted using Curie and Pauli contributions [I0=C/(T-θC)+χp], resulting in θC=88.5>0 

for TG(6) and θC=93.4>0 for TG(10). Both fits indicate strong ferromagnetic interactions, similar 

to the behavior described for TG(0.5) and TG(1). However, the fact that TG(6) and TG(10) again 

show an increase in intensity from 270 K suggests thermal activation and increased 
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concentration of paramagnetic species due to a rearrangement of the functional groups already 

present. In other words, the higher the oxidation, the greater the variety of functional groups 

and/or faults introduced into the material. The different characteristics of these functional 

groups and defects could lead to an inhomogeneous and more disordered distribution of spins 

in the material. Thus, some regions could have a higher concentration of spins, favoring a 

particular magnetic arrangement, while other regions could have a lower spin density and 

magnetic behaviors that can be thermally activated. The existence of Pauli spin susceptibility 

suggests the presence of free electrons within the GO networks. The possibility of the 

plasmonic effect suggested by the Raman spectra may be correlated with the involvement of 

free electrons at the interfaces of TiO2−GO. 

 

6.3. Relation between nanostructure formation by sonication and EPR active defects 

 

From the results obtained and the analysis carried out, we can draw the following pictures for 

the TiO2-GO nanostructures based on the features of the Ti3+ EPR active electronic defects. 

Fig. 6.13. shows the proposed mechanism for the formation of nanostructures by the 

photosonication method and the influence of the GO oxidation degree on the final structure of 

the material. Initially, during the first step of TiO2 sonication in the aqueous medium (ethanol), 

an activated de-agglomeration of the primary powder particles occurs [48]. Subsequently, 

sonication produces a significant delamination effect by exposing a larger fraction of the 

surface area [49]. This would contribute to the increase in the surface concentration of Ti3+ 

ions, as confirmed by EPR (Fig. 6.13.a). Subsequently, when GO is introduced into the solution 

(Figs. 6.14.b-c), the positive charges present on the surface of TiO2 (Ti³⁺) can attract the 

negative charges present on the oxygenated functional groups of GO. This electrostatic 

attraction between the opposite charges can contribute to the adhesion of GO to the TiO2 

surface, eventually leading to the formation of a core-shell-type structure. The concentration 

of Ti3+ decreases due to their neutralization with the GO shell. In this context, when a Ti3+ 

defect encounters any of the oxygen atoms present on the GO layers within the proposed 

scheme, a redox reaction occurs in which the Ti3+ defect is oxidized to Ti4+, and the oxygen 

atom of the GO as illustrated in Fig.6.13.a.  

 

Previous works have mentioned that such covering features occur when one material has a 

lower surface energy than another. So, based on this rule, a GO with a calculated surface energy 

of 0.0621 J/m2 [50], would be coating a TiO2 with a calculated surface energy of 0.95 J/m2 

[51], which is in both cases consistent with the observed structural arrangement. The 

homogeneity of the GO shell is due to the structural arrangement shown in Fig. 6.13. That is, 

the less oxidized GOs show a marked tendency to present larger and less dispersed blocks in 

their configuration (Fig. 6.13.a). These blocks, which are essentially areas of less chemical 

modification, indicate the preservation of larger portions of the original graphite structure. The 

formation of core-shell structures with less oxidized GO would result in a thicker and less 

uniform shell (Fig. 6.13.b). In contrast, GOs with more oxidized have more dispersed, smaller, 

and exfoliated blocks in their structure (Fig. 6.13.b). This arrangement could promote a more 

uniform and effective interaction with the core particle, resulting in a more complete and 
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uniform adhesion to the TiO2 surface, producing a core-shell structure with a homogeneous 

appearance and complete shell (Fig. 6.13.c). 
 

 

 

 
Fig. 6.13. Schematic progress of TiO2-GO nanostructures formation by photosonification 

method (a) Deagglomeration of primary powder particles and reduction in particle size as a 

consequence of delamination and more formation of surface defects; (b) Incorporation of less 

oxidized GO (c) Incorporation of high oxidized GO (reprinted from our publisher work on 

Elsevier 2024 [16]). 
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6.4. Optical features 

 

The diffuse optical reflectance spectra of pristine TiO2 nanoparticles and TiO2-GO 

nanostructures are shown in Fig. 6.14.a. It can be seen from the spectra that the reflectance 

intensity of the nanostructures is lower than that of the pristine TiO2, which is related to the 

resulting structural arrangement at the surface. These modifications change the way how the 

light interacts with the surface of the nanostructures. Thus, when the TiO2 particle is coated 

with GO, it absorbs some of the light that would originally have been reflected by the uncoated 

TiO2 particle.  

 

The reflectance values were converted to the absorption coefficient F(R) using the 

Kubelka-Munk equation (eq. 6), and the optical bandgap was determined (eq. 7). The plots of 

Kubelka-Munk vs the energy of absorbed light can be seen in Fig. S.6.4. Fig. 6.14.b. shows a 

slight narrowing of the TiO2 bandgap after the incorporation of GO. A trend was also observed 

as a function of the oxidation degree, with the lowest value being exhibited by the least oxidized 

nanostructure [TG(0.5)]. Optical bandgap differences were not significant considering the 

uncertainty associated with their estimation, making it difficult to determine these values 

accurately. However, although the incorporation of GO significantly reduced the reflectance 

of the nanostructures, such changes in electronic structure and bandgap are attributed to 

localized effects occurring mainly at the interface between TiO2 and GO. These effects may 

not extend far enough into the material to significantly alter the bandgap throughout the 

structure.  

 

 
Fig. 6.14. (a) UV-diffuse reflectance spectra  and (b) optical bandgap values of pristine TiO2 

and TiO2-GO hybrid nanostructures  

 

6.5. Electrical Conductivity 

 

Fig. 6.15. shows logarithmic scale curves of electrical conductivity vs. frequency for the 

different materials. It is shown that, as the frequency increases, the electrical conductivity 
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increases, while the incorporation of GO contributed to the increase in conductivity of the 

nanostructures compared to that of pristine TiO2. The graphs did not show a clear conductivity 

plateau, this is associated with the fact that in core-shell type nanostructures, the interface 

between the GO core and shell can have a significant influence on the electrical properties, 

since, if the interface is not perfect or if there are defects in it, the charge transfer and 

conduction processes can be affected. The absence of a DC (direct current) plateau is due to 

interfacial polarization (Max-Well-Wagner-Sillars (MWS) polarization) that is caused by bulk 

charge accumulation at the interface, which usually occurs in heterogeneous systems with 

components with different conductivities [52]. The MWS polarization of the nanostructures is 

observed in the frequency range from 10-1 to 102 Hz, which correlates with the structural results 

shown in Fig. 6.1. That is, a higher slope in the TG(0.5) nanostructure is related to the non-

homogeneous shell shown in Fig. 6.1.b, while the lower slope is associated with the mostly 

homogeneous shell in Fig. 6.1.c [TG10]. Still, the latent plateau of DC conductivity in systems 

with MWS polarization effects was determined using the Jonscher model shown in Chapter 5 

(eq. 10).  

 
Fig. 6.15. Conductivity of TiO2-GO nanostructure vs. frequency at room temperature 

 

The calculated parameters are shown in Table 6.3. At low frequencies, charge carriers move 

a large distance within the compound to change the direction of the electric field. In this case, 

the average distance traveled by charge carriers at frequencies lower than the critical frequency 

is greater than the correlation length. At high frequencies, electrical conductivity is realized by 

hopping charge carriers between localized states, so a nearly linear increase is observed in the 

plot [53]. Table 6.3. also reveals that the DC electrical conductivity (σDC) of TiO2 experiences 
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an increase with the incorporation of GO, substantially improving the ability of the composite 

material to conduct electrical current. Furthermore, an additional trend can be observed in the 

data. As the GO oxidizes, the conductivity tends to decrease. This behavior could be related to 

changes in the structure and conduction properties of GO, i.e., with little oxidation a highly 

conjugated π-bond structure is maintained, which allows for high electronic mobility and thus 

high conductivity. The introduction of oxygen groups disrupts this conjugated structure, 

leading to a dispersion of electronic states and reducing electron mobility through the material. 

As oxidation increases, more π-bonds are broken and the structure becomes less conductive, 

impacting the overall conductivity of the nanostructure. Additionally, an increase in the 

exponent "n" is seen, suggesting greater interaction between the charge carriers and the lattice. 

 

Table 6.3. Fitting parameters obtained from experimental data of the conductivity (σ) as a 

function of frequency using Jonscher's power law 

Materials σDC (S/cm) A n R2 

Pristine TiO2 5.6x10-9 6.8x10-10 3.9x10-1 0.9849 

TG(0.5) 3.7x10-8 2.0x10-10 5.7x10-1 0.9863 

TG(1) 3.0x10-8 1.6x10-10 5.7x10-1 0.9857 

TG(3) 9.1x10-9 5.3x10-10 4.8x10-1 0.9907 

TG(6) 1.1x10-8 2.2x10-10 5.2x10-1 0.9903 

TG(10) 1.1x10-8 2.6x10-11 6.6x10-1 0.9841 

 

6.5.1. Conductivity evolution with temperature changes 

 

Using TG(0.5) nanostructure, the dependence of the conductivity at different temperatures in the 

range of 173-473K was evaluated. The experimental conductivity spectra are shown in Fig. 

6.16. and the results of the fit are summarized in Table S.6.4. 

 

The internal image of Fig. 6.16 shows how the exponent "n" presents a dependent behavior, 

with three defined sections. The exponent "n" remains almost constant at low temperatures, 

indicating that the interaction between the mobile ions and the lattice of the material is 

relatively stable and constant. In such a case, the material may exhibit a certain degree of order 

or restricted mobility of the ions within the lattice. Subsequently, with increasing temperature 

(273-333K), the exponent "n" begins to increase slightly. This suggests that there could be a 

transition in the ion-lattice interaction, potentially due to the increase in thermal energy, 

whereby the ions could be gaining more mobility or overcoming certain barriers within the 

lattice. Finally, beyond 300 K, the exponent "n" begins to decrease rapidly with increasing 

temperature. This could indicate a change in the dominant conduction mechanism or a 

significant alteration in the interaction between the mobile ions and the lattice. The increase in 

thermal energy could result in increased ion mobility and a decrease in the degree of interaction. 

Additionally, due to the elevated temperatures, the ions could change from a more restricted 
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motion to a hopping-type motion, which could result in less interaction with the lattice. This 

change in the conduction mechanism could explain the observed rapid decrease in the exponent 

"n". 

 

 
Fig. 6.16. Conductivity of TG(0.5) nanostructure vs. frequency as a function of temperatures. 

 

Fig. 6.17. shows the variation of DC conductivity (σDC) versus 1000/T used for the 

activation energy calculation. The plot clearly shows three sections where the conductivity 

increases, however, how this is achieved appears not to be constant. We fit each segment to the 

Arrhenius relation σ𝐷𝐶 = σ0𝑒
(
−𝐸𝑔

𝑘𝐵𝑇
)
, where σ0 is the pre-exponential factor corresponding to 1/T 

= 0, kB is the Boltzmann constant (=8.617×10-5 eV K-1), Eg is the conduction activation energy 

and T is the absolute temperature. The different calculated energy values suggest that, at low 

temperatures, the increase in conductivity could indicate the onset of charge carrier mobility or 

a change in the conduction mechanism. Whereas, at high temperatures, thermal energy is more 

abundant, allowing charge carriers to access higher energy states. This higher thermal energy 

could allow the carriers to overcome higher energy barriers and contribute more effectively to 

conductivity. The higher activation energy required to initiate conduction may be indicative of 

the more energetic pathways that are activated at elevated temperatures. 
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Fig. 6.17. Arrhenius plot of σDC conductivity for nanostructure TG(0.5)  

 

6.6.Conclusion 

 

Photosonication proved to be an alternative and less aggressive method than ball-milling for 

obtaining hybrid nanostructures based on TiO2 and GO. 

 

• TEM revealed that the hybrid nanostructures are composed of TiO2 particles coated by 

a GO layer, forming a core-shell structure. It was observed that the nanostructure with 

the GO of lower oxidation [TG(0.5)] exhibited an irregular GO shell with varying 

thicknesses, ranging from approximately 6 to 21 nm, in addition to uncoated particle 

surfaces. Subsequently, as the GO oxidation increased, the shell became thinner, 

covering more of the particle surface. Consequently, the nanostructure with the highest 

GO oxidation [TG(10)] showed a more uniform shell that completely envelops the 

particle, albeit with a reduced thickness. This organizational pattern is intrinsically 

linked to the morphology of the GO, being directly influenced by its oxidation degree 

as detailed in Chapter 4. That is, the GO with lower oxidation exhibits larger carbon 

platelets and greater stacking, in contrast to the more oxidized GO which presents a 

greater degree of flaking and wrinkling, with more dispersed lamellae. 

 

• EPR analysis demonstrates the increased surface concentration of Ti3+ ions on TiO2 as 

a result of sonication. Subsequently, when GO was incorporated, the positive charges 

present on the surface of TiO2 (Ti³⁺) attracted the negative charges present on the 

oxygenated functional groups of GO. This electrostatic attraction between opposite 
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charges contributed to the adhesion of GO to the TiO2 surface, ultimately leading to the 

formation of a core-shell structure. In this context, when a Ti3+ defect encounters any 

of the oxygen atoms present in the GO layers within the proposed scheme, a redox 

reaction occurs in which the Ti3+ defect is oxidized to Ti4+ which is an EPR silent ion. 

A formation mechanism was proposed that involves only the Ti3+ on the surface, not 

including the bulk. The mechanism was complemented with microstructural 

characterization by XRD and Raman spectroscopy. 

 

• The incorporation of GO in the nanostructures has a noticeable impact on the interface 

properties between TiO2 and GO particles. The formation of Ti-O-C bonds was 

demonstrated by FTIR. These surface interactions lead to modifications in the way light 

interacts with the surface of the nanostructures, where the GO shell on the TiO2 particles 

leads to the absorption of part of the light that originally would have been reflected by 

the uncoated TiO2 particles. The optical bandgap values of TiO2 undergo a slight 

narrowing after GO incorporation, with the least oxidized nanostructure [TG(0.5)] 

showing the lowest value of ≈3.11 eV. Analogous behavior is observed for the electrical 

properties of the nanostructures. Although the inclusion of GO significantly reduces the 

reflectance of the hybrid nanostructures, these changes are not reflected in the electrical 

conductivity or optical bandgap, suggesting that the effects are mainly localized at the 

interface between TiO2 and GO, and do not extend far enough into the material to 

significantly alter its properties. 

 

• The AD/AG ratio of the GO by Raman spectroscopy showed a decrease after 

incorporation, being related to the reduction of the GO. It was observed that the GO 

that presented the least changes concerning its original ratio was the one with the lowest 

oxidation [TG(0.5)]. In this context, the low oxidation GO, already having a low presence 

of functional groups and a higher layer stacking, makes it more resistant to 

transformations during the sonication process. On the contrary, the more oxidized GOs, 

being highly exfoliated and with a high concentration of oxygenated groups, 

experienced a more pronounced change in their structure during sonication due to the 

removal of a higher concentration of functional groups. 
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Chapter VII: 

  

Mechanisms of dye removal on titanium oxide–

graphene oxide nanostructures 
 

CHAPTER 7. Mechanisms of dye removal on titanium oxide–graphene oxide nanostructures 
Methylene blue (MB) is an organic dye that has a wide range of applications, including cotton 

or wool dyeing, paper dyeing, temporary hair dyeing, and others [1]. Although not very toxic, 

MB can have some harmful effects on humans and animals [2]. It can irritate the 

gastrointestinal tract and cause nausea, vomiting, and diarrhea if ingested. It can also cause 

dyspnea, tachycardia, cyanosis, methemoglobinemia, and convulsions when inhaled [3]. MB 

is commonly used as a reference compound in the study of adsorption and photocatalytic 

processes due to its well-defined chemical structure, easy detection, and known behavior under 

various conditions. In adsorption studies, it is used to understand the interaction between 

absorbent and adsorbate [4]. In photocatalysis, it serves as a model compound for the 

degradation of organic pollutants under light irradiation [5, 6]. The use of MB as a reference 

compound allows the comparison of different catalysts and adsorbents in terms of their 

efficiency in degrading or adsorbing organic compounds, providing valuable information on 

the performance of different materials in environmental remediation processes.  

 

In this chapter, the hybrid nanostructures previously discussed in chapters 5 and 6 have 

been evaluated, focusing specifically on their ability to remove MB. To this end, the 

mechanisms of adsorption and photocatalysis as fundamental strategies in this process will be 

explored in detail. The removal efficiency of the pollutant is directly related to the intrinsic 

properties of these nanostructures, which have been discussed in detail above. Additionally, 

Raman spectroscopy provided an important qualitative analysis of the investigated dyes to 

demonstrate the removal of MB molecules from the liquid medium after the combined 

adsorption-photocatalysis processes. Through this experimental investigation, significant 

correlations between the properties of the hybrid nanostructures and their performance in the 

removal of MB could be established, thus providing a deeper understanding of the applicability 

of these technologies in the treatment of contaminated water. 
 

7.1. MB removal by adsorption 
 

7.1.1. Adsorption on TiO2  
 

Fig. 7.1. shows the effect of MB removal on pristine TiO2 powder before and after mechanical 

milling and photosonication processes, respectively. It was observed that the adsorption 
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equilibrium was reached after 20 min. This indicates that there was an active adsorption process 

during the first 20 min, and then the amount of adsorbed MB stabilized and reached an 

equilibrium point. This behavior is common in adsorption processes where there is an initial 

rapid adsorption of solutes followed by a slower phase that eventually reaches saturation [7]. 

At the same time, an adsorption of ≈20.2% was reached after 40 min. Similar behavior was 

observed for sonicated TiO2, which showed a removal of ≈22.2% at the same time and 

conditions. The slight increase in the percentage removal suggests that sonication had a positive 

effect on the adsorption capacity of TiO2. This is attributed to the separation of agglomerates 

and the creation of smaller, more dispersed particles, resulting in a higher specific surface area 

and more active sites available for adsorption. However, the surface changes are not sufficient 

to produce a significant effect.  

 

 
Fig. 7.1. MB adsorption of TiO2 before and after ball-milling and photosonication processes 

 

On the contrary, for milled TiO2, its adsorption is increased to ≈33.2% after the same time, 

demonstrating that the process has a substantial influence on the material's ability to adsorb. 

The adsorption process is mainly controlled by the interactions between the adsorbate and the 

adsorbent surface. Previous studies on the adsorption capacity of TiO2 nanoparticles have 

shown that the adsorption of MB dye depends on the importance and nature of the surfaces as 

well as the defects involved. Therefore, the improved adsorption efficiency of milled TiO2 is 

attributed to the defects created on the surface, as well as the increased surface area 

demonstrated by BET in Chapter 5. Some authors have attributed the adsorption mechanism 
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of TiO2 to its surface being positively charged so that the adsorption of MB molecules 

preferentially occurs by chemisorption through interactions between Ti-OH and MB molecules 

[8, 9]. However, there is no correlation between the type of interaction (electrostatic, Van der 

Waals, hydrophobic, π-π stacking, hydrogen bonding) and the adsorbent [10, 11].  

 

7.1.2. Adsorption on TiO2-GO mechano-synthesized nanostructures  

 

7.1.2.1. Effect of contact time and oxidation degree 

 

Fig. 7.2.a. shows the adsorption of MB over 40 minutes on the TiO2-GO hybrid nanostructures 

fabricated by ball-milling. Adsorption equilibrium was reached after 9 min in all cases. It was 

found that, in general, the percentage removal was significantly higher compared to that 

achieved by pristine TiO2 or even milled TiO2. This indicates that the simple incorporation of 

GO significantly improves the adsorption capacity of the hybrid nanostructures. By comparing 

the efficiency between nanostructures, it was observed that the maximum removal of 100% 

was reached for TG(0.5) and TG(1), while lower efficiencies of ≈84%, ≈81%, and ≈67% were 

shown for TG(3), TG(6) and TG(10), respectively. 

 

  
Fig. 7.2. (a) Effect of contact time of mechano-synthesized TiO2-GO nanostructures (b) 

adsorption capacity and SSA 

 

It was highlighted that the best removal results were obtained with nanostructures 

containing less oxidized GOs. This is in contrast to reports in the literature, where the 

adsorption efficiency of MB dyes is related to higher oxidation degrees [12]. In this context, 

the trend is mainly related to the specific surface area (SSA) discussed in Chapter 5. It was 

found that all GOs, regardless of the oxidation degree, underwent additional exfoliation and 

defect formation due to mechanical milling. However, the more oxidized GOs have a more 

negative surface charge due to the presence of more functional groups, which hinders their 

dispersion and favors agglomeration. Therefore, the more oxidized nanostructures have less 

surface area available for chemical adsorption. This is confirmed in Fig. 7.2.b. where a clear 

relationship between adsorption capacity (qe) and surface area is observed. It is shown that the 
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higher the surface area (SSA), the higher the adsorption of MB [13, 14], which would explain 

why TG(1) reaches maximum removal in a shorter time (≈9 min) than TG(0.5) (≈27 min). 

 

7.1.2.2. Kinetic Study 

 

The time evolution of the MB dye adsorption process did not follow a first-order kinetic law. 

Indeed, the plots of the logarithmic variation with time show dispersed curves and no valuable 

conclusion may be deduced on the adsorption process. Thus, an alternative model used in a 

chemisorption process is worthy of interest for the present kinetics and is discussed below. It 

consists of the pseudo-second-order model proposed by Ho et al [15] which can be used to 

analyze the kinetics of the process involved in chemisorption reactions and to estimate the 

equilibrium load and the characteristic time constants for the diffusion process. This model 

uses a linearized integral form in the following way: 

 

                                           
𝑡

𝑞𝑡
=

1

𝑘2𝑞𝑒
2 +

1

𝑞𝑒
t                                      (eq. 12) 

 

Where k2 and qe were determined from the intersection and slope of the plot of [t/qt] vs t 

[16] as shown in Fig. 7.3.  

 

 
Fig. 7.3. Kinetic study of pseudo-second order of TiO2-GO nanostructures by ball-milling. 
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Comparative estimation of qe from experiments and fitting the curve makes us confident in 

the relevance and applicability of the second-order model for the kinetics of the MB adsorption 

process on TiO2-GO nanostructures by ball-milling. Table 7.1. shows the kinetics calculated 

values. It was observed that the k2 constant is higher for TG(1) compared to TG(0.5). This would 

justify that although both materials have the same adsorption capacity, TG(1) reaches its 

maximum capacity in less time (≈9 min). 

 

Table 7.1. The kinetic parameters for the adsorption by TiO2-GO nanostructures by ball-

milling 

Nanostructures 
qe (mg/g) 

(experimental) 

Adsorption Kinetics  

Pseudo-second order 

k2  

(min-1) 

qe (mg/g) 

(calculated) 
R2 

TG(0.5) 2.0000 1.0289 2.0255 0.99997 

TG(1) 2.0000 4.5685 2.0082 0.99997 

TG(3) 1.6955 0.5292 1.7102 0.99839 

TG(6) 1.6445 0.8233 1.6615 0.99847 

TG(10) 1.3693 1.0499 1.3631 0.99728 

 

7.1.2.3. A mechanistic model for dye diffusion 

 

To identify the mechanisms behind the adsorption process, the time evolution curves of the 

adsorption of the dye in TiO2-GOs hybrid nanostructures were analyzed using diffusion models 

based on the movement of adsorbate within the surrounding media. Two main processes are 

considered and consist of "film diffusion" and “intraparticle diffusion” processes. The first 

mechanism considers the MB dye diffusion from the solution phase to the outer particle 

surfaces of the adsorbent and disperses on it while in the second process, the dye molecules 

diffuse across the boundary layer and diffuse inside the open pores of the adsorbent material. 

Various models are presented below to analyze the processes of molecular diffusion and 

adsorption. These models are intended to provide insight into the problem of how MB dyes in 

solution are affected by the specific molar ratio of the nanostructures. 

 

According to Lacin et al [17], the equation below was used to describe the intra-particle 

diffusion model: 

 

                                  𝑞𝑡 = 𝑘𝑖𝑑𝑡
1/2 + C                                  (eq. 13) 

 

Where kid (mg/g.min1/2) is the intra-particle diffusion rate constant obtained from the plot 

as also the constant C (mg/g)  deduced from the intercept of the plotted graph qt vs t1/2. When 

the qt graph passes through the origin (i.e., C = 0), intra-particle diffusion is the rate-controlling 

step, and the diffusion in the film is negligible. However, if the straight line does not intersect 

the origin (i.e. C ≠ 0), there is a discrepancy in the mass transfer rates between the initial and 
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final stages of adsorption. Both can be considered rate-controlling steps [18]. According to this 

model, the mechanism of dye adsorption is proposed in several stages. The first step consists 

of the diffusion of MB molecules (adsorbate) in the liquid film surrounding the adsorbent 

nanostructure particles (film diffusion). The second step consists of the diffusion of the 

adsorbate inside the particle pores or dispersed on the surface (intra-particle diffusion). The 

third step consists of the adsorption of MB adsorbate on the pore or the particle surfaces 

(adsorption or surface reaction) [19] (Fig. 7.4.).  

 

 
Fig. 7.4. Adsorption kinetics mass transfer processes. 

 

The carried-out experiments account for C=0 and then the intra-diffusion mechanism 

proceeds through MB migration to the outer surface of the adsorbent followed by diffusion 

within the pore cavity [20]. Fig. 7.5. shows plots of qt vs t1/2 for the different TiO2-GOs 

nanostructures. The plots have a three-phase structure as three different slopes are required to 

accurately refine the data. Three behaviors may be pointed out for the adsorption process with 

the features of external diffusion, intra-particle diffusion, and adsorption equilibrium. A 

linearized form of the model was applied for each of the time evolution steps [21]. The first 

step with the large slope (kp1) represents the rapid adsorption process of the dyes being 

transferred to the surface of the material [22] within the first period of about 3 minutes. The 

second stage of time variation with the characteristic slope kp2 is smoother and reflects the 

process by which MB molecules slowly diffuse and adsorb into the pores. The third stage 

characterized by the flat slope kp3 is attributed to the equilibrium adsorption process where the 
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adsorbate diffuses very slowly into the micropores because of the low concentration of dyes 

that remains in the solution [23]. 

 

  

   

 
Fig. 7.5. Intraparticle diffusion kinetics of MB of TiO2-GO nanostructures by ball-milling: (a) 

TG(0.5), (b) TG(1), (c) TG(3), (d) TG(6), (a) TG(10). 
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Table 7.2. shows the fitted parameters in the frame of the intra-particle diffusion model 

during the different stages of the adsorption process. The values of Kid are higher in the external 

adsorption phase and decrease for the other two phases of adsorption (kp1 > kp2 > kp3). The 

adsorption kinetics data of MB adsorption by the nanostructures fit quite well with the 

intraparticle diffusion model and then a relevant insight was obtained into the mechanisms 

behind the adsorption phenomenon [24]. 

 

Table 7.2. Intra-particle diffusion for the adsorption by TiO2-GO nanostructures  

Materials 

Adsorption Kinetics 

kp1 

(mg/g.min1/2) 
R2 

kp2 

(mg/g.min1/2) 
R2 

kp3 

(mg/g.min1/2) 
R2 

TG(0.5) 0.9841 1 0.6367 0.9743 0.3924 0.9708 

TG(1) 1.0788 1 0.6561 0.9659 0.4071 0.9887 

TG(3) 0.7854 1 0.5055 0.9738 0.3295 0.9744 

TG(6) 0.7813 1 0.5001 0.9735 0.3276 0.9722 

TG(10) 0.7051 1 0.4270 0.9564 0.2675 0.9740 

 

7.1.2.4.Adsorption isotherms 

 

Adsorption equilibrium occurs when the amount of solute adsorbed on the adsorbent is equal 

to the amount desorbed. The equilibrium adsorption isotherms were represented by the solid 

phase concentration (qe) versus the liquid phase concentration (Ce) of the solute. Adsorption 

isotherms provide valuable information about the adsorption capacity of the adsorbent, the 

interactions between solute molecules and the extent to which the adsorbate accumulates on 

the surface of the adsorbent. In this study, two usual adsorption isotherm models, i.e., 

Freundlich and Langmuir's equations were used to determine the equilibrium adsorption 

isotherm of MB dyes adsorbed on TiO2-GO nanostructures. R2 correlation coefficients are used 

to evaluate the applicability of the isotherm equation. The most important multi-site or 

multilayer adsorption isotherm for a heterogeneous surface is the Freundlich isotherm, where 

the heterogeneity factor 1/n defined by the equation [25]: 

 

                                           𝑞𝑒 = 𝐾𝐹𝐶𝑒

1

𝑛                                            (eq. 14) 

 

Where 1/n and KF are the Freundlich constants for adsorption intensity and adsorption 

capacity, respectively.  The values of KF and n were calculated from the intercept and slope of 

the plots of log (qe) versus log (Ce) (Fig. 7.6.). If the value of n is greater than one, this indicates 

good adsorption of MB on the adsorbent and for 1<n<10, the sorption process is likely to be 

successful [26]. The values in Table 7.3. reveal that most of the considered TiO2-GO 

composites lead to n values larger than one indicating then the good adsorption of dyes.  
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Fig. 7.6. Adsorption Freundlich isotherm study of TiO2-GO nanostructures by ball-milling: 

(a) TG(0.5), (b) TG(1), (c) TG(3), (d) TG(6), (a) TG(10). 

 

Alternatively, the Langmuir isotherm is a relevant model for adsorption in a monolayer on 
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𝐶𝑒

𝑞𝑒
=

1

𝑞𝑚
𝐶𝑒 +

1

KLqm
                                   (eq. 15) 

 

Where qe is the quantity of dyes that have been adsorbed at equilibrium (mg/g), Ce is the 

equilibrium concentration of the dyes in solution (mg/L), qm is the maximum amount of 

adsorbate that can be adsorbed (mg/g). KL refers to the Langmuir isotherm constants measured 

(L/mg). KL and qm can be determined from the slope and intercept of the graph between Ce/qe 

and Ce [28]. The Langmuir isotherm is described in terms of the dimensionless constant (RL), 

that is computed using the following equation: 

 

                                       𝑅𝐿 =
1

(1+qmKL)
                                          (eq. 16) 

 

According to the value of the separation factor, RL of the Langmuir model, the adsorption 

process can be expressed as favorable (0< RL <1), unfavorable (RL>1), linear (RL=1), and 

irreversible (RL=0) [29]. According to the experimental results in Fig. 7.7. and the data 

summary in Table 7.3., RL indicates favorable adsorption for the TiO2-GO nanostructures since 

the condition 0<RL<1 is satisfied. 
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Fig. 7.7. Adsorption Langmuir isotherm study of TiO2-GO nanostructures by ball-milling: (a) 

TG(0.5), (b) TG(1), (c) TG(3), (d) TG(6), (a) TG(10). 

 

A comparison of the R2 values in Table 7.3. for the Freundlich and Langmuir models shows 

a marked similarity, although the values associated with the Langmuir isotherms tend to be 

closer to 1. The fact that the isotherms are closer to the Langmuir model than to the Freundlich 

model suggests that the adsorption process is more consistent with monolayer adsorption on a 

homogeneous surface. The Langmuir model postulates the formation of a single layer of 

adsorbate molecules on the adsorbent surface with no interactions between the adsorbed 

molecules [30, 31]. In contrast, the Freundlich model implies a heterogeneous surface with 

multilayer adsorption and adsorbate-adsorbate interactions. Thus, the predominance of the 

Langmuir isotherm suggests that the adsorption process is more uniform and fits a monolayer 

coverage model. 

 

Table 7.3. Adsorption Isotherms for the adsorption of TiO2-GO nanostructures by ball-milling 

Materials 

Adsorption Isotherms 

Freundlich Langmuir 

KF  

(mg/g) 
n R2 

qmax 

(mg/g) 
KL (L/mg) RL R2 

TG(0.5) 1.7985 22.4215 0.8249 1.7085 56.2788 0.0103 0.9990 

TG(1) 1.8353 23.3645 1.0000 1.8755 1777.3333 0.0003 1.0000 

TG(3) 1.9616 3.3322 0.9777 1.1477 1.8032 0.3258 0.9990 

TG(6) 1.9756 3.2352 0.9837 1.1373 1.753 0.3341 0.9990 

TG(10) 2.5504 1.8539 0.9980 0.8401 0.8135 0.5940 0.9990 

 

7.1.3. MB adsorption on TiO2-GO photo-sonicated nanostructures evaluation 

 

7.1.3.1. Effect of the GO oxidation degree  

 

Fig. 7.8. shows the effect of contact time on MB adsorption of photosonicated TiO2-GO 

nanostructures during 40 min. The results showed that equilibrium was reached in about 15 
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min, and in all cases, the MB adsorption of the TiO2-GO nanostructures exceeded that of 

pristine TiO2. A comparison between the nanostructures consistently showed that those with 

higher oxidation exhibited superior adsorption capacity compared to the low oxidation variants. 

We attribute this relationship between oxidation and adsorption to the structural arrangement 

of the nanostructures and the oxidation degree of the GOs. Higher efficiency in nanostructures 

with higher oxidation supports the role of functional groups that increase the amount of 

available adsorption sites and improve the interactions between the target molecules and the 

surface. In addition, they exhibit a more homogeneous shell around the TiO2 particles. While, 

for the less oxidized nanostructures, in addition to having GOs with fewer functional groups, 

the uncoated sections on the particles promote adverse effects that limit the opportunities for 

interaction and adsorption of the dye molecules. Sonification as a method of fabricating hybrid 

nanostructures, which is less aggressive and promotes fewer structural changes than ball 

milling, provides detailed insight into the effect of GO on MB adsorption, although total 

removal is not achieved. 

 

  
Fig. 7.8. Effect of contact time of photosonicated TiO2-GO nanostructures. 

 

Two fabrication methods of TiO2-GO hybrid nanostructures by ball-milling and 

photosonication were investigated to evaluate their MB adsorption capacity. The results 

revealed significant findings, highlighting the advantage of the addition of carbonaceous 

materials as an effective strategy to significantly improve the adsorption capacity of TiO2. The 

efficiency of the nanostructures obtained by ball milling is remarkable, achieving adsorption 

rates of 100%, especially in the case of TG(1), which reached this level in only ≈9 min. It is 

important to note that the influence of the oxidation degree in these nanostructures lost 
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relevance, attributing their high efficiency to the generation of a large surface area due to the 

milling process. The high adsorption capacity observed suggests that ball milling is an effective 

method to maximize the availability of active sites for adsorption, highlighting the importance 

of the surface structure in this process. Despite the high level of structural disorder associated 

with ball-milling, the adsorption efficiency overcomes the structural limitations. This 

dichotomy between enhanced adsorption capacity and more disordered structure highlights the 

need for a balanced approach when designing hybrid nanostructures for specific applications. 

In contrast, nanostructures fabricated by photosonication exhibited inferior adsorption capacity 

compared to those obtained by ball-milling. Although this method is less aggressive and allows 

for more ordered and organized structures, the adsorption capacity is affected. However, the 

direct relationship between the GO oxidation degrees and their efficiency in MB adsorption 

suggests that photosonication may offer advantages in applications where an ordered structure 

is critical. 

 

7.1.3.2. Kinetic study 

 

Fig. 7.9. shows the fits to the second-order model for the study of the adsorption kinetics of the 

photosonication nanostructures. The adsorption kinetics fitted a second-order model means that 

the adsorption rate is mainly controlled by chemical sorption or chemisorption, which is the 

interaction between the adsorbate and the adsorbent on the surface [7]. The pseudo-second-

order kinetic model is founded on the assumption that the chemical sorption is the rate-

determining step, and it reliably predicts the behavior of the adsorption process. Table 7.4. 

shows the kinetic parameters calculated using eq. 12 for the second-order model. 
 

 
Fig. 7.9. Kinetic study of pseudo-second order of photosonicated TiO2-GO nanostructures  

5 10 15 20 25 30 35 40

20

40

60

80

100

120
 TG(0.5)

 TG1)

 TG(3)

 TG(6)

 TG(10)

t/
q

t

t (min)



 

163 

 

 

Table 7.4. Second-order kinetic parameters for adsorption of photosonicated TiO2-GO 

nanostructures  

Material 
qe (mg/g) 

(experimental) 

Pseudo-second order 

k2 (min-1) 
qe (mg/g) 

(calculated) 
R2 

TG(0.5) 0.3303 3.4514 0.3368 0.9998 

TG(1) 0.4976 4.3700 0.5029 0.9996 

TG(3) 0.5585 4.3112 0.5498 0.9976 

TG(6) 0.6693 0.5103 0.7136 0.9972 

TG(10) 0.6969 1.7079 0.7062 0.9994 

 

7.1.3.3. Mechanistic model for dye diffusion 

 

Fig. 7.10 shows plots of qt vs. t1/2 for the different TiO2-GOs nanostructures to evaluate the 

intraparticle diffusion.  
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Fig. 7.10. Intraparticle diffusion of MB of TiO2-GO nanostructures by photosonication: (a) 

TG(0.5), (b) TG(1), (c) TG(3), (d) TG(6), (a) TG(10). 

 

Table 7.5. shows the fitted parameters in the frame of the intra-particle diffusion model 

during the different stages of the adsorption process. The values of Kid are higher in the external 

adsorption phase and decrease for the other two phases of adsorption (kp1 > kp2 > kp3). The three 

different slopes identified are characteristics of external diffusion, intraparticle diffusion, and 

adsorption equilibrium, similar to that discussed for nanostructures by ball-milling. The 

adsorption kinetics data of MB adsorption by the nanostructures fit quite well with the 

intraparticle diffusion model and then a relevant insight was obtained into the mechanisms 

behind the adsorption phenomenon. 

 

Table 7.5. Intra-particle diffusion on TiO2-GO photosonicated nanostructures  

Materials 

Stages of the adsorption process 

kp1 

(mg/g.min1/2) 
R2  

kp2 

(mg/g.min1/2) 
R2  

kp3 

(mg/g.min1/2) 
R2 

TG(0.5) 0.1252 1  0.0932 1  0.0682 0.9438 

TG(1) 0.1944 1  0.1448 1  0.1042 0.9657 

TG(3) 0.2097 1  0.1562 1  0.1149 0.9673 

TG(6) 0.2250 1  0.1676 1  0.1315 0.9753 

TG(10 0.2675 1  0.1993 1  0.1424 0.9708 

 

 

7.1.3.4. Adsorption isotherms 

 

The Freundlich isotherm model was calculated using eq. 14. Fig. 7.11. shows the values of KF 

and n that were calculated from the intersection and slope of the plots of log(qe) versus log(Ce).  
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Fig. 7.11. Adsorption Freundlich isotherm of TiO2-GO nanostructures by photosonication: (a) 

TG(0.5), (b) TG(1), (c) TG(3), (d) TG(6), (a) TG(10). 

 

Additionally, Fig. 7.12. shows the adsorption of Langmuir isotherms fitted using eq 15. 

According to the experimental results, RL indicates favorable adsorption for the TiO2-GO 

nanostructures since the condition 0<RL<1 is satisfied. Comparing the R2 values of the 

Freundlich model and the Langmuir model (Table 7.6.), it may be concluded that the adsorption 

is quite well accounted for by both isotherms. If the isotherms fit both the Langmuir and 

Freundlich models, it indicates that the adsorption process involves both monolayer and 
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multilayer adsorption. The Langmuir model is based on the assumption of monolayer 

adsorption on a homogeneous surface, while the Freundlich model is based on multilayer 

adsorption on a heterogeneous surface. The coexistence of both models could suggest the 

presence of a heterogeneous surface. 

 

   

   

 
 Fig. 7.12. Adsorption Langmuir isotherm of TiO2-GO nanostructures by photosonication: (a) 

TG(0.5), (b) TG(1), (c) TG(3), (d) TG(6), (a) TG(10). 
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Table 7.6. Adsorption Isotherms data TiO2-GO nanostructures by photosonication 

Materials 

Adsorption Isotherms 

Freundlich Langmuir 

KF  

(mg/g) 
n R2 

qmax 

(mg/g) 
KL (L/mg) RL R2 

TG(0.5) 57.9162 0.6690 0.9947 1.6042 0.2805 0.6900 0.9952 

TG(1) 5.2783 2.5759 0.9964 2.5660 1.3597 0.2228 0.9989 

TG(3) 3.2210 3.5842 0.9925 2.0316 2.1663 0.1851 0.9986 

TG(6) 2.1822 12.8041 0.9967 2.1258 38.5573 0.0121 0.9943 

TG(10 1.79845 22.4215 0.9949 1.8341 139.7947 0.0039 0.9990 

 

7.2. Degradation by photocatalysis  

 

7.2.1. Degradation on TiO2  

 

Adsorption studies showed that equilibrium was reached between 15 and 30 minutes after the 

start of the experiment. Therefore, after a dark period of 30 minutes, the photocatalytic activity 

of the TiO2 was studied. The initial time (t0) was the percentage of removal determined by 

adsorption in section 7.1.1. Combining the adsorption and photocatalysis results, Fig. 7.13. 

shows an increase in the total percentage removal (%R) of MB with exposure to the light source 

for 150 min in all cases. When analyzing the %R of MB in the absence of the photocatalyst, it 

was observed that photolysis contributed minimally, representing a maximum of ≈2.2% 

removal. This low incidence of photolysis suggests that its contribution is negligible compared 

to the total MB removal, allowing us to attribute the degradation process predominantly to the 

effect of the nanomaterials used as photocatalysts. 

 

Table 7.7. shows the contribution of both processes to the total removal of MB on TiO2. 

The results obtained in this study provide valuable insight into how different treatments affect 

the properties of TiO2, specifically in terms of photocatalytic activity and adsorption capacity. 

Sonication was found to be effective in slightly improving the photocatalytic activity, 

presumably due to an increase in the concentration of Ti3+ surface defects. This observation is 

consistent with the existing literature, which highlights the importance of defects in improving 

the photocatalytic efficiency of semiconducting materials such as TiO2 [33, 34]. On the other 

hand, although milled TiO2 showed a significant increase in adsorption capacity, this does not 

seem to translate proportionally into a noticeable improvement in photocatalytic activity. The 

analysis of the optical and electronic properties in Chapter 5 showed that despite the reduction 

of the bandgap and the higher light absorption capacity in milled TiO2, the electronic 

conductivity remains comparable to that of pristine TiO2. The mechanical milling process 

would create a high amount of defects that can act as traps for photons, reducing the overall 

efficiency of electron-hole pair generation [35], but at the same time, the presence of phase 

mixing could influence not to further reduce the conductivity, keeping it at a similar level to 
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pristine TiO2. In summary, it is important to note that defects can contribute to improved 

photocatalytic applications in certain cases, such as Ti3+ defects, while high defect 

concentrations can potentially reduce efficiency. 

 

 
Fig. 7.13. Degradation of MB under visible irradiation of TiO2. 

 

Table 7.7. Distribution of removal mechanisms (%) on TiO2 

Removal 

mechanisms 

Materials 

Pristine TiO2 Milled TiO2 Sonificated TiO2 

Adsorption (%)- 

30 min 
20.60% 34.68% 21.60% 

Photocatalysis (%)- 

150 min 
19.10% 20.18% 19.92% 

Total removal (%)-

180 min 
39.71% 54.86% 41.52% 

 

7.2.2. Degradation on TiO2-GO mechano-synthesized nanostructures  

 

Unlike TiO2 and nanostructures fabricated by photosonication, nanostructures fabricated by 

ball-milling exhibited remarkable adsorptive removal capacity in a short time. Specifically, 

TG(0.5) and TG(1) removed 100% of the dye, indicating that no additional treatments are required 
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to improve the removal efficiency. While TG(3), TG(6), and TG(10) were able to remove between 

60-80% of the dye, suggesting that photocatalysis could be beneficial to complete the total 

removal. However, to properly evaluate the photocatalytic activity of all mechano-synthesized 

nanostructures, pellet fabrication was chosen. Fig. 7.14. shows the % degradation of MB in 

150 min under visible light irradiation. 

 

 
Fig. 7.14. Degradation of MB under visible irradiation of mechano-synthesized 

nanostructures (Pellets) 

 

Initially, the adsorption after 30 min showed similarities in all cases (between 9 and 11%), 

which is attributed to the fact that the pellets did not accurately reflect crucial surface features 

such as the specific surface area (SSA). In this context, the uniformity of adsorption could be 

due to the limitation of the pellets to provide a detailed representation of the SSA, which was 

essential for understanding the adsorption dynamics at depth. Photocatalytic degradation, on 

the other hand, did not show significant differences in terms of oxidation levels (between 30 

and 32%). This finding is in significant agreement with the similarities previously described in 

the optical and electrical properties in Chapter 5. The results suggest that the ball-milling 

process largely eliminates the influence of the oxidation level of the GOs on their properties 

and efficiency. Nevertheless, photocatalytic activity was demonstrated in all cases under visible 

light irradiation, supporting the feasibility of achieving total MB removal by complementing 

the adsorption process. 
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7.2.2.1.Kinetic study 

 

The kinetics of photocatalytic degradation of MB were investigated using the pseudo-second-

order kinetics model. The integrated form of the pseudo-second-order model is given by eq. 17 

[30]: 

  

                                                               
1

𝐶𝑡
=

1

𝐶0
+ 𝑘2𝑡                             (eq. 17) 

 

Where C0 is the concentration at the start of the experiment, Ct is the concentration 

measured at time t (min) and k2 is the apparent kinetic constant (min−1), determined from the 

slope of the linear fit. Fig. 7.15. shows the linear transform of the kinetic curves and calculated 

values in Table 7.8. 

 

 
Fig. 7.15. Second-order model kinetics of TiO2-GO nanostructures fabricated by ball-

milling 

 

The fact that the kinetics of the photocatalytic degradation of MB conforms more to 

pseudo-second-order kinetics implies that the rate of MB degradation depends on the square of 

its concentration. The similarity of the k2 constants might suggest that the rate of the reaction 

is relatively constant and does not depend significantly on initial conditions such as oxidation 

degrees. 
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Table 7.8. Pseudo-second order kinetic data of degradation of photosonicated nanostructures 

Materials 
Pseudo-second order parameters 

k2 (min-1) R2 

TG(0.5) 0.0003 0.9426 

TG(1) 0.0002 0.9471 

TG(3) 0.0002 0.9702 

TG(6) 0.0002 0.9511 

TG(10) 0.0002 0.9858 

 

7.2.3. Degradation on TiO2-GO photosonicated nanostructures  

 

Fig. 7.16. shows that the photodegradation of MB by the TiO2-GO nanostructure was 

significantly improved compared to that by pristine TiO2. In particular, excellent results were 

observed for the lowest oxidation nanostructure, TG(0.5), where a maximum removal rate of 

≈82.20% was achieved after 150 min, reaching 100% after 210 min. However, for the 

discussion and comparison of the degradation between the different nanostructures, it was 

chosen to consider the percentage of removal achieved in the 150-minute interval. 

 
Fig. 7.16. Degradation of MB under visible irradiation on photosonicated nanostructures 
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The evaluation of dye removal revealed a relationship between the photocatalytic activity 

and the GO oxidation degree. The core-shell arrangement also had an important influence in 

photocatalytic activity. The presence of uncoated areas in TiO2 particles creates synergy with 

coated areas, further enhancing photocatalytic efficiency. Ti3+ ions on uncoated surfaces act as 

active centers that introduce additional energy levels into the TiO2 energy bandgap, facilitating 

the formation and charge transfer.  

 

For the GO shell in low-oxidation-degree samples, this favors higher electronic mobility 

and better separation of e-/h+ pairs generated during excitation by the light source. This may 

promote efficient charge transfer on the surface of GO, resulting in increased generation of 

reactive oxygen species (ROS) such as superoxide (O2
-). However, the combined effect 

becomes less noticeable as the level of oxidation increases. The shell becomes more 

homogeneous and the nanolayers are formed by a GO with a higher density of oxygenated 

groups that disrupt the electronic mobility. Thus, oxygenated functional groups could increase 

the adsorption capacity of more oxidized nanostructures, resulting in the accumulation of 

contaminants on the surface and reducing the availability of active sites for photocatalysis. In 

summary, the distribution of the total dye removal in the nanostructure is an interesting aspect 

that provides valuable information about the mechanisms underlying the removal process. 

Table 7.9. shows the contribution of both processes to the total removal of dye. 

 

Table 7.9. Distribution of removal mechanisms (%) of photosonicated nanostructures 

Removal 

Mechanisms 

Materials 

TG(0.5) TG(1) TG(3) TG(6) TG(10) 

Adsorption (%)- 

30 min 
13.21% 19.90% 22.34% 26.77% 27.03% 

Photocatalysis 

(%)- 150 min 
68.99% 56.61% 50.70% 31.65% 30.00% 

Total removal 

(%)-180 min 
82.20% 76.51% 73.04% 58.42% 57.04% 

 

The observation confirms the dependence of the GO oxidation degree on the percentage of 

contribution of each mechanism to the total removal. Thus, low oxidation favors mainly 

removal by photocatalysis, and this is reduced with a gradual increase in oxidation, to the extent 

that an almost balanced distribution between adsorption and photocatalysis is observed in TG(6) 

and TG(10). The combination of adsorption and photodegradation in total removal demonstrates 

an effective synergy between these two processes. The initial adsorption of dye molecules may 

facilitate the proximity of the molecules to the nanostructure surface, increasing the probability 

of interaction with the reactive species generated during photocatalysis. This interaction can 

accelerate the degradation and improve the overall efficiency of the removal process.  
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7.2.3.1. Kinetic study 

 

The kinetics of photocatalytic degradation of MB were investigated using the pseudo-first-

order kinetics model. The integrated form of the pseudo-first-order model is given by eq. 18 

[36]: 

  

                                                               𝐿𝑛 (
𝐶𝑡

𝐶0
) = 𝑘1𝑡                             (eq. 18) 

 

Where C0 is the concentration at the start of the experiment, Ct is the concentration 

measured at time t (min) and k1 is the apparent kinetic constant (min−1), determined from the 

slope of the linear fit. Fig. 7.17. shows the linear transform of the kinetic curves and calculated 

values in Table 7.10. 

 

 
Fig. 7.17. Plots of ln(C0/Ct) versus irradiation time with TiO2-GO nanostructures fabricated 

by photosonication 

 

The fact that the kinetics of the photocatalytic degradation of MB conforms more to 

pseudo-first-order kinetics implies that the rate of MB degradation depends mainly on the 

concentration of the MB itself, and not on the square of its concentration, which would be the 

case for a second-order kinetic model. 
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Table 7.10. Kinetic data degradation of the photosonicated nanostructures 

Materials 
Pseudo-first order parameters 

k1 (min-1) R2 

TG(0.5) 0.0102 0.9753 

TG(1) 0.0081 0.9856 

TG(3) 0.0070 0.9958 

TG(6) 0.0040 0.9749 

TG(10) 0.0035 0.9746 

 

7.2.3.2. Degradation mechanisms 

 

Our observations are consistent with other reports of enhanced MB degradation with the 

formation of hybrid nanostructures [37, 38]. Considering all the above facts, we can say that 

several factors play an important role in achieving better efficiency of nanostructures in the 

removal of MB by joint adsorption-photocatalysis processes. Some of these factors are as 

follows:  

 

• Adsorption: Adsorption plays an important role in the complete removal of MB by 

photocatalysis. The method works by concentrating, trapping and holding the MB 

molecules in close proximity to the reactive species generated during photocatalysis. 

This synergy between adsorption and photocatalysis enhances the overall efficiency of 

the process and plays a key role in the effective removal of contaminants such as MB. 

 

• GO shell: Because of the formation of Ti-O-C bonds at the TiO2 particles and GO 

interface´s, the formation of a GO shell on the surface of TiO2 particles is favored. The 

formation of Ti-O-C bonds can extend the optical absorption range of nanostructures 

and enhance photogenerated charges. This is in broad agreement with that mentioned 

by Cigarroa-Mayorga, O. E. (2022), who attributed the enhancement of photocatalytic 

activity in ZnO-Fe2O3 heterostructures to the interfacial charge transfer mechanism 

[39]. 

 

7.2.3.3. Photocatalytic reactions and charge transfer mechanism 

 

Based on the results described above, the possible mechanism can be explained as follows. 

During photocatalytic activity, the GO-adhered material acts as a material that can absorb light 

that is not absorbed by pristine TiO2. When TiO2-GO hybrid nanostructures are irradiated with 

light of a wavelength corresponding to the bandgap of the GO shell, electrons in the CB of GO 

are excited and can migrate into the CB of TiO2. The combination of two materials with 

different bandgaps allows the vectorial transfer of electrons and photogenerated holes through 

the π-π conjugation and vice-versa. The electron cloud in the TiO2 CB and on the GO, surface 
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promotes the formation of superoxides (O2•
-) on the uncoated surfaces of the TiO2 by reaction 

with oxygen absorbed on the particle surface. These highly reactive ions trigger a series of 

reactions, which are the most powerful tool for decomposing the MB dye in CO2 and H2O.  

 

 

 
Fig. 7.18. Schematic illustration of the charge transfer process between photo-excited GO and 

TiO2  (a) GO low oxidation degree and (b) GO high oxidation degree. 

 

In this context, the morphology is a crucial factor for the photocatalytic efficiency. An 

inhomogeneous GO shell at TG(0.5) indicates the presence of significant regions of the uncoated 

particle, which leads to a higher generation of reactive oxygen species (ROS) (Fig. 7.18.a). 
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While increasing particle coverage at higher oxidation degrees, the GO shell acts as a barrier, 

preventing the contact of migrating electrons from the CB of TiO2 with O2 molecules on the 

surface of the surrounding medium, which is necessary for the formation of superoxides. As a 

result, fully coated TiO2 particles are limited in their ability to generate reducing species. 

However, the photocatalytic activity exhibited by these structures may be due to some electrons 

generated in the GO shell migrating to the surface of neighboring uncoated TiO2 particles, 

where pollutant degradation would take place (Fig. 7.18.b). 

 

Additionally, the electrical conductivity of the GOs determined in Chapter 4 plays an 

important role as it can have a significant effect on the π-π conjugation. The electrical 

conductivity of GO, which is influenced by its oxidation degree, is a determining factor in the 

electron transport within hybrid TiO2-GO nanostructures. A high oxidation degree introduces 

numerous oxygenated functional groups, which disrupt the sp2 carbon network, increasing the 

electrical resistance and decreasing the conductivity of GO. In contrast, a low oxidation degree 

maintains a more intact sp2 carbon network, allowing better electrical conductivity and more 

efficient electron transport to reach the TiO2 surface. This balance is critical for improving 

charge separation and transfer in photocatalytic processes, as higher GO conductivity reduces 

the rate of e-/h+ pair recombination, thereby optimizing photocatalytic activity. Therefore, 

optimizing the GO oxidation degree is essential to maximize the synergistic effects in TiO2-

GO hybrid nanostructures and significantly improve their performance. 

 

7.2.4. MB molecular analysis after degradation by Raman spectroscopy 

 

In the course of this chapter, we have conducted studies that have yielded significant results 

regarding the decolorization of MB solution in the presence of TiO2-GO hybrid nanostructures. 

Photocatalytic degradation experiments based on MB decolorization are commonly found in 

the literature [40, 41]. In such processes, the decolorization of the molecule is due to the 

destruction of the chromophore groups of the dyes. Consequently, water discoloration can be 

monitored by visible absorption but does not certify complete mineralization in CO2 and H2O. 

Therefore, UV-visible absorption characterization is a powerful technique to follow the 

disappearance of an absorbing group but does not give any confirmation of mineralization. In 

this regard, and in an attempt to look for the possible formation of by-products, we performed 

a comprehensive analysis of the chemical bonds present in the MB solution before and after 

subjecting it to photocatalysis by Raman spectroscopy. The analysis was performed on the 

degraded solution with the TG(0.5) nanostructure, which showed a 100% complete 

decolorization after 210 min of exposure. 

 

Fig. 7.19. shows the comparison of the Raman spectra of MB solutions before and after 

total removal by photocatalysis. Fig. 7.19.a shows the spectrum of the MB solution with a 

concentration of 100 ppm, as described in the methodology section of Chapter 2. In this 

spectrum, the bands associated with the MB dye are identified, along with some bands 

corresponding to water (Fig. 7.19.d). The MB-specific bands are listed in Table 7.11. [42]. 

Upon dilution of the solution to 10 ppm, as shown in Fig. 7.19.b, an increase in the intensity of 

the water bands is observed, while the dye bands decrease; however, the latter are still 
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sufficiently defined to distinguish them from water and compare them after photocatalysis 

process. 

 
Fig. 7.19. Raman spectrum of solutions (a) MB 100 ppm, (b) MB 10 ppm, (c) MB solution 

10 ppm after photocatalysis, and (d) deionized water (w-signals associated with water) 

 

Subsequently, after 210 min of exposure to the light source in the presence of the 

photocatalyst [TG(0.5)], the solution showed 100% decolorization, as confirmed by UV-vis 

spectroscopy. Analysis of the corresponding Raman spectrum (Fig. 7.19.c) shows that the 

bands associated with the dye are no longer visible (pink boxes indicated by green arrows). 

This observation confirms the hypothesis of degradation of MB molecules during 

photocatalysis with TiO2-GO. The interaction of electron-hole pairs generated by the activation 

of the photocatalyst with the dye led to the breaking of bonds and degradation of the molecules, 

resulting in simpler and less colored compounds. This degradation explains the decolorization, 

as the final products formed are less absorbent in the visible range of the electromagnetic 

spectrum. The absence of the Raman bands associated with MB confirms that the specific 

vibrational characteristics of the molecules have changed or disappeared due to photocatalysis. 
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Table 7.11. The Raman shifts peaks associated with MB dye [42–44] 

MB solution  

100 ppm 

MB solution  

10 ppm 

After 

photocatalysis Band assignments 

Position (cm-1) Position (cm-1) (status) 

1618 1618 (s) Not detected ν(C–C) ring 

1544  Not detected Not detected νasym(C–C) 

1441  1441 (w) Not detected νasym(C–N) 

1396  1396 (m) Not detected α(C–H) 

1272  1272 (w) Not detected α(C–H) 

1161  Not detected Not detected ν(C–N) 

1067  Not detected Not detected γ(C–H) 

858  858 (w) Not detected β(C–H) 

768  768 (w) Not detected β(C–H) 

677  677 (w) Not detected γ(C–H) 

497  497 (w) Not detected δ(C–N–C) 

445  445 (s) Not detected δ(C-N-C) 

Abbreviations include v (stretching), α (in-plane ring deformation), β (in-plane bending), γ 

(out-of-plane bending), and δ (skeletal deformation). 

 

7.3.Conclusion 

 

• The MB dye adsorption capacity of TiO2 powder was extensively explored. The results 

revealed significant variations in the adsorption capacity of TiO2 depending on its 

pretreatment. The pristine TiO2 exhibited an initial adsorption capacity of 0.41 mg/g 

(≈20.2%), which increased marginally to 0.44 mg/g (≈22.2%) after sonification. 

However, ball-milling treatment led to a remarkable improvement, raising the 

adsorption capacity to 0.69 mg/g (≈33.2%). These findings indicate the direct influence 

of the modification processes on the adsorptive properties of TiO2. Furthermore, it was 

observed that the time required to reach adsorption equilibrium was consistent in all 

cases, with an equilibrium point reached at 20 minutes.  

 

• The incorporation of GO into TiO2 by ball-milling results in a remarkable enhancement 

of MB adsorption capacity in both pristine and milled TiO2. It has been observed that 



 

179 

 

the TG(0.5) and TG(1) nanostructures exhibit a maximum removal of 100%, significantly 

exceeding the efficiency of nanostructures with a higher oxidation degree. This 

phenomenon, contrary to what has been reported in the literature, suggests that less 

oxidized GOs favor higher adsorption due to a higher specific surface area (SSA), 

facilitated by additional exfoliation and defect formation during ball-milling. In 

addition, it has been shown that more oxidized GOs have a more negative surface 

charge, which hinders their dispersion and favors agglomeration, thus reducing the 

surface availability for chemical reactions. Therefore, the direct relationship between 

surface area and adsorption efficiency was confirmed, which explains the differential 

behavior in MB removal times between the studied nanostructures.  

 

• It has been shown that the incorporation of GO on TiO2 by the photosonication method 

results in a significant improvement in the adsorption capacity of pristine TiO2. 

Although this adsorption capacity is lower compared to the ball-milling method, the 

importance of photosonication as a less aggressive process for the crystalline structure 

of the material has been highlighted. This approach has allowed us to systematically 

investigate the effects of the oxidation degree on the adsorption behavior of MB, 

revealing a direct relationship between increasing the GO oxidation and the adsorption 

capacity of the dye.  

 

• Kinetic analyses of the MB adsorption process on TiO2-GOs hybrid nanostructures 

fabricated by both methods indicated that the adsorption mechanism follows a pseudo-

second-order model, suggesting that adsorption is predominantly by chemisorption. 

Furthermore, the fit of the experimental data to the Langmuir isotherms supports the 

idea of a more uniform adsorption process consistent with a monolayer coverage model. 

To further investigate the mechanisms underlying the adsorption process, detailed 

analyses of the adsorption time evolution curves were performed using diffusion 

models that take into account diffusion into the surrounding liquid film, intraparticle 

diffusion, and surface adsorption. These analyses revealed that the adsorption process 

of MB on hybrid TiO2-GOs nanostructures involves several sequential stages, from the 

initial diffusion of MB molecules into the liquid film to their adsorption onto the pores 

or surface of the particles.  

 

• The degradation results provide detailed insight into the photocatalytic efficiency of 

TiO2-GO nanostructures in the degradation of dyes using visible light. Initially, pristine 

TiO2 exhibited modest degradation capability, which was slightly enhanced by 

sonification and ball-milling, respectively. However, it was evident that the degradation 

capacity is still limited, despite the significant improvement in adsorption capacity. 

Subsequently, the incorporation of GO in both methodologies improved the 

photocatalytic efficiency, mainly due to the enhanced light absorption promoted by GO. 

In particular, in the nanostructures obtained by mechanical milling, the photocatalytic 

removal efficiency varied between ≈30.6% and ≈32.8%, without showing a clear trend 

depending on the oxidation degree of the GO. On the other hand, in the nanostructures 
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obtained by photosonication, the photocatalytic activity was noticeably affected by the 

oxidation of the GO, this being attributed to the structural characteristics of the GO 

discussed in Chapter 4. 

 

• In summary, this study has shown that TiO2-GO hybrid nanostructures fabricated by 

ball-milling exhibit outstanding MB removal capacity through the adsorption 

mechanism, albeit with limited photocatalytic activity. On the other hand, 

nanostructures obtained by photosonication showed an initially limited adsorption 

capacity but allowed investigation of the influence of the oxidation degree and 

presented a considerably improved photocatalytic efficiency. The combination of 

adsorption and photocatalysis on these nanostructures has shown an effective synergy 

in MB removal. The initial adsorption of the dye molecules facilitates their proximity 

to the nanostructure surface, which increases the probability of interaction with the 

reactive species generated during photocatalysis. This interaction results in an 

acceleration of the degradation and an improvement in the overall efficiency of the 

removal process. In conclusion, this research highlighted the importance of considering 

the synergy between adsorption and photocatalysis, as well as the importance of 

considering both the TiO2 modification methodology and the GO oxidation degree to 

optimize the efficiency of organic pollutant removal in water. 
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Chapter VIII: 

  

Study on microalgal photocatalytic destruction 
 

CHAPTER 8. Study on microalgal photocatalytic destruction 

Microalgae are unicellular microorganisms that contain chlorophyll a, and other photosynthetic 

pigments and are capable of oxygenic photosynthesis [1]. They are found in colonies as well 

as single cells [2]. Microalgae combine characteristics typical of higher plants, such as efficient 

oxygenic photosynthesis, simple nutritional requirements, and rapid growth, with the ability to 

accumulate or secrete primary and secondary metabolites, similar to microorganisms [3]. While 

microalgal growth can occur naturally, driven by environmental factors such as temperature, 

light, and nutrient availability, it is important to note that its frequency and intensity increase 

with the eutrophication of water bodies. Eutrophication is a process by which water quality 

deteriorates due to the accumulation of nutrients, mainly nitrogen and phosphorus [4, 5]. This 

phenomenon usually occurs naturally and is a gradual and slow process. However, climate 

change, coupled with abiotic and biotic conditions caused by human activities, contributes to 

excessive N and P concentrations, which trigger excessive algal growth [6]. This proliferation 

reduces dissolved oxygen levels in the water, making it difficult for other aquatic species to 

survive. Ultimately, this leads to accelerated eutrophication of aquatic systems (artificial or 

cultural eutrophication), resulting in ecological imbalance. 

 

The use of photocatalytic nanomaterials represents an attractive alternative to effectively 

treat water bodies contaminated with microalgae. When working with microalgae and 

photoactive material, light plays a dual role: its purpose is to produce reactive oxygen species 

(ROS) and facilitate the process of photosynthesis. While light has a good effect on the former 

activity, the latter activity is not always affected by an abundance of photons and may instead 

increase the internal risk of oxidation. In this second scenario, the toxicity of nanoparticles 

interacting with surrounding microalgae is related to damage to cellular functions leading to 

cell death [7]. In this context, hybrid TiO2-GO nanostructures fabricated by photosonication 

were used in the study of the destruction of microalgae, specifically the one with the lowest 

oxidation degree was used, due to its outstanding photocatalytic activity demonstrated in 

Chapter 7. The details of the procedure and conditions are shown in Chapter 2. 

 

This chapter is intended as an important step toward practical applications to address 

challenges such as cell death in microalgae and degradation of the byproducts they produce. 

By expanding research beyond traditional contaminant removal to encompass the complex 

interactions of aquatic ecosystems, this work lays the groundwork for specific solutions to 



 

184 

 

mitigate the adverse effects of microalgal blooms. This interdisciplinary approach highlights 

the relevance and potential impact of the findings, opening avenues for addressing 

environmental problems with nanomaterials and innovative methodologies. 

 

8.1.Measurements of chlorophyll fluorescence 

 

Prior to measurement, the sample was exposed to low-intensity far-red light (FR-L) with a 

wavelength of 720 nm and an intensity of 13 µmol photons/m-2•s for 20 min in order to inhibit 

the electron transport chain while in darkness. Upon deactivating FR-L, the sample underwent 

irradiation with a low-intensity modulated light (FML, with a maximum wavelength of 620 

nm, a frequency of 800 Hz, and an intensity of less than 15 µmol photons/m-2•s) for 1 min. The 

measured fluorescence level was denoted as F0. The FR-L was reactivated to promote PSI 

activities. Subsequently, a high-intensity white light pulse (L-P) with a duration of 800 ms and 

an intensity exceeding 1500 µmol photons/m-2•s was applied to the sample. FM was used to 

identify the measured fluorescence level. The sample was subsequently illuminated by L-ACT 

at various intervals.   

 

 
Fig. 8.1. Data illustrating the fluctuations in the intensity of chlorophyll fluorescence. 

 

During the process of illumination, the fluorescence intensity attained a stable and 

unchanging level, which is referred to as FS. Throughout this time frame, the sample had 

consistent exposure to intense light pulses (L-P), resulting in a temporary rise in fluorescence 

known as FM. At the conclusion of the L-ACT time, L-ACT was deactivated whereas FR, FML, 

and L-P remained active for a duration of 20 min. The subsequent lighting ultimately caused a 

temporary rise in the fluorescence intensity, referred to as F”M. After the 20-minute period, the 

sample remained on the bench overnight, exposed to the surrounding light. The levels of F0, 

FM, and F”M were subsequently recorded. The fundamental chlorophyll fluorescence yields 

were used to construct parameters that characterize the photosynthetic activity and the 
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management of absorbed light energy. Fig. 8.1. shows a representative picture of variations in 

chlorophyll fluorescence intensity.  

 

8.2. Chlorophyll fluorescence under visible light 

 

Fig. 8.2 illustrates the contrast in fluorescence kinetics of chlorophyll when measured without 

photolysis and with the inclusion of the photocatalytic film. In both cases a good-quality signal 

is observed, suggesting the use of a dense culture. Initially, a disparity in F0 levels is observed 

between the two curves. In the absence of the photocatalyst, the F0 level was ≈0.018, whereas, 

in the presence of the photocatalyst, this level was slightly lower at ≈0.013. The difference in 

F0 levels before light source activation suggests that the presence of the photocatalyst generates 

a significant effect on the fluorescence level from the start. This effect could be related to the 

adsorption of molecules on the surface during the resting time before irradiation with light. 

 

 
Fig. 8.2. Chlorophyll fluorescence curves recorded with continuous actinic light illumination 

for ≈1 h, in the presence and absence of the photocatalyst. 

 

Subsequently, after starting the illumination and reaching a maximum level (FM), in both 

cases, it is observed that the fluorescence yield of chlorophyll decreases to a minimum level 

during illumination, although with evident qualitative differences in the curves. On the one 

hand, in the absence of the photocatalyst, a slight increase in fluorescence is observed from 

≈the 1600s onwards, which decreases again from ≈the 3300s onwards. The changes during the 

illumination period are not significant, so it could be considered that a steady state is maintained 
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until the end of the illumination. On the other hand, during illumination in the presence of the 

photocatalyst, a slight increase in fluorescence is observed starting at ≈600 s, reaching a 

maximum level at ≈1100 s. This subtle but evident change could be related to an 

acclimatization effect of the microalgae during continuous exposure to light. Subsequently, the 

fluorescence level starts to decrease suddenly until it reaches a minimum stationary level (Fs) 

at ≈2600 s. This behavior remains constant after switching off the light at ≈3600 s.  

 

Immediately after the cessation of continuous illumination, in the absence of the 

photocatalyst, fluorescence appears to increase slowly and transiently. This indicates the 

adaptation process occurring as the Calvin cycle becomes more efficient in utilizing the 

products of the light phase, namely ATP and NADPH [8]. Whereas, in the presence of the 

photocatalyst, the level remained stationary. Under photocatalytic circumstances, the 

quenching of chlorophyll fluorescence is heightened. In addition, a color change in the solution 

was observed with the naked eye as shown in Fig. 8.3. 

 

 
Fig. 8.3. Solution with microalgae after photolysis and photocatalysis after 1 h. 

 

8.3. Chlorophyll fluorescence after overnight 

 

From a qualitative point of view, 1 h of continuous illumination seems to show clear changes 

in the fluorescence curves in the absence and presence of the photocatalytic material, as shown 

by the color changes in Fig. 8.3. However, to be sure of the changes recorded, the fluorescence 

levels of the illuminated samples were measured again after overnight storage at room 

temperature and light. For comparison, these solutions were compared with the fluorescence 

curve of the unilluminated cells, i.e., the original solution. Measurements were made in the 

absence of light and only for a total time of 450 s, as shown in Fig. 8.4. 
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Fig. 8.4. Graph of chlorophyll peaks obtained from an overnight incubation test conducted in 

the dark: Original solution without illumination (―black line), absence of photocatalyst -

photolysis- (―red line) and presence of photocatalyst -photocatalysis- (―blue line) 

 

The analysis of the initial solution (―) revealed prominent peaks indicating a high 

concentration of chlorophyll, indicating the vitality of the unilluminated microalgae, while the 

solution in the absence of the photocatalyst (―) showed similar peaks, although at a lower 

intensity. This would show that both the irradiation time and the irradiation condition 

themselves affected the destruction of the chlorophyll pigment, although it was not sufficient 

to eliminate it, so that after the overnight incubation period the cells had enough time to recover, 

although not to the chlorophyll levels of the original solution (―). Finally, the solution in the 

presence of the photocatalyst (―) showed no peaks associated with chlorophyll, with levels 

close to zero, demonstrating the destruction or elimination of the chlorophyll pigment. This 

suggests that after 1 hour of continuous illumination in the presence of the photocatalyst, it is 

an effective treatment to kill diatoms. 

 

8.4. Microalgae absorption spectra 

 

Chlorophylls and carotenoids are essential pigments in photosynthesis, where they play 

complementary roles in light-harvesting. Chlorophylls have a closed, fully conjugated 

tetrapyrrole, forming an aromatic structure with electron density delocalization in the π-orbitals 
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[9]. This type of structure produces electronic transitions from the higher molecular orbitals to 

the lower unoccupied molecular orbitals, providing absorption of light in the blue (Soret bands) 

and red (Q bands) to the near-infrared region [10]. In a typical absorption spectrum, the intense 

Soret bands are observed in the ≈400-500 nm region, while the lower intensity Q bands are 

observed in the ≈500-700 nm region [11–13]. The light absorption patterns of the microalgae 

in the different experiments are shown in Fig. 8.5. The wavelength was scanned in the range 

of 400-800 nm. In the absorption spectrum of unilluminated cells (―), narrow bands with 

absorption maxima at ≈681.39 and ≈639.14 nm were observed, corresponding to chlorophylls 

a and b, respectively [14]. Carotenoids have broad absorptions with shoulders in the blue 

spectral region between 400 and 500 nm [15]. 

 

 
Fig. 8.5. Absorption spectra of Phaeodactylum tricornutum cells without prior illumination 

(―), and cells after continuous illumination for 1 h: in the absence of the photocatalyst 

(―photolysis) and the presence of the photocatalyst (―agitated and ―no-agitated). 

 

After illumination and in the absence of the photocatalyst (―), it is possible to observe the 

same peaks as in the original cells, but with a decrease in absorbance intensity. Quantitative 

analysis of the intensity showed a decrease of 21.67% for chlorophyll a (≈681.39 nm), 18.26% 

for chlorophyll c (≈639.14 nm), and 22.09% for the carotenoid intensity at ≈444.69 nm. These 

values, which are close to each other, would indicate damage or stress in microalgae and would 

confirm the effect of light itself on photosynthetic processes and pigment integrity in cells. 

Finally, the absorbance of the solution in the presence of the photocatalyst was measured in 

two ways. The first measurement was made after the solution had been left to stand overnight 

without stirring. Under these conditions, a completely transparent solution was observed, as 
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shown in Figure 7.7 (photocatalysis), but with sediment at the bottom of the measuring cuvette. 

The absorbance under these conditions (―)  showed intensities close to zero, very similar to 

the baseline (H2O). The second measurement was carried out in the presence of stirring to 

homogenize the solution with the sediment. In this case, the absorbance intensity was increased 

(―), showing a turbid solution with no coloration. It is worth noting that in both measurements 

the peaks corresponding to chlorophylls and carotenoids disappeared, confirming the 

destruction of the pigments. The higher absorbance intensity in the turbid solution (―) may be 

related to the presence of suspended cells that scatter the light [16] and contribute to the total 

absorbance. Subsequent sedimentation may result in a decrease in turbidity and thus a decrease 

in intensity (―). This difference was seen in the light microscopy images. The photographs in 

Fig. 8.6. provided visual confirmation that the algal cells in the samples were of the fusiform 

type shown in Fig. 2.10. of Chapter 2. The solution in absence showed no apparent difference 

from the original solution (8.6.a and b), while Fig. 8.6.c, in contrast to the turbid sample in Fig. 

8.6.d, showed little suspended cell content, confirming the light absorption patterns of the 

microalgae described. 

 

    
 

    
Fig. 8.6. Optical microscopic observation of diatoms: (a) without prior illumination, (b) cells 

after continuous illumination for 1 h in the absence of the photocatalyst, and (c) in the 

presence of the photocatalyst agitated, and (d) in the presence of the photocatalyst agitated. 

 

 

a) 

b) 

c) d) 
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8.5. Quantification of cell concentration 

 

Quantification of Phaeodactylum tricornutum cells concentration was performed by flow 

cytometry. Flow cytometry is a technique used to detect and measure the physical and chemical 

characteristics of a population of cells or particles. In flow cytometry, cells or particles are 

suspended in a fluid and passed through a laser beam, where the scattered light is characteristic 

of the cells and their components. Cells are often labeled with fluorescent markers, and the 

emitted fluorescence is measured to analyze multiple parameters of the cells [17]. The results 

showed a decrease in the concentration of live cells emitting fluorescence, as demonstrated in 

Fig. 8.7. After illumination in the absence of the photocatalyst, the concentration decreased by 

≈34.04%, while in presence the concentration decreased by ≈99%. 

 
Fig. 8.7. Quantification of Phaeodactylum tricornutum cells concentration by flow cytometry 

 

8.6. Molecular analysis after degradation by Raman spectroscopy 

 

In an attempt to look for possible by-product formation, we performed a comprehensive 

analysis of the chemical bonds present in the microalgae solution by Raman spectroscopy 

before and after illumination in the presence and absence of the photocatalyst. Fig. 8.8. 

illustrate the comparison of the Raman spectra. 

 

The spectrum of the original solution with microalgae shows defined bands associated with 

proteins, carotenoids, and lipids. After illumination in the absence of the photocatalyst, a 
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reduction in the intensity of the bands is observed, demonstrating an effect caused by the light 

itself. Subsequently, analysis of the Raman spectrum of the illuminated sample in the presence 

of the photocatalyst shows that the bands associated with the dye are no longer visible. The 

absence of the associated Raman bands confirms that the specific vibrational characteristics of 

the associated products have changed or disappeared due to photocatalysis. The interaction of 

the e-/h+ pairs generated by the activation of the photocatalyst with the solution led to the 

breaking of bonds and the degradation of the molecules, giving rise to simpler and less colored 

compounds as confirmed by Uv-Vis. This degradation explains the discoloration, as the final 

products formed are less absorbent in the visible range of the electromagnetic spectrum. 

 

 
Fig. 8.8. Raman spectrum of solutions with Phaeodactylum tricornutum cells in the 

absence and presence of photocatalyst.  

 

8.7.Conclusion 

 

This chapter is a major step towards translating research into tangible solutions for 

environmental challenges.  The performed study concerns microalgae cell death and the 

degradation of associated by-products such as chlorophylls and carotenoids. Through extensive 

concentration measurements, it has been shown that the introduction of photocatalysts leads to 
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99% microalgae cell death after 1 hour of visible illumination. The findings presented in this 

chapter not only contribute to the academic understanding of microalgal dynamics but also 

provide practical insights that can serve as a basis for the design and implementation of real-

world solutions. By bridging the gap between theory and application, this research paves the 

way for the effective use of TiO2-GO-based nanomaterials in mitigating environmental 

degradation, thus fostering sustainable practices for the preservation of aquatic ecosystems. 
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General conclusions 
 

 

In this research, GOs with different oxidation degrees have been synthesized, achieving this 

variability by gradual manipulation of KMnO4. Subsequently, the GOs were incorporated into 

hybrid nanostructures with TiO2. The fabrication of these nanostructures was carried out by 

two different methods: ball-milling and photosonication, respectively. Despite using the same 

materials and concentrations in both methods, significant differences in the morphologies and 

characteristics of the resulting nanostructures were observed, highlighting the crucial 

importance of the fabrication method in modulating essential properties that contribute to the 

improvement of processes such as adsorption and/or photocatalysis. 

 

1. Initially, theoretical studies using Density Functional Theory (DFT) revealed the 

relationship between bandgap variations and epoxide functional groups in GO. A gradual 

increase in bandgap was observed as the O/C ratio varies, due to the alteration of the 

hexagonal structure of graphene. Also, the potential for connectivity and interface in TiO2-

GO systems was highlighted, where the integration of GO reduces the bandgap of TiO2. 

These findings emphasize the importance of DFT simulations to understand and optimize 

the atomic interactions that occur in both materials when studied experimentally. 

 

2. The successful preparation of GO by the Tour method has been demonstrated, with precise 

control of the oxidation degree achieved by adjusting the KMnO4 concentrations during the 

synthesis. Through a thorough analysis of the physicochemical properties of the obtained 

GOs, important insights into the structural, morphological, and chemical characteristics 

have been obtained. X-ray diffraction confirmed the presence and evolution of the 

characteristic (001) planes of GO, with a marked increase in crystallite size and interplanar 

spacing corresponding to higher KMnO4 concentrations. Raman spectroscopy provided 

further insight, revealing a transition in structural defects and carbon ordering, from sp3 

hybridizations to vacancies and grain boundary defects, along with a reduction in the size 

of the graphite domains. SEM imaging corroborated these findings, showing changes in 

morphology indicative of increased exfoliation and disorder. Chemical composition 

analysis by FTIR and XPS revealed the presence and distribution of oxygenated functional 

groups, demonstrating a clear evolution in response to the controlled oxidation conditions.  

 

3. The synthesis of hybrid nanostructures based on TiO2 and GO by ball-milling has provided 

significant information on their microstructural, morphological, and electrical properties. 

Microstructural analysis revealed a complex interplay between phase composition and 

crystallinity, with the formation of a main TiO2 matrix accompanied by additional phases 

such as rutile and brookite, indicative of structural defects and grain boundary formation. 
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Furthermore, the incorporation of GO led to a marked increase in specific surface area, 

accompanied by reductions in TiO2 particle size and improvements in electrical 

conductivity. However, while ball-milling was effective in modifying the TiO2 properties, 

the impact of the GO oxidation was less pronounced, due to the aggressiveness of the 

method on the material. 

 

4. The use of photosonication emerged as a promising method to fabricate hybrid 

nanostructures composed of TiO2 and GO, offering a less aggressive alternative to the 

conventional ball-milling technique. Through comprehensive characterization techniques 

including transmission electron microscopy (TEM), electron paramagnetic resonance 

(EPR) analysis, Fourier transform infrared spectroscopy (FTIR), and Raman spectroscopy, 

several key findings have been elucidated. First, TEM images revealed the core-shell 

morphology of the nanostructures, in which the TiO2 particles are covered by a GO layer. 

This arrangement is closely related to the degree of GO oxidation: at lower oxidation, the 

layers are thicker and more irregular, while at higher oxidation, the layers are thinner and 

more uniform. Secondly, EPR analysis provided information on the increased surface 

concentration of Ti3+ ions on TiO2 after sonication, which facilitates electrostatic attraction 

between the Ti3+ defects and the oxygenated functional groups of the GO, ultimately 

promoting the formation of Ti-O-C bonds at the interface. Thirdly, FTIR spectroscopy 

confirmed the formation of Ti-O-C bonds and revealed alterations in the optical properties, 

as the incorporation of GO led to a reduction of the optical bandgap values and changes in 

the light absorption behavior. Finally, Raman spectroscopy revealed the reduction of GO 

after incorporation into TiO2. 

 

5. The study of dye removal from MB has provided valuable insights that highlight the strong 

influence of the fabrication method of the hybrid nanostructures on their adsorption-

photocatalysis properties. The incorporation of GO, either by ball milling or 

photosonication, showed a synergistic effect, improving both the adsorption and 

photocatalytic degradation capacity. It was shown that TiO2-GO hybrid nanostructures 

fabricated by ball milling exhibit excellent MB removal capacity through the adsorption 

mechanism, albeit with limited photocatalytic activity. On the other hand, nanostructures 

obtained by photosonication showed an initially limited adsorption capacity but allowed 

investigation of the influence of the oxidation degree and presented a considerably 

improved photocatalytic efficiency. The combination of adsorption and photocatalysis on 

these nanostructures has shown an effective synergy in MB removal. The initial adsorption 

of the dye molecules facilitates their proximity to the nanostructure surface, which 

increases the probability of interaction with the reactive species generated during 

photocatalysis. This interaction results in an acceleration of the degradation and an 

improvement of the overall efficiency of the removal process. In conclusion, this research 

highlighted the importance of considering the synergy between adsorption and 

photocatalysis, as well as the importance of considering both the TiO2 modification 

methodology and the GO oxidation to optimize the efficiency of organic pollutant removal 

in water. 
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Future potential directions 
 

 

Based on the conclusions drawn from the research, several potential directions for future 

studies can be proposed: 

 

1. Immobilization in films: In this research, powders of various hybrid nanostructures based 

on TiO2-GO have been used. However, exploring the possibility of immobilizing these 

powders on substrates to create films could represent a viable alternative to allow direct 

application of the nanomaterials. Methods such as sol-gel or RF sputtering could be a highly 

recommended alternative, as they offer unique advantages, ranging from precise control of 

thickness and composition to flexibility in structure and compatibility with a variety of 

substrates, as well as high purity and homogeneity. The use of films instead of powders would 

offer many significant advantages in a variety of applications. 

 

2. Reduction of graphene oxide: This research has demonstrated the significant impact of GO 

oxidation on the properties of hybrid nanostructures. Future studies could focus on fine-tuning 

the oxidation process to achieve specific structural and functional characteristics in GO. One 

of them could be the creation of reduced graphene oxide (rGO), which could combine structural 

features of high oxidation such as high exfoliation, nanometer size, and higher dispersion, with 

the outstanding properties of low oxidation such as electrical conductivity and chemical 

stability due to its more planar and less defective structure. 

 

3. Variation of the GO concentration. Although the results obtained with 2% GO have been 

outstanding, increasing the GO concentration could offer new perspectives and possibilities in 

terms of the properties of the resulting material. Investigating how different GO concentrations 

affect the optical, electrical, and even mechanical properties of the TiO2-GO matrix could 

provide valuable information to optimize its performance. 

 

4. Scalability and practical applications: The scalability and practical feasibility of the 

fabrication methods used in this study need to be further investigated to facilitate the translation 

of laboratory findings to real-world applications. Large-scale synthesis of hybrid TiO2-GO 

nanostructures and their evaluation under realistic environmental conditions could provide 

valuable data to assess their potential for water purification and remediation. 

 

5. Other contaminants: In the context of the previous paragraph, possible future directions of 

this research could focus on the exploration of hybrid nanostructures in the removal of other 

pollutants, such as FPAS, and pharmaceuticals, as well as in the eradication of living 

organisms, including viruses, bacteria, and invasive aquatic plants. These additional aspects 
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represent important challenges in preserving the health of aquatic ecosystems and protecting 

native species. Investigating the effectiveness of hybrid nanostructures in removing these 

pollutants and undesirable organisms could provide innovative and sustainable solutions to 

address critical environmental problems. 

 

6. Exploration of multifunctional nanostructures: In addition to TiO2-GO hybrid 

nanostructures, the synthesis of multifunctional nanostructures incorporating other 

nanomaterials or functional additives could be explored. Combining TiO2-GO with materials 

such as metal nanoparticles or carbon nanotubes can produce synergistic effects that enhance 

adsorption and photocatalytic properties for the elimination of a broad spectrum of organic 

contaminants from water. 
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Fig. S.2.1. Equipment used for characterization of the materials manufactured in this 

research.(a) Bruker D2 PHASER diffractometer, (b) Bragg-Brentano PANalytical Empyrean 

Bragg-Brentano diffractometer; (c) X'Plora Raman Spectrometer; (d) Vertex 60V 

Spectrometer ; (e) Scanning Electron Microscope (JEOL, JSM 6510 LV); (f) Microscope 

JEOL JEM 2100 HR -IMMM; (g) UV-Vis Spectrophotometer, Agilent Cary ; (h) Ocean 

Optics ISP-REF integrating sphere; (i) Electron paramagnetic resonance spectrometer; (j) 

Novocontrol Broadband Dielectric Spectrometer (Alpha-A High-Performance Frequency 

Analyzer); (k) Dual-beam spectrophotometer (Perkin Elmer) with Dual PAM-100. 
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Fig. S.4.1. Raman spectra’s Lorentzian deconvolutions of GO nanostructures with different 

oxidation degrees. 
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Table S.5.1. Hybrid TiO2-based structures fabricated by ball-milling 

 

Hybrid nanostructures Applications Ref. 

CdS/TiO2  Photocatalysis [1] 

TiO2/CaCO3 Photocatalysis [2] 

TiO2-carbon nanotubes Photocatalysis [3] 

TiO2/ZnO UV-protection [4] 

TiO2/ZnO Photovoltaic applications [5] 

TiO2/Fe2O3 Arsenic adsorption [6] 

TiO2/GO MB degradation [7] 

WO3/TiO2 Photocatalysis [8] 

Fe/TiO2 Photocatalysis [9] 

TiO2/CuPc Solar cells [10] 

SnO2/TiO2 Photocatalysis [11] 
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Fig. S.5.1. Raman spectra’s Lorentzian deconvolutions of TiO2-GO hybrid nanostructures by 

ball-milling. 
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Fig. S.5.2. FT-IR spectra Lorentzian deconvolutions of TiO2-GO hybrid nanostructures 

fabricated by ball-milling. 
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Fig. S.6.1. SEM/ TEM images of  hybrid core-shell nanostructures TiO2-GO fabricated by 

photosonification 
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Fig. S.6.2. Lorentzian deconvolution of the Raman spectra of TiO2-GO nanostructures 

fabricated by photosonification (a) TG(0.5), (b) TG(1) and (c) TG(3), (d) TG(6), (e) TG(10) 
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Fig. S.6.3. Lorentzian deconvolution of the FTIR spectra in the range of 400 to 900 cm-1, of 

TiO2-GO nanostructures fabricated by photosonification (a) TG(0.5), (b) TG(1) and (c) TG(3), 

(d) TG(6), (e) TG(10) 
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Fig. S.6.4. Plots of Kubelka-Munk vs the energy of absorbed light to determine the optica 

bandgap of hybrid nanostructures fabricated by photosonification. 
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Table S.6.4. The fitting parameters obtained from experimental data of the conductivity (σ) as 

a function of Temperatures using Jonscher's power law 

T(K) 
σDC  

(S/cm) 
A n 

173 1.52x10-9 1.80x10-15 1.29323 

193 3.04x10-9 3.59x10-15 1.29323 

213 1.06x10-8 1.26x10-14 1.29323 

233 1.52x10-8 1.80x10-14 1.29323 

253 2.92x10-8 3.45x10-14 1.29323 

273 1.52x10-7 1.80x10-13 1.29322 

293 2.06x10-7 7.86x10-14 1.34862 

313 2.14x10-7 3.75x10-14 1.39157 

333 2.29x10-7 7.57x10-15 1.48815 

353 2.50x10-7 2.64x10-14 1.39703 

373 2.90x10-7 3.80x10-12 1.07262 

393 1.37x10-7 6.62x10-10 0.76948 

413 2.60x10-7 4.35x10-10 0.88194 

433 8.57x10-6 4.16X10-9 0.7579 

453 1.12x10-4 5.67X10-7 0.48275 

473 1.50x10-3 8.39X10-7 0.53236 
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Titre :   Influence de l’oxyde de Graphene (GO) sur les nanostructures TiO2-GO appliquées à la dépollution 
de l’eau 
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Résumé : Les préoccupations croissantes en matière de 

préservation de l’environnement ont orienté les efforts de la 
recherche vers le développement de nanomatériaux adaptés aux 
applications de la dépollution de l'eau. Dans ce contexte, des 
oxydes de graphène (GO) et leurs nanostructures hybrides 
associant des nanoparticules de TiO2 ont été synthétisés en vue 
d’exploiter des processus tels que l'adsorption et la photocatalyse 
pour l'élimination des polluants organiques dans l'eau. Les 
travaux menés ont permis d’étudier l’influence des propriétés 
physicochimiques des GO et en particulier leurs degrés 
d’oxydation sur les propriétés structurales, électronique et de 
photoactivité des nanocomposites hybrides TiO2-GO. La 
fabrication de nanostructures hybrides à base de TiO2 et de GO 
par broyage à haute énergie et par photosonication a été mise en 
œuvre ainsi que des techniques de caractérisations 
complémentaires telles que la diffraction de RX, la spectrométrie 
Raman, la microscopie électronique SEM/TEM, la spectroscopie 
FT-IR, XPS et de résonance paramagnétique électronique RPE.  
L’analyse approfondie des résultats obtenus sur une variante de 
nanocomposites TiO2-GO a mis en évidence l'évolution des 

propriétés physico-chimiques et morphologiques des 
nanostructures en fonction des conditions d'oxydation contrôlées 
du GO. En complément, des études théoriques par DFT ont 
révélé la corrélation entre les variations de la bande électronique 
interdite et la concentration des groupes fonctionnels dans le 
matériau GO. Les phénomènes d’adsorption et de photocatalyse 
des différentes compositions TiO2-GO ont été étudiés à travers 
l’élimination du bleu de méthylène (MB) avec des efficacités 
remarquables.  La même approche expérimentale qui a été 
ensuite explorée sur des organismes biologiques tels que des 
microalgues à travers la dégradation de sous-produits associés, 
souligne le caractère interdisciplinaire de ces travaux. Ainsi, en 
explorant systématiquement les degrés d'oxydation du GO et les 
techniques de fabrication des nanocomposites, les études 
effectuées contribuent à la compréhension et l'optimisation des 
propriétés et caractéristiques des nanostructures hybrides à base 
de TiO2 et de GO pour une meilleure efficacité de leur utilisation 
pour la dépollution de l'eau. 

 

 

 

Title:   Influence of graphene oxide (GO) on TiO2-GO nanostructures applied to water pollution control 
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Abstract: Growing environmental concerns have focused 

research efforts on the development of nanomaterials suitable for 
water pollution control applications. In this context, graphene 
oxides (GOs) and their hybrid nanostructures combining TiO2 
nanoparticles have been synthesized to exploit processes such 
as adsorption and photocatalysis to remove organic pollutants 
from water. The work carried out has made it possible to study 
the influence of the physicochemical properties of GOs and in 
particular their oxidation degrees, on the structural, electronic, 
and photoactivity properties of TiO2-GO hybrid nanocomposites. 
Hybrid nanostructures based on TiO2 and GO were prepared by 
high-energy milling and photosonication, and complementary 
characterization techniques such as X-ray diffraction, Raman 
spectrometry, SEM/TEM electron microscopy, FT-IR, XPS, and 
EPR electron paramagnetic resonance spectroscopy were used. 
An in-depth analysis of the results obtained on a variant of TiO2-
GO nanocomposites highlighted the evolution of the 
physicochemical and morphological properties of the 

nanostructures as a function of the controlled GO oxidation 
conditions. In addition, theoretical studies using DFT revealed the 
correlation between variations in the electronic bandgap and the 
concentration of functional groups in the GO material. The 
adsorption and photocatalysis phenomena of the different TiO2-
GO compositions were studied by eliminating methylene blue 
(MB) with remarkable efficiency. The same experimental 
approach, which was then studied on biological organisms such 
as microalgae through the degradation of associated by-
products, underlines the interdisciplinary nature of this work. 
Thus, by systematically studying the oxidation levels of GO and 
the techniques used to produce nanocomposites, the studies 
carried out are helping to understand and optimize the properties 
and characteristics of hybrid nanostructures based on TiO2 and 
GO, so that they can be used more effectively for water 
purification.

 


