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 الملخص

اجتذب التحفيز الضوئي بوساطة أشباه الموصالت اهتماًما كبيًرا نظًرا إلمكاناته الهائلة لحل قضايا الطاقة والبيئة العالمية.  

للتغلب على العوائق الكبيرة إلعادة التركيب السريع للشحن واالمتصاص المحدود للضوء المرئي للمحفزات الضوئية 

ن االستراتيجيات في العقود القليلة الماضية, و أكثرها استخداًما على نطاق واسع  ألشباه الموصالت ، تم تطوير العديد م

هو تطوير الوصالت غير المتجانسة الضوئية. في هذا السياق ، قدمت الخصائص الفيزيائية والكيميائية والبصرية 

ضوئية غير متجانسة عالية الكفاءة  والكهربائية الفريدة للجرافين شبه المعدني أو شبه الموصل حالً فعاالً لبناء محفزات

لقيادة مجموعة متنوعة من تفاعالت األكسدة واالختزال تحت إشعاع الضوء المناسب. إن العمل الذي تم تنفيذه في هذه 

األطروحة مخصص بشكل أساسي لتصميم وصالت غير متجانسة متعددة المكونات تعتمد على أكاسيد أشباه الموصالت  

دن مع نشاط امتزاز وتحفيزي ضوئي فعال لتطبيقات التنظيف البيئي. تم التحقيق في محورين  ، والجرافين ، والمع

رئيسيين في كل فصل )الفصل الثالث والرابع والخامس( ، أولهما الدراسة التجريبية عن طريق تخليق أكاسيد شبه  

ودمجها مع أوراق الجرافين )جميع الفصول( وتزيينها باستخدام  )SrTiO2TiO-4O2, NiFe5TiO2Fe ,3)موصلة 

الجسيمات النانوية للفّضة )الفصالن الرابع والخامس( ثم دراسة خصائصها اإللكترونية والبصرية من أجل تحسين 

م طريقة نظرية الكثافة كفاءتها التحفيزية الضوئية. الجزء الثاني يتعامل مع المحاكاة العددية للبنى النانوية الهجينة باستخدا

، من أجل تحديد آليات الظواهر الفيزيائية المسؤولة عن تأثيرات التحفيز الضوئي التي تحدث في هذه  DFTالوظيفية

المواد الهجينة. تم تحديد الخصائص اإللكترونية والبصرية لألنظمة ومقارنتها مع البيانات التجريبية. وبالتالي ، بناًء 

وبية من خالل الطرق الكيميائية الكمومية واألعمال التجريبية التي تم تنفيذها ، تم تمييز ظواهر نقل على المحاكاة الحاس

 الشحنة المعنية بهدف فهم نقل الشحنات الكهربائية في المادة الهجينة وتأثير استجابات التحفيز الضوئي.

 الكلمات المفتاحية

5TiO2Fe، 4O2NiFe ،3SrTiOفّضة ، الجسيمات النانوية للAg ، الجرافين ، التحفيز الضوئي غير المتجانس ،

 .أزرق الميثيلين، التخلص من   DFTاالمتزاز ، 
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Résumé 

La photocatalyse médiée par les semi-conducteurs a attiré une attention considérable en 

raison de son énorme potentiel pour résoudre les problèmes énergétiques et 

environnementaux mondiaux. Pour surmonter les graves inconvénients de la recombinaison 

rapide des charges et de l'absorption limitée de la lumière visible des photocatalyseurs à 

semi-conducteurs, plusieurs stratégies ont été développées au cours des dernières décennies, 

et la plus utilisée consiste à développer des hétérojonctions photocatalytiques. Dans ce 

contexte, les propriétés physico-chimiques, optiques et électriques uniques du graphène 

semi-métallique ou semi-conducteur ont offert une solution efficace pour construire des 

photocatalyseurs à hétérojonction hautement efficaces pour piloter une variété de réactions 

redox sous irradiation lumineuse appropriée. Les travaux menés dans cette thèse portent 

principalement sur la conception d'hétérojonctions multicomposants à base d'oxydes semi-

conducteurs, de graphène et de métal présentant une activité adsorptive et photocatalytique 

efficace pour des applications de dépollution environnementale. Deux axes principaux ont 

été étudiés dans chaque chapitre (chapitre III, IV et V), le premier étant l'étude expérimentale 

en synthétisant des oxydes semi-conducteurs (Fe2TiO5, NiFe2O4-TiO2, SrTiO3) et en les 

combinant avec des feuilles de graphène (tous les chapitres) et en les décorant avec des 

nanoparticules d'Ag (chapitre IV et V), puis l'étude de leurs propriétés électroniques et 

optiques afin d'optimiser leurs efficacités photocatalytiques. La deuxième partie traite des 

simulations numériques des nanostructures hybrides en utilisant l'approche de la méthode 

DFT, afin de déterminer les mécanismes des phénomènes physiques responsables des effets 

photocatalytiques se produisant dans ces matériaux hybrides. Les propriétés électroniques et 

optiques des systèmes ont été déterminées et comparées aux données expérimentales. Ainsi, 

sur la base de simulations informatiques par des méthodes de chimie quantique et des travaux 

expérimentaux réalisés, les phénomènes de transfert de charge impliqués ont été caractérisés 

dans le but de comprendre le transfert de charges électriques dans le matériau hybride et 

l'effet des réponses photocatalytiques. 

Mots clés   

Fe2TiO5, NiFe2O4, SrTiO3, Nanoparticules d'Ag, Graphène, Photocatalyse hétérogène, 

Adsorption, DFT, Élimination du bleu de méthylène. 
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Abstract 

Semiconductor-mediated photocatalysis has attracted considerable attention due to its 

illustrates enormous potential for resolving global energy and environmental issues. To 

overcome the serious drawbacks of fast charge recombination and the limited visible-light 

absorption of semiconductor photocatalysts, several strategies have been developed in the 

past few decades, and the most widely used one is to develop photocatalytic heterojunctions. 

In this context, the unique physicochemical, optical, and electrical properties of semi-

metallic or semiconducting graphene have offered an efficient solution to construct highly 

efficient heterojunction photocatalysts for driving a variety of redox reactions under proper 

light irradiation. The work carried out in this thesis is mainly for the design of 

multicomponent heterojunctions based on semiconductor oxides, graphene, and metal with 

efficient adsorptive and photocatalytic activity for environmental cleanup applications. Two 

main axes have been investigated in each chapter (chapter III, IV, and V), the first of which 

is the experimental study by synthesizing semiconducting oxides (Fe2TiO5, NiFe2O4-TiO2, 

SrTiO3) and combined with graphene sheets (all chapters) and decorated it with Ag 

nanoparticles (chapter IV and V), and then study of their electronic and optical properties in 

order to optimize their photocatalytic efficiencies. The second part deals with numerical 

simulations of hybrid nanostructures using the DFT method approach, in order to determine 

the mechanisms of physical phenomena responsible for photocatalytic effects occurring in 

these hybrid materials. The electronic and optical properties of the systems were determined 

and compared with the experimental data. Thus, based on computer simulations through 

quantum-chemical methods and the carried out experimental works, the involved charge 

transfer phenomena were characterized in the aim to understand the transfer of electric 

charges in the hybrid material and the effect of the photocatalytic responses. 

Keywords 

Fe2TiO5, NiFe2O4, SrTiO3, Ag nanoparticles, Graphene, Heterogeneous Photocatalysis, 

Adsorption, DFT, Methylene blue elimination.  
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Thesis structure 

The thesis is prepared with a publication-based style, in which a collection of relevant 

publications is presented as the main body of the thesis. The overall structure of the thesis 

will be presented as follows:  

Chapter 1: Bibliographic review. 

Chapter 2: Quantum-chemical calculations and characterization techniques. 

Chapter 3: Novel Fe2TiO5/reduced graphene oxide heterojunction photocatalyst with 

improved adsorption capacity and visible light photoactivity: experimental and DFT 

approach. 

Chapter 4: Bottom-up construction of reduced-Graphene-Oxide-anchored spinel magnet 

Fe2.02Ni1.01O3.22, anatase TiO2, metallic Ag nanoparticles, and their synergy in photocatalytic 

water reduction. 

Chapter 5: Interfacial coupling effects on adsorptive and photocatalytic performances for 

photoresponsive graphene wrapped- SrTiO3@Ag under visible light:  experimental and DFT 

approach. 

Chapter 6: Overall conclusions and recommendations for future work. 
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General introduction 

The growth of industry is a fundamental technological factor that has a great impact on 

human civilization. It has been observed that over the past few decades, rapid 

industrialization have resulted in maximum environmental pollution as a result of large 

amounts of industrial waste [1], [2]. Therefore, before they are discharged into the 

environment, the pollutants must be removed or eliminated. Otherwise, water pollution can 

harm humans, animals, plants and all other biological processes due to its inherent toxicity 

[3]–[6]. 

Inorganic micropollutants like metals and a broad array of synthetic organic compounds are 

prevalent in the industrial waste stream [1]. Organic contaminants in water include dyes 

(methylene blue, rhodamine B, methyl orange, and fluorescein), which are commonly used 

in food, textile, paint industries, and furniture [7] [8]. Around 30-40% of these coloring 

compounds are discharged into waterways as "pigment effluent" (accidentally or without 

pre-treatment), posing environmental and health risks [9]. A number of these water-soluble 

pigments limit sunlight from reaching aquatic life and certain other pigments breakdown and 

produce carcinogenic by products when exposed to sunlight [10], [11]. 

Scientists are scrambling to find a viable and effective method to purify water and minimize 

pollution as the degree of pollution rises. Coagulation, microbial decomposition, active 

carbon adsorption, incineration, filtration, and sedimentation are examples of traditional 

wastewater treatment processes that have either become economically ineffective or left 

secondary contaminants [12]–[16]. Adsorption is the most frequently used method for 

removing coloring agents due to its efficacy and simplicity of use [17]–[20]. However, there 

are some limitations to the adsorption process, such as the inability to remove certain 

elements and the production of secondary wastes that require additional treatment [21]. To 

overcome these constraints, the chemical decomposition process has proven to be a cost-

effective method of water purification through decomposition [22]–[24]. Advanced 

Oxidation Processes (AOPs), a group of established treatment methods including 

photooxidation using a semiconductor material as a catalyst, ultrasonic cavitation, electron 

beam irradiation, Fenton reaction, and Interactions [25]–[27]. The use of O3/H2O2, UV/O3 

and UV/H2O2 has been found to be effective. The basis of AOP is to generate powerful 

oxidizing species in situ, such as OH radicals, which triggers a sequence of reactions that 
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break down the dye molecule into smaller and less hazardous molecules, a process known 

as mineralization.  

Despite good oxidation of organic pollutants (except the photocatalysis technique), the 

complexity of these technologies (AOPs), high chemical consumption, and relatively high 

processing costs are significant impediments to large-scale usage [28]. Photocatalysts made 

of semiconducting materials are projected to supplement and enhance more traditional ways 

to hazardous chemical waste annihilation and energy production [6], [29], [30]. The 

development of numerous photocatalytic systems using a range of semiconductor 

photocatalysts has resulted from research in the field of photocatalytic water splitting into 

hydrogen and oxygen [4], [5], [27]. Since the major part (about 45%) of sunlight belongs to 

visible region, it is essential that the efforts to design the semiconducting photocatalysts 

should be toward the utilization of this part of solar light to ignite photocatalytic reactions 

[24], [31], [32], [20], [33]. Hence, control of electronic band structure of material by 

adjusting its elemental compositions was recognized as the effective method to extend light 

response range.  Therefore, various possible strategies to enhance the overall photocatalytic 

efficiency, including band structure engineering, micro/nano engineering, bionic 

engineering, co-catalyst engineering, surface and interface engineering, have been widely 

employed for engineering heterogeneous semiconductors [34]–[38].  

A number of novel nanostructured heterogeneous photocatalysts based on graphene 

nanosheets have been developed in the past several years due to their favorable absorption 

of solar radiation, efficient separation of charge carriers, high surface areas and exposed 

reactive sites [39]–[42]. As is known, the overall photocatalytic efficiency is significantly 

hindered by the fast electron–hole recombination and lowlight utilization, which are 

governed by all material parameters, including chemical composition, physical dimension, 

interfacial and electronic properties [43]. Thus, a fundamental understanding and 

deterministic control of these chemical, interfacial and structural factors will enable the 

scalable production of graphene nanosheet-based composite photocatalysts with the best 

photocatalytic behavior, which will be favorable for creating some robust composite systems 

for practical photocatalytic applications and fundamental insights into low-dimensional 

physics and chemistry at the single-atom level [44]–[47]. Clearly, the interfaces between 

graphene and semiconductors play the crucial roles in achieving the significantly boosted 

photocatalytic efficiency [40]. It is generally regarded that constructing the heterojunction 

photocatalysts has been extensively shown to be capable of promoting the spatial separation 
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of photogenerated electron–hole pairs through combining the advantages of integrated 

functional components, thus fulfilling the higher overall photocatalytic activity [48], [49]. 

The aim of the presented work is mainly for the design of multicomponent heterojunctions 

based on semiconductor oxides/ graphene/metal to investigate the influence of the interfacial 

coupling on the structural, electronic, optical, adsorptive, and photocatalytic properties of all 

the composites. Adding the graphene with its unique features was proposed as the first 

element improving the photocatalytic properties of the semiconductors oxides (Fe2TiO5, 

NiFe2O4-TiO2, SrTiO3). For this purpose, graphene was synthesized by the reduction of 

graphene oxide (GO), and this is due to the hydrophilic functional groups including 

hydroxyl, carboxyl, and epoxide groups on both its edge and surface. In the second phase, 

Ag nanoparticles were used as electrons sink to facilitate the transfer of the interfacial 

electron to the composites; as well, the Surface Plasmon Resonance (SPR) effects of the 

noble metal enhance the light absorbance of the composite and thus improved photocatalytic 

activity. Then, the structural, electronic, and optical properties of the obtained materials were 

exhaustively investigated and optimized. 

Combining experimental and theoretical methodologies enables a quantitative understanding 

of the physical mechanisms controlling the photocatalytic characteristics of photoactive 

semiconducting structures. A number of computer simulations and quantum-chemical 

calculations were performed in this context in order to deduce the physical mechanisms 

behind the photocatalytic effects observed in hybrid materials. The structural, electronic, and 

optical properties of each nanocomposite were calculated separately and jointly using the 

DFT approach. Additionally, the findings of computer simulations were compared to 

experimental data in order to confirm the created theoretical models' relevance. Thus, using 

computer simulations and experimental studies, the associated charge transfer phenomena 

were defined in order to gain a better understanding of the electric charge transfer in the 

hybrid material and the effect of photocatalytic responses. 
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1. Bibliographic review 

1.1. Introduction 

The reduction in freshwater availability is exacerbated by population growth, 

industrialization, and urbanization, to name a few issues. As a result, water reuse is becoming 

increasingly important. Similarly, there is an increasing need for the development of water 

treatment technology capable of entirely eliminating contaminants in water, particularly 

organic pollutants such as textile dyes and pharmaceuticals, and potentially saving human 

lives and the environment.  

Heterogeneous photocatalysis is part of the advanced oxidation processes, which is a very 

effective method for the degradation of organic pollutants via photoactivation of non-toxic 

and environmentally acceptable substances such as some semiconducting oxides. Light can 

activate these compounds, causing organic contaminants to decompose into small, non-toxic 

molecules like water and carbon dioxide. 

The objective of this chapter is to expose the terminology, the theoretical basis, and the state-

of-the-art of dye removal by heterogeneous photocatalysis. Furthermore, this chapter 

provides details on the different types of pollutants and the conventional water treatment 

methods for organic dyes. Highlights include adsorption, sophisticated oxidation processes, 

and details on heterogeneous catalysis, as well as synthetic approaches and strategies that 

have been used to develop some of the semiconductor photocatalysts. 

1.2. Different Types of Pollutants 

Water is contaminated by a variety of undesirable foreign substances such as physical 

substances, chemicals, biological species, domestic, sewage, and industrial wastes [50], [51]. 

These pollutants degrade the quality of the water, making it unsuitable for its intended uses. 

Water pollutants can be classified into three types based on their state of existence in water. 

(Figure. 1.1). 
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Figure 1.1 Types of water pollutants 

1.2.1. Organic Dyes in Water 

In the past decades, many environmental problems have emerged and need to be resolved, 

especially polluted wastewater, toxic air pollutants and solid wastes [4], [7], [37]. Among 

them, organic contaminants in wastewater were particularly concerned. Various trace 

organic pollutants, such as antibiotics, endocrine disruptors, drug by-products and toxins 

have been detected in wastewater [52]. The organic pollutants constitute the majority of 

environmental pollution found in domestic, industrial, and agricultural wastewater sources, 

which have an adverse influence on aquatic organisms even at low levels of exposure. Many 

kinds of organic pollutants, such as pharmaceuticals and personal care products, textile, 

food, beverage, persistent organic pollutants, insecticide, pesticide, oil, fertilizers, and 

chemical, are included in wastewater [53]. All industries used organic dye as a component 

in the production of the desired color product. These organic dyes, whether they are natural 

or synthetic, they are not all environmentally friendly dyes, especially synthetic organic 

dyes. Most of these organic dyes are very complex molecules, extremely toxic, chemical 

stability, and slow degradation [54]. Therefore, the discharge of organic dye containing in 

water is troublesome to the environment, not only bad vision because of their color but also 

reduction of sunlight transmission. Moreover, these organic dyes also come with a risk 

substance, for instance, heavy metals (Zn, Pb, Cu, Cd, Co), amines, and aromatic 

compounds. Therefore, these organic dyes are not only harmful to aquatic life but also 

mutagenic to humans. The health problems related to organic dyes are skin irritation, 
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sneezing, sore eyes, carcinogenicity, dysfunction, and mutagenicity, including the brain, 

liver, kidney, central nervous and reproductive system, and others. 

1.3. Conventional water treatment methods for organic dyes 

The primary goal of environmental education is to raise public awareness about the 

importance of environmental protection and conservation, as the indiscriminate release of 

various contaminants into the environment poses significant health risks. The removal of 

undesirable chemicals, materials, and biological contaminants from raw water is known as 

water treatment [55]. Conventional (Physical and Chemical) methods focus on the removal 

of colloids and bacteria rather than organic pollutants. Such treatments take a long time and 

are expensive. The disadvantage of such treatments is that they either do not achieve 

complete mineralization or are ineffective on non-adsorbable or non-volatile pollutants. 

Furthermore, the major concern is that pollutants are removed from one source only to be 

disposed of in another. Biological methods require more space, are less responsive to diurnal 

variation and chemical toxicity, and are less adaptable in design and operation.  Although 

many organic pollutants may be reduced using traditional methods, some are extremely 

difficult to breakdown due to their difficult chemical construction and simulated organic 

origin. On the other hand, because they use more chemicals, they generate a large volume of 

sludge, demanding further treatment. Several physical technologies for wastewater 

purification, such as membrane filtration and adsorption techniques, are widely available; 

however, the downside is that they require periodic replacement, which is costly [56]. 

Many scientists have found and developed methods for treating organic dyes in water, 

including advanced oxidation processes, adsorption, electro-oxidation, and reverse osmosis 

[57]–[60]. The photocatalytic process is one of the most intriguing wastewater treatment 

alternatives because it is non-toxic and has no effect on human life [5], [30]. Photocatalysts 

for the treatment of organic dyes in water can be homogeneous or heterogeneous catalysts 

[4]. Despite the fact that photocatalyst suspension in wastewater is the most efficient form 

for photocatalytic treatment of organic pollutants in water due to high surface contacts 

between the surface of heterogeneous photocatalysts and organic pollutants in water, the 

suspension form raises significant concerns about the recovery and reuse of the suspended 

materials, as well as the photocatalysts' leak potential into the environment. As a result, one 

of the problems is to develop reuse strategies and leakage precautions for catalysts.  
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Table 1.1. Comparison of wastewater treatment methods. 

Methods Advantages Disadvantages Disadvantages 

Ultrafiltration  

• Low driving force 

• Small space requirement 

• High packing capacity 

• Prone to membrane fouling 

• Biodegradation of membrane material  

Nanofiltration  

• Easy operation 

• Low energy consumption 

• Prone to membrane fouling 

• Expensive 

Reverse osmosis 

• Efficient rejection rate 

• Accounts for more than 20% of 

world desalination capacity 

• High power consumption 

Adsorption 

• Effective 

• Low cost 

• Low reusability capacity 

Coagulation-

flocculation 

• Simple 

• Applicable to large-scale wastewater 

treatment 

• Improved sludge settling 

• High chemical consumption 

• Production of toxic sludge in large 

quantity 

• Sludge disposal problem 

Ion exchange 

• Selective heavy metal removal • Expensive 

• Fouling of resin 

Chemical 

precipitation 

• Simple to use 

• Can be adapted to handle large quantity of 

wastewater 

• High chemical requirement 

• Sludge disposal problem 

Chemical 

oxidation 

• Does not increase volume of sludge 

• Rapid process for removal 

• Expensive 

• Problems in sludge disposal 

• Formation of by-products 

Electrochemical 

• Rapid process 

• Nonchemical requirement 

• High cost of electricity 

• Formation of by-products 

Photocatalysis 
• Non-toxicity • Utilization of expensive catalysts 
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• No foul smells 

• No sludge formation 

Biological 

• Noninvasive removal of pollutants 

• Completely mineralizes the toxic pollutants 

into non-toxic end products without any 

requirement of rigorous monitoring 

• Process takes longer time for the removal 

of pollutants 

 

 

1.3.1. Adsorption theory 

As a separation process, adsorption is widely applied in our manufacturing economy and in 

our daily lives. Adsorption is considered an efficient separation process for industrial 

treatment and domestic effluents [61]. Adsorption methods are universally used for the 

determination of the specific surface area of fine powders and porous solids, for the 

separation and purification of fluids in a wide variety of fields, ranging from chemical 

industries to environmental applications, through agro-industries, pharmaceuticals, and 

petrochemical industries (separation of hydrocarbons, treatment of air, water, and effluents 

to remove organic or inorganic pollutants) [62].  In other words more accurate, adsorption is 

a surface phenomenon that occurs when molecules of a fluid (gas or liquid) called an 

adsorbate attach themselves to the surface of a solid called an adsorbent. By the surface of 

the solid, we mean the external and internal surfaces generated by the network of pores and 

cavities inside the adsorbent [63], [64]. Thus, by contacting fluids with such solids, the 

desired objective of purification or separation may be achieved. There are two types of 

adsorption processes: physical adsorption or physisorption, and chemical adsorption or 

chemisorption.  

1.3.1.1. Adsorption equilibrium 

Accurate adsorption equilibrium data are essential to the analysis and design of adsorptive 

separation processes [64]. Broadly speaking, two aspects of adsorption equilibrium deserve 

our main attention: experimental determination of equilibrium data, and the development of 

isotherm expressions for equilibrium data representation [65]–[67]. The extent of adsorption 

of a given situation is reached once equilibrium is established between the adsorbent and its 

contacting solution. In practice, adsorption performance is also strongly influenced by the 

mass transfer of the species between the solution and the adsorbent surfaces and the 
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adsorption reaction rate. Technically, adsorption is, therefore, an equilibrium-diffusion-

reaction process.  

 

Figure 1.2.  Energy diagram of the adsorption phenomenon. 

1.3.2. Advanced oxidation processes (AOP) 

Chemical degradation is one of the most commonly utilized methods for environmental 

cleanup [68], [69]. It can be accomplished through a variety of methods, including 

photocatalytic, Fenton method, ozone/UV radiation/H2O2 oxidation, sonochemical, 

electrochemical, supercritical water oxidation, solvated electron reduction, enzymatic 

treatment, and electron beam irradiation. Only UV light and ozone have disinfecting 

applications. 

The coupled O3/UV/H2O2 technique degrades organic contaminants through 

oxidation/photolysis processes and the formation of free hydroxyl radicals [70]. However, 

subsequent treatment for total pollutant neutralization should be carried out using advanced 

oxidation processes (AOP). AOPs are accomplished through the complete mineralization of 

matter to H2O and CO2 in the presence of highly vivid hydroxyl and superoxide radicals 

[25]. To create the promoter radicals, one of the effective photodegradation reactions can be 

advanced utilizing nano-semiconductor and solvated O2 gas. Photocatalysis is a subclass of 

AOPs that generates highly reactive and non-selective chemical oxidants (i.e. ●OH, ●O2-, O2) 

that are highly oxidizing and can breakdown contaminants into benign products such as 

carbon dioxide and water [71]. 
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1.4. Overview of Photocatalytic Reactions 

Photocatalysis defines the speed of chemical reactions or their onset under the influence of 

UV to IR radiation according to IUPAC definition [72]. The mentioned reaction occurs on a 

substrate called photocatalyst, which is able to absorb incident radiation. In other way, 

photocatalysis is a process that utilizes the energy input from incident radiation and the 

catalytic properties of the surface of a material to carry out and/or accelerate certain chemical 

reactions [4], [73]. Photocatalysis is known to be able to produce thermodynamically uphill 

reactions, which otherwise need intense energy inputs in terms of high temperature (or 

pressure). Understanding the mechanism of photocatalytic reactions is critically important 

to design and develop new photocatalytic materials [5], [29].  

Figure 1.3 [74], shows the reduction and oxidation levels of some of the common 

photocatalytic reactions with reference to vacuum and the normal hydrogen electrode 

(NHE). It is noted that these values provide an insight only on the thermodynamic feasibility 

of the reaction. It is seen that for the reduction reaction, the energy of the (photoexcited) 

electron should be higher (on the absolute vacuum scale) than the redox level. Therefore, the 

CB potential of the photocatalyst should be located at a higher energy value than the 

reduction reaction of interest.  

 

 

Figure 1.3. Energy levels of some of the important photocatalytic reactions with respect to 

NHE at pH = 0 

Based on the relative positions of semiconductor CB levels and redox potentials of specific 

reactions, some commonly used photocatalysts can be divided into three types: strongly 

oxidative semiconductors with much higher VB levels for water oxidation reaction, strongly 

reductive semiconductors with much higher CB levels for CO2 reduction reaction and H2 
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evolution reaction, and semiconductors with moderate oxidation and reduction ability. 

Figure 1.4, highlights the precise band positions and application areas of some common 

photocatalysts. 

 

Figure 1.4. Band positions and potential applications of some typical photocatalysts (at 

pH = 7 in aqueous solutions) [40] 

1.5. Heterogeneous Photocatalysis 

Many years ago, Fujishima and Honda found heterogeneous photocatalysis due to an 

electrochemical photocatalysis of water at a semiconductor electrode [31], [72]. In 

heterogeneous photocatalysis, the catalyst is totally separate from the reactants. Based on 

band gap energy, the differential energy between the valence band (the highest occupied 

molecular orbital, HOMO) and the conduction band (the lowest unoccupied molecular 

orbital, LUMO) – the materials are classified into three basic categories (Figure. 1.5). 
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Figure 1.5. Energy band diagram of a conductor, semiconductor, and Insulator. 

Normally, heterogeneous photocatalysts are semiconductor materials (i.e., metal oxides), 

because semiconductor can absorb light to activate the movement of electrons, which causes 

the generation of the reactive species. Heterogeneous photocatalysis is generally carried out 

by utilization of metal oxides as photocatalysts in the form of suspended phase or 

immobilized state (on other solid substrates), as heterogeneous photocatalysis occurs with 

several reactions, e.g., oxidation, dehydrogenation, metal deposition, water detoxification, 

and gaseous pollutant removals.  The illumination of light over the heterogeneous 

photocatalyst by photons with energy at least equal to its bandgap energy can generate the 

electron-hole pairs [75], [76]. Eq. (1.1) describes the relationship between the bandgap and 

the wavelength necessary to excite electrons in the semiconducting material. 

𝐸 =
ℎ𝑐

𝜆
=

1240

𝜆
                                              (1.1) 

With h: Planck constant (h = 6.6256 10-34
 J.s)  

C: speed of light (C = 3.0 108  m.s-1)  

E: excitement energy (eV). 

Figure 1.6 [74], shows how photo-activated electrons migrate from the valence band to the 

conduction band, leaving positive holes in the valence band. Following that, photo-activated 

electrons and holes can migrate from the bulk to the photocatalyst surface and react with 

some adsorbed molecules on the surface to form free radicals. Furthermore, when the 

migration time of electrons and holes to the surface of the photocatalyst is shorter than the 

duration of recombination, the photocatalytic process is more efficient. As a result, the 

lifespan of (h+, e-) pairings is critical to photocatalytic efficiency. Organic or biological 
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molecules adsorbing on the photocatalyst surface can be oxidized if their redox potential is 

above the semiconductor's valence band. When the redox potential of the substrate falls 

below the conduction band of the photocatalyst, the reduction process occurs.  

  

Figure 1.6. Processes occurring in the semiconductor after absorption of suitable radiation. 

In addition, photoexcited electrons in the conduction band (CB) are responsible for the 

formation of H2 and OH when they react with water. However, in order to start producing 

hydrogen and oxygen, the semiconductor's conduction band level must be more negative 

than the reduction potential of H2 (H+/H2) and the valence band level must be more positive 

than the oxidation potential of O2 (H2O/O2). However, different model contaminants and 

photocatalysts have a considerable influence on the photocatalytic dye degradation 

mechanism. Furthermore, the photoactivity and decomposition course would be determined 

by the different dominating radical species. As a result, the dye degradation mechanism is 

still poorly understood. 

1.5.1. Oxidative Reactions 

Typical photocatalysts, i.e., metal oxides (MO), such as oxides of titanium, zinc, and 

Strontium titanate, can absorb photons to generate the photo-excited electrons and positive 

holes as expressed in Eq. (1.2) [74], [77], [78]. In the presence of water molecules, hydroxyl 

radicals (HO•) are produced by a reaction between positive holes and H2O according to Eq. 

(1.3). Furthermore, H2O2 is possibly formed through the oxidative pathway, leading to the 

HO• generation from the cleavage of H2O2 under photolysis as shown in Eq. (1.4) and (1.5). 
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Photocatalyst + hυ               Photocatalyst (e- (CB) + h+ (VB))               (1.2) 

H2O + h+                              H+ + HO•                                                     (1.3) 

2 h+ + 2H2O                         2H+ + H2O2                                                 (1.4) 

H2O2 + hυ                             HO• + HO•                                                  (1.5) 

1.5.2.  Reductive Reaction 

Short-lived free radicals in the form of superoxide anion radicals (O2
–•) can be generated by 

the monovalent reduction of dissolved oxygen molecules adsorbed on the surface of a 

photocatalyst [74], [77], [78]. Following that, uncharged hydroperoxyl radicals (HO2
•) can 

be created by protonation of O2
–•. Protonation and reduction of HO2

• may result in the 

formation of hydrogen peroxide (H2O2). Finally, according to Equations (1.6–1.9), 

homolytic cleavage of H2O2 can produce additional hydroxyl radicals (HO•).  

e– + O2                                     O2
–•                                                          (1.6) 

O2
–• + H+                                 HO2

•                                                         (1.7) 

HO2
• + e– + H+                        H2O2                                                         (1.8) 

H2O2 + hυ                                HO• + HO•                                               (1.9) 

1.6. Mechanism of heterogeneous structure  

Significant work has been expended in recent years on the design and manufacture of 

heterojunctions for enhancing photocatalytic activity [79]. Unique features can be introduced 

through the mixing of different materials, and thus the operating processes in different 

systems can be substantially modified. In most situations, however, the ultimate goal of 

building heterostructured materials is to achieve effective charge separation, smaller 

bandgaps, and synergistic light absorption [80]. The fundamental idea in this regard is to 

separate the reduction and oxidation reactions [81], [82]. In general, there are four types of 

heterojunction photocatalysts [33]: semiconductor–semiconductor (S–S) heterojunction, 

semiconductor–metal (S–M) heterojunction, semiconductor–carbon group (S–C) 

heterojunction (carbon group: activated carbon, carbon nanotubes (CNTs), and graphene), 

and multicomponent heterojunction.  

1.6.1. The design principle of S–S heterojunctions 

In general, semiconductor heterojunctions can be classified into three types based on their 

energy bands and Femi levels (Figure 1.7) [33], [40], [83]–[85]: type I, where the valence 

and conduction bands of one semiconductor completely straddle the bands of the other, type 

II, where the valence and conduction bands of the two semiconductors are staggered, and 

type III, where the conduction band minimum of one semiconductor is lower than the 
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valence band maximum of the other. Because electrons and holes can naturally gather on 

opposing sides of the interface, type II is the preferred heterojunction among the three band 

types [31]. Type II heterojunctions can be further classified as n-n junctions, p-n junctions, 

surface heterojunctions, and phase junctions. 

 

Figure 1.7. Spatial charge-separation mechanisms for: (A) Type I, (B) Type II, and (C) 

Type III heterojunctions [40]. 

1.6.2. The design principle of S–M heterojunctions 

The S–M junction is another effective way to construct a space-charge separation region 

(also known as the Schottky barrier) [33], [40], [83]–[85]. Electrons flow from one material 

to the other (from the higher to the lower Fermi level) at the interface of the two materials 

to align the Fermi energy levels. The most common case is a heterojunction based on an n-

type semiconductor and a metal, where the ideal case is that the work function of the metal 

is greater than that of the n-type semiconductor, and electrons flow from the semiconductor 

into the metal to adjust the Fermi energy levels (Figure 1.8). The creation of the Schottky 

barrier results in an excess of negative charges in the metal and an excess of positive charges 

in the semiconductor [86]–[89]. Furthermore, the Schottky barrier acts as an efficient 

electron trap, resulting in a high partial electron density near the co-catalysts for 

photocatalysis and limiting unexpected electron migration from co-catalysts back to the 

semi-conductor. In general, noble metals with higher work functions were connected with 

n-type semiconductors to form the Schottky barrier, resulting in better charge separation and 

photocatalytic activity. 



Chapter I:                                                                                                Bibliographic review 
 

17 
 

 

Figure 1.8. Schematic of the Schottky barrier [33]. 

1.6.3. The design principle of S–C heterojunctions 

Carbonaceous materials such as graphene (GO/RGO), carbon quantum dots (CQDs), and 

carbon sphere are being investigated in photocatalysis due to their potential for efficient 

charge separation, higher charge transfer, extended photo-absorbance, high specific surface 

area, and strong stability [33], [40], [83]–[85]. As a result, semiconductor-carbon-based 

composites have been investigated in order to improve the overall photocatalytic 

performance of the systems.  

 

 

Figure 1.9. The proposed mechanism for the semiconductor–CNT heterojunction [33]. 
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1.6.4. Z-scheme heterojunctions 

As shown in Figure 1.10, all-solid-state Z-scheme photocatalysts can be classified into 

indirect Z-scheme and direct Z-scheme systems [33], [40], [83]–[85]. All-solid-state Z-

scheme photocatalysts without shuttle redox mediators are often better suited for gas and 

solid-phase applications . More crucially, all-solid-state Z-scheme photocatalysts may be 

able to overcome some of the issues that plagued the first generation liquid phase Z-scheme 

photocatalytic systems, such as obvious backward reactions and competing reactions 

between mediators and reactants [35], [90]–[92]. As a result, in the photocatalytic areas, all-

solid-state Z-scheme photocatalysts have gained increasing attention. 

 

 

Figure 1.10. Schematic illustration of spatial charge separation in (a) indirect Z-scheme 

and (b) direct Z-scheme heterojunctions [40]. 

1.6.5. The design and construction of multicomponent heterojunctions 

Despite the fact that numerous ways have been established to manufacture various types of 

heterojonction structures, there are still some limitations, such as the limited region of 

visible-light photo-response [33], [40], [83]–[85]. To address these issues, multicomponent 

heterojunction devices with two or more visible-light active components and an electron-

transfer system have been developed. Figure 1.11 depicts a typical schematic structure of 

multicomponent hetero-junction systems. In general, constructing multicomponent 

heterojunctions could improve visible light utilization, charge carrier 

separation/transportation, and surface photocatalytic processes all at the same time [93], 

[94]. The fabrication of distinct interfacial electric fields in multicomponent hetero-

junctions, in particular, could synergistically improve charge separation and transfer, 

resulting in greatly increased photocatalytic efficiency. Typically, a combination of Schottky 
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junctions with Type-II heterojunctions (or Z-scheme heterojunctions) may enable two-step 

separation of photo-generated electrons, which might fundamentally prolong the lifespan of 

photo-generated electrons, leading to widespread photocatalytic applications. 

 

Figure 1.11. Schematic structure of multicomponent heterojunction systems. 

1.7. Photocatalysis process improvement strategies  

Doping with transition metals, surface modification, nanoparticle coupling, and other 

activities are being tried to broaden the spectrum reactivity of metal oxides to visible light 

[95]–[97]. A variety of photocatalysts with acceptable band gaps for visible light adsorption 

have been found; nevertheless, the quick recombination of photogenerated charge carriers, 

which reduces photocatalytic activity, may be a restriction for most of them. As a result, 

greater effort must be expended in designing smart photocatalysts with enhanced 

photocatalytic properties. Furthermore, inhibiting factors such as passivation and 

contamination of the photocatalytic system can significantly affect the rate of organic 

compound degradation and must therefore be taken into account in the process's design and 

operation; a number of improvement strategies must be implemented to improve the 

photocatalytic degradation process [98]–[100]. 

The overall photocatalytic performance is greatly influenced by the thermodynamic and 

kinetic balance of all the processes in all steps, which is strongly influenced by the 

surface/bulk features and electronic structures of a specific photocatalyst [40]. Because of 

the increasing availability of visible light semiconductors, activities in the bulk and surface 
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phases are more important for boosting overall photocatalytic efficiency than 

photoexcitation in the unit cell. Various surface and interface modification strategies have 

been developed to improve both charge carrier dynamics and slow surface reaction kinetics 

(Figure 1.12), resulting in highly active, selective, and stable solar-to-chemical energy 

conversion. 

 

Figure 1.12. Thermodynamic and kinetics strategies for improving photocatalysis. 

1.8. Design of efficient Photocatalysts 

Heterogeneous catalysts have attracted a lot of interest in materials science, photochemistry, 

electrochemistry, photophysics, and other fields [101], [102]. General criteria are necessary 

to prepare an effective photocatalyst. Hence, several parameters should be considered at 

various stages of photocatalytic technology, including before, during, and after the catalyst 

is used [31], [103]. In addition to high activity, selectivity, lifetime, and durability, the 

following criteria should be addressed when constructing photocatalysts (Figure 1.13). 
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Figure 1.13. Design consideration of a photocatalyst. 

1.9. Photoactive semiconducting oxides 

Because of their excellent physicochemical features, metal oxides are extensively utilized in 

photocatalytic processes. Metal oxides have great technological relevance in environmental 

cleanup and electronics due to their capacity to create charge carriers when stimulated with 

the appropriate amount of energy [6], [72], [104]. The bulk of metal oxides have been used 

as photocatalysts due to their favorable electronic structure, light absorption capabilities, and 

charge transport characteristics. Aside from photoactivity, nontoxic nature, chemical 

stability, and environmental friendliness are significant characteristics for photocatalysts to 

be used in environmentally friendly applications [105], [106]. 

1.10.  Overview and fundamentals of perovskite  

Perovskite-type oxide materials are one of the most important classes of functional materials 

[107], exhibiting a wide range of physical properties such as ferroelectric, piezoelectric, 

dielectric, ferromagnetic, magnetoresistant, and multiferroic properties that have been 

extensively researched over the last century [103], [108], [109]. The chemical formula ABO3 

is derived from the prototype CaTiO3 crystalline perovskite, where A and B are two distinct 

metal ions with highly different ionic sizes, and O anions are bonded to them. Because the 
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majority of the metal elements in the periodic table may be employed to build perovskite 

oxides by logically combining different metal ions at A and B-sites, the perovskite structure 

is characterized by structural simplicity and flexibility. Many desirable features of perovskite 

oxides can be adjusted via appropriate chemical substitutions at the A and/or B sites [110]. 

These perovskite materials have a unique structural property that promotes photocatalytic 

activity [111]. More research is needed to understand the relationship between electronic 

structure and photocatalytic activity in order to create innovative perovskites with effective 

photocatalytic activity. 

1.10.1. Perovskite material-based photocatalysts 

Third-generation photocatalysts have been produced, which are unique binary metal oxides 

with the chemical formula AxByOz. These include perovskites (A3+B3+O3, A2+B4+O3), 

perovskite-related materials, A3+B5+O4 compounds such as tungstate, molybdate, or 

vanadate, and iron spinals (AB2O4) [112], [113]. They have stable structures and can form 

solid solutions with a variety of metal ions, which can aid in bandgap engineering and lead 

to more photocatalytic applications. Perovskite photoactivity has lately been widely 

documented, owing to the benefits of perovskite photocatalysts such as comparable and basic 

structures, well-characterized structure and surface characteristics, changeable valences, 

stoichiometry, and vacancies [88], [111], [114], [115]. The unique features of perovskite 

materials, together with specific structural modifications, make them an appealing choice 

for water splitting and hydrogen production by photocatalysis. Figure 1.14, shows an 

overview of various perovskite groups based on structural classification by lattice distortion, 

including ABO3, A, and B site substituted perovskite groups, solid perovskite solutions, 

nitrogen induced perovskites, and layered perovskite. 
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Figure 1.14. Overview of perovskite and related groups with examples and properties for 

photocatalysis [112]. 

1.10.2. Synthesis of perovskite 

Much progress has been made in the manufacturing of nanoscale perovskite oxide materials 

over the last few decades. For perovskite synthesis, many conventional and non-

conventional routes are used, including the solid-state method, hydrothermal method, sol-

gel method, co-precipitation, and spray-freeze drying; microwave-assisted, spray pyrolysis, 

low-temperature combustion, pulse laser deposition, and wet chemical method [112], [107]. 

The synthesis processes have a strong influence on the performance of perovskites [116]. 

According to various research, the same perovskite behaves variably depending on its 

synthesis technique under the same operating parameters for photocatalytic reaction. 
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Furthermore, each approach produces perovskite with a unique microstructure, which 

influences the ionic and electrical characteristics of the catalyst [117]. All of the methods 

described for perovskite photocatalyst synthesis have advantages and disadvantages. The 

synthesis process, which provides perovskite with efficient light absorption, charge transfer, 

and greater surface area, is critical for efficient photocatalytic water splitting [109], [111], 

[118], [119]. Some of the most commonly used techniques are reviewed below. The 

simplified flow chart of various perovskite preparation methods is shown in Figure 1.15.   

 

Figure 1.15. Schematic representations of representative synthesis methods for perovskite 

oxide catalysts. (a) Solid-State method. (b) Sol-gel method. (c) Hydrothermal synthesis. (d) 

Microwave synthesis. 

1.10.2.1. Solid-State Reaction Route 

One of the most widely used methods for producing perovskite oxide nano-powders is the 

solid-state reaction method [120], [121]. Weighting the starting materials (the appropriate 

oxides or carbonates), mixing, grinding, and finally calcining at high temperatures to 

produce the perovskite phase are all parts of this process. 
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1.10.2.2. Soli-gel Reaction Route 

Due to the reason that the reacting species are homogenized at the atomic level in a sol-gel 

process, diffusion rates are significantly reduced when compared to a solid-state reaction. 

As a result, the sol-gel technique allows for the production of final products at much lower 

temperatures [165],[166]. To produce perovskite nanoparticles with regulated grain size, 

shape, and crystallinity without further sintering, improved sol-gel methods such as the 

Pechini method, polymer complex solution, and glycol-gel reaction were developed. 

1.10.2.3. Hydrothermal Routes 

a) Hydrothermal Process 

The hydrothermal method entails heating an aqueous suspension of insoluble salts in an 

autoclave at a moderate temperature and pressure to generate the appropriate phase structure 

[112], [122], [123]. Due to the obvious synergetic effects of solvent, temperature, and 

pressure, it is frequently employed for the preparation of perovskite nanoparticles, which 

can offer stable final products and prevent the production of impure phases. 

b) Solvothermal Process 

In comparison to the hydrothermal process, solvothermal synthesis is typically carried out 

in a nonaqueous solution (e.g., NH3, methanol, ethanol, and n-propanol), which has the 

following advantages: the reaction occurs under mild conditions and yields cubic-phase 

perovskite powder, and the powders have particle sizes on the nanometer scale, with low 

agglomeration and a narrow particle-size distribution due to the differences between the 

solvents [112], [122], [123]. 

1.10.2.4. Microwave routes 

Microwave synthesis is a relatively new chemical synthesis process that has evolved in 

recent years [112], [124]. In the process of perovskite synthesis, microwave radiation can 

efficiently substitute the heat source. In comparison to previous ways of perovskite 

synthesis, this method saves a significant amount of time and energy. 

1.11. Physical features of semiconductors photocatalysts 

1.11.1. Fe2TiO5 semiconductor photocatalyst 

Among the numerous studied materials, Fe2TiO5 is projected to be a fine replacement for 

TiO2 in a wide range of possible applications, including water oxidation and photo-

degradation [125]. It is composed of earth-abundant elements, has a strong chemical surface 

stability, paramagnetic properties at ambient temperature, is an n-type semiconductor with 
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anisotropic uniaxial spin-freezing ability, and a relatively narrow bandgap (Egap = 2.1 eV) 

[126]. These extremely promising properties can help overcome the limitations of low carrier 

mobility and poor solar absorptivity that hematite (Fe2O3) and anatase TiO2 suffer from, 

respectively. In comparison to these last two semiconductors, Fe2TiO5 exhibits intermediate 

behavior with a good optical band gap and electrical transport. 

Fe2TiO5 pseudobrookite crystallizes with an orthorhombic structure (space group 63 Cmcm 

or similar), Z=4, and the cations are placed in two distinct octahedral positions, M1 and M2. 

(Figure 1.16) [127]–[130].  

 

Figure 1.16. Crystal structures of pseudobrookite Fe2TiO5.  

1.11.2. SrTiO3 semiconductor Photocatalyst 

SrTiO3 has aroused the interest of many researchers due to its remarkable physicochemical 

features, such as a large number of active sites, superior chemical, and thermal stability, and 

environmentally benign nature [114], [118], [131].  Strontium titanate (SrTiO3) 

nanoparticles are one of the best and least costly perovskites utilized as a photocatalyst 

[132]–[135]. SrTiO3 has a bandgap energy of 3.2 eV, and when compared to TiO2, the 

SrTiO3 band edge for the conduction band (CB) is approximately 200 mV more negative 

[136], [137]. 

As shown in Figure 1.17, SrTiO3 has a perovskite ABO3 structure with perfect cubic 

possessing the space group of the Pm % 3m and a lattice constant of 3.905 Å. The valence 

band (VB) of SrTiO3 is dominated by O 2p orbitals, with a modest contribution from Ti 3d 

orbitals, whereas the CB is dominated by Ti 3d orbitals and Sr 3d orbitals at high energies 

[138]–[140]. 
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Figure 1.17 Cubic unit cell of SrTiO3.  

1.11.3. NiFe2O4 semiconducteur photocatalysis 

One of the most important ferrite materials, nickel ferrite powders, has been explored for a 

variety of applications, including ferro-fluids, catalysts, microwave devices, gas sensors, and 

magnetic materials [141]–[143]. Nickel ferrite (NiFe2O4) is an inverse spinel in which ferric 

ions occupy the tetrahedral or A-sites and ferric and nick el ions occupy the octahedral or B-

sites. Thus, the compound is represented by the formula (Fe3+) [Ni2+, Fe3+] O4+, where the 

round and square brackets represent the A and B sites, respectively (Figure 1.18) [144]–

[146].  

 

Figure 1.18. Crystal structures of Nickel ferrite NiFe2O4. 
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1.12. Fundamental properties of graphene  

Graphene, the contemporary marvel of nanoscience, has emerged as a remarkable material 

with multifunctional capabilities [42], [147]. The discovery of graphene is a watershed 

moment in the fields of optoelectronics, absorption materials, sensing, and catalysis, and it 

will play a significant role in modern science and technology. Graphene's extraordinary 

qualities are due to its distinctive structure. It is composed of a monolayer of covalently 

bonded sp2 hybridized carbon atoms structured into a regular hexagonal packing. The planar 

density is 0.77 mg/m2 and the hexagonal carbon ring area is 0.052 nm2 [148]. Graphene has 

a high carrier mobility due to conduction band interactions with the valence band at two 

points in the Brillouin zone [149]–[151]. Furthermore, in pristine undoped graphene, its 

antibonding π* orbitals (which make up its conduction band) and bonding orbitals π (which 

make up its valence band) degenerate and touch at Brillouin zone corners, transforming 

graphene into a zero bandgap semi-metallic material, as shown on the left of Figure 1.18 

[40]. Chemical doping by the addition of foreign atoms, on the other hand, can break lattice 

symmetry and open a bandgap, transforming semi-metallic graphene into a semiconductor 

due to the establishment of a gap between the π and  π * bands, as seen on the right of Figure 

1.18.  Because of these unique features, graphene can be used to construct hybrid materials 

with enhanced photoresponsive functionality [41], [147]. These features could be employed 

to improve the optical performance of conventional polymers, organic and inorganic 

materials. The solubility and processibility of graphene-based materials is a major issue that 

can be mitigated by the use of graphene oxide (GO). Because GO has hydrophilic functional 

groups including hydroxyl, carboxyl, and epoxide groups on both its edge and surface, it is 

also amenable to further chemical modifications [39], [152]. 
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Figure 1.18. Left: the dispersed band gaps of semimetallic pristine graphene in the 

Brillouin zone. Right: the energy bands at the Dirac point and the position of Fermi level 

of semiconducting graphene by suitable heteroatom doping [40]. 

1.13. Classification and comparison of graphene-based heterojunctions 

Heterojunctions in graphene-based composite photocatalysts can be classified into four types 

based on the nature of graphene (Figure 1.19): Schottky junctions, Type II heterojunctions, 

Z-scheme heterojunctions, and multicomponent heterojunctions are all examples of 

heterojunctions [39]–[41]. Metallic graphene could clearly be used to create Schottky 

junctions and indirect all-solid-state Z-scheme heterojunctions, whereas semiconducting 

graphene could be used to create Type-II (containing n-n and p-n junctions) and direct Z-

scheme heterojunctions [90],[134],[153]–[155]. More intriguingly, the multicomponent 

heterojunctions could be created using both semi-metallic and semi-conducting graphene 

[156]–[158]. The built-in electric fields could be mainly achieved for all four types of 

graphene-based heterojunctions, which could significantly facilitate the spatial transfer and 

separation of photoinduced charge carries in graphene-based composite photocatalysts, thus 

fulfilling the fundamentally enhanced photocatalytic efficiency. 
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Figure 1.19. The classification of graphene-based heterojunctions. 

1.14. Advantages of graphene-based heterojunctions in photocatalysis 

Graphene in heterojunctions has a number of advantages over other heterojunction 

photocatalysts, including low cost, readily adjustable band structures, and various structures 

(i.e., morphology, dimensionality) for producing nanoscale-architecture graphene-based 

composites [40], [159], [160]. For starters, semi-metallic graphene is a far lower-cost co-

catalyst than noble metal co-catalysts. Second, unlike other standard inorganic 

semiconductors, the semiconductoring graphene process has customizable band gaps and 

simple fabrication processes for generating diverse graphene-based heterojunctions [34], 

[48], [161], [162]. Furthermore, when compared to organic semiconductors like g-C3N4 and 

metal-organic frameworks (MOFs), semiconductoring graphene is obviously far more 

stable, and its band structures can be easily modified thanks to GO's broad wet chemistry 

processability [163]. Furthermore, the structural diversity of graphene materials (for 

example, 0D graphene quantum dots, 1D graphene nanoribbons, 2D graphene nanosheets, 

and porous 3D graphene networks) provides infinite possibilities for constructing diverse 

heterojunctions for heterogeneous photocatalysis [164], making graphene a more promising 

carbon than its other carbon allotropes in designing advanced heterojunction photocatalysts. 

In a nutshell, graphene's multiple benefits make it the shining star material for building 

advanced and multi-functional heterojunctions for photocatalytic applications. 
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Aim and objectives  

This project aims to develop a series of multicomponent heterogeneous photocatalysts based 

on semiconductor oxides, graphene, and metal for an efficient adsorptive and photocatalytic 

activity for environmental cleanup applications.  

Three main multicomponent heterogeneous photocatalysts were synthesized:  

✓ The Fe2TiO5/rGO composites were prepared by hosting several amounts of reduced 

graphene oxide (rGO) into pseudobrookite nanocrystals (Fe2TiO5). 

✓ A mixture of semiconductors (NiFe2O4-TiO2) was employed as a substrate to deposit 

reduced graphene oxide (rGO) sheets, followed by surface decoration with Ag 

nanoparticles. 

✓ Semiconductors with perovskite structure (SrTiO3) deposited on reduced graphene 

oxide (rGO) with various graphene contents, followed by decorating the surface with 

Ag nanoparticles. 

The key objectives of this project are to:  

➢ Investigate the synthesis both of pseudobrookite nanocrystals (Fe2TiO5) via a solid-state 

reaction, paramagnet spinel with titanium dioxide (NiFe2O4-TiO2) and strontium titanate 

(SrTiO3) via a simple hydrothermal method, and reduced graphene oxide via Hummers 

modified method. 

➢ constructing multicomponent heterogeneous photocatalysts composites based on 

semiconductor oxides, graphene, and metal. 

➢    Study the structures and physicochemical properties of the composites.  

➢   Evaluate the capabilities of the composites for the adsorptive and photocatalytic activity 

for environmental cleanup applications.   

➢   Determine the mechanisms of physical phenomena responsible for photocatalytic effects 

by numerical simulations of hybrid nanostructures using the DFT method approach.
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2. Quantum-chemical calculations and characterization techniques  

2.1. Quantum-chemical calculations 

The purpose of the computational work was to investigate the electronic structure of each 

catalyst independently as well as their composite multilayered structures. Computational 

results were also used to better understand of the energy associated with interfaces and 

mixing. 

Several breakthroughs in quantum chemistry and mathematics have paved the way for novel 

techniques to solving the Schrödinger equation for many-body systems [1], [2]. Hohenburg 

and Kohn decreased the complexity of the many-body problem by focusing on electron 

density rather than electron wavefunctions [3], [4]. The work of Hohenburg and Kohn laid 

the groundwork for Kohn and Sham, who made major advances by demonstrating that 

multiple interacting electrons in an effective potential can be mapped to a set of non-

interacting electrons. These discoveries resulted in the creation of exchange and correlation 

functional, which may be used to correlate energy to the electron density function [5]. 

Density functional theory evolved as an accurate and computationally less demanding way 

for studying the behavior of chemical systems by viewing the system's energy as a functional 

of the electron density [6]. 

2.1.1.  Hartree-Fock and hybrid methods  

The Hartree-Fock approach evolved from a separate set of approximations. The Hartree-

Fock approach is based on the assumption that the wavefunction of a system of many 

electrons can be expressed as a Slater determinant. In these computations, electron 

correlation energy is neglected, but exchange energy is exact [7]–[9]. 

Density functional theory is a ground-state theory, which means that it models a many-body 

system in its lowest-energy state [10], [11]. Because of the imprecise nature of the Kohn-

Sham potential, DFT is known to underestimate band gaps (exchange-correlation energy) 

[12], [13]. While DFT frequently underestimates bandgap energy, the Hartree-Fock 

approach frequently overestimates bandgap energies. To address this issue, hybrid 

functionals have been shown to provide accurate bandgap values for a variety of materials. 

B3LYP, which stands for Becke 3-parameter Lee-Yang-Parr, is a well-known hybrid 

exchange-correlation energy functional that combines Hartree-Fock and DFT energies [14]. 
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2.1.2.  Density Functional Theory (DFT) 

Density Functional Theory (DFT) is now one of the most extensively utilized methods in 

quantum computations of matter's electronic structure (atoms, molecules, solids), as well as 

in condensed matter physics and quantum chemistry [4], [10], [15], [16]. Hohenberg, Kohn, 

and Sham developed this technology in two stages, in 1964 and 1965. It entails reducing a 

problem with several bodies to a problem with only one body in an effective field while 

accounting for all system interactions. The concept is that the precise features of the ground 

state of a system composed of nuclei and electrons are functional (function of a function) of 

electron density. 

2.1.2.1.Calculation codes 

There are numerous DFT-based calculation codes, such as Dmol3, VASP, ABINIT, 

CRYSTAL, and BigDFT [17]. All of the calculations described in this paper were carried 

out using the numerical modeling code CASTEP (Cambridge Serial Total Energy Package), 

which was created by Payne et al. in 1988 [18], [19]. This is an ab-initio calculation code 

that is part of Accelrys' Material Studio suite of digital simulation software. This code is 

based on Density Functional Theory (DFT) and employs the pseudo-potentials method and 

a wavebase to simulate the properties of solids, interfaces, and surfaces for a wide range of 

material classes [20]–[22]. CASTEP simplifies the number and type of atoms in order to 

solve Schrödinger's equation and calculates characteristics such as lattice constants, 

molecular geometry, structural properties, band structures, densities of states, charge 

densities, wave function, and optical properties [23], [24]. Parallel versions of the code are 

also available for simulating huge systems with hundreds of atoms. The CASTEP code 

involves the entry of the space group, mesh parameter, pseudo-potentials, and functional 

type (LDA, GGA...). 

2.2. Characterization techniques  

2.2.1. X-ray diffraction (XRD)  

The technique of X-ray diffraction is used to determine the crystallinity, phase structure 

lattice characteristics, structural identification, and texture of a sample [25]–[27]. During the 

analysis, X-rays are emitted using a cathode ray tube, which is then filtered to produce 

monochromatic radiation, which is then collimated and directed towards the sample (Figure 

2.1) [28]. When the sample interacts with the light rays, constructive interference and 

diffraction occur in accordance with Bragg's Law: 

2dhkl sin = nλ                                               (2.1) 
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dℎ𝑘𝑙 =
1

√h2

a2+
k2

𝑏2+
𝑙2

𝑐2

                                                (2.2) 

Where, n is an integer, 𝜆 is the wavelength of the X-rays measured in angstrom, and d is the 

interplanar spacing that generates the diffraction in angstrom and 𝜃 is the angle of diffraction.  

Figure. 2.1. Representation diagram of incident and diffraction rays [28]. 

In a crystalline sample, it is a relationship between the wavelength of electromagnetic 

radiation and the diffraction angle and lattice spacing . The diffracted X-rays are then 

transmitted to the detector for processing and counting. The crystalline size and microstrain 

of the samples can also be obtained using the XRD. Profile widths also provide determine 

the average grain seizes (D), microconstraint (ξ%) and dislocation density (𝛿) according to 

the Debye-Scherrer relation, equations (2.3) (2.4), and (2.5) 

D =
Kλ

β cos θ
                                                                    (2.3) 

𝜉% =
β

4 tan θ
                                                               (2.4) 

𝛿 =
1

𝐷2
                                                                          (2.5) 

D is the crystalline size  

𝜆 is the wavelength of the x-rays  

K is the dimensionless constant,  

𝜃 is the Bragg angle  

β is the full width at half-maximum (FWHM) of the peak in radians corrected for 

instrumental broadening and is equal to 0.154059 nm.  
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X-ray diffraction was used to identify the crystallographic phases with a Siemens D5000 

diffractometer, a Bragg-Brentano-geometry and vertical 2-theta goniometer and operated at 

45 kV using Cu Kα1 radiation. Diffractograms were carried out in a 2-theta range from 4 ° 

to 85 ° with an angular step of 0.0167° and an accumulation time of 6.985 s per step.   

2.2.2. X-ray fluorescence analysis (XRF) 

XRF is an analytical technique used to determine the chemical composition of a variety of 

materials (solids, liquids, powders, and so on); it is also used to determine the thickness and 

composition of layers and coatings [29], [30]. The technique is also a useful analysis 

technique in research and pharmaceuticals. The precision and reproducibility of XRF 

analysis are extremely good. When good standard specimens are available, very accurate 

results can be obtained, but they can even be obtained in cases where no specific standards 

can be established. 

The sample is irradiated with X-rays produced by a source in XRF. The source is usually an 

X-ray tube, although it could also be a synchrotron or a radioactive material in some 

situations [31]. The elements present in the sample will emit fluorescent X-ray radiation with 

distinct energies (corresponding to optical light hues) that are unique to these elements. 

Distinct energy corresponds to a distinct color. It is possible to detect which elements are 

present by measuring the energy (or colors) of the radiation emitted by the sample. This is 

the qualitative analysis step. The amount of each element present in the sample may be 

determined by measuring the intensities of the emitted energy (colors). This is known as 

quantitative analysis.  

2.2.3. Scanning Electron Microscopy (SEM)  

Scanning Electron Microscopy (SEM) is a type of electron microscopy used to determine a 

material's surface [32], [33]. The sample is positioned in a raster pattern using an electron 

beam. The SEM has an electron gun, which generates a beam of electrons in a column and 

onto a series of electromagnetic lenses that are tuned wrapped in coils referred as solenoids. 

The coils can be adjusted to focus the electron beam on the sample, causing voltage 

variations that can increase or decrease the speed at which the electrons interact with the 

material surface. When the instrument's electrons interact with the electrons in the sample, 

electrons are emitted in the form of a signal from the sample's surface conveying information 

about the sample's surface, shape, texture, and composition, and an image is formed (figure 

2.2) [28], [34].  
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Figure 2.2. Schematic diagram of scanning electron Microscopy [28]. 

The surface morphology and elemental composition of all nanocomposites was investigated 

with FEI QUANTA 250 FEG scanning electron microscopy (SEM; FEI, Hillsboro, OR, 

USA), with 10 KV as acceleration voltage.  

2.2.4. Energy dispersive X-ray spectrometry (EDX)  

Energy dispersive X-ray spectroscopy (EDS) is a technique for quantitative and qualitative 

material analysis that is often used as an attachment to SEM and TEM [28], [34]. It provides 

information about the elemental surface composition of the materials.  

2.2.5. Dynamic light scattering (DLS) 

Dynamic light scattering (DLS) is a typical technique for determining particle size in 

colloidal dispersions that involves illuminating a suspension of particles or droplets with a 

coherent and monochromatic light, such as a laser beam [35]–[37]. When light is scattered 

off particles in suspension, Brownian motion creates time-dependent fluctuations in the local 

concentration of the particles, resulting in fluctuations in the intensity of the scattered light 

(figure 2.3) [38], [39]. 
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Figure 2.3. Schematic diagram of dynamic light scattering 

2.2.6. UV-visible Spectrophotometry  

One of the earliest instrumental techniques in chemical analysis is ultraviolet-visible (UV-

Vis) spectroscopy. The phenomenon of electromagnetic radiation absorption by matter has 

a wide range of applications, including particle structure studies and qualitative and 

quantitative chemical analysis [40], [41]. The absorption of visible light and ultraviolet 

radiation is determined by the molecule's and compound's structures. The absorption of 

specified radiation leads electrons to move from ground states to higher energy levels, 

known as excited states. 

Generally in a UV-Vis, a beam of light with wavelength in the range of 200-1000 nm passes 

through the moochromator, which then passes through a cuvette carrying the sample. The 

samples absorbs the ultra violet or visible light irradiation. The amount of light the sample 

absorbs depends on the concentration, the path length of light passing through the sample 

and how well the sample absorbs the light with certain wavelength. The amount of 

absorption by the samples is related to the concentration of the samples and is given by the 

relation Lambert-Beer’s law equation (2.9) [3], [28]. Figure 2.4 shows the schematic 

diagram of UV-Vis. 

 

Figure 2.4. Schematic diagram of UV-Vis. 
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In a practical application, when electromagnetic radiation crosses a matter, it can be 

absorbed, reflected or dispersed. The intensity of the incident beam is given by [28]: 

I0 = Ia + It + Ir                                         (2.6) 

where Ia is intensity of radiation absorbed by the material, the It and Ir are related respectively 

to the transmitted and reflected as well as diffused light.  

Since radiation absorption measurements are usually made in relation to the reference 

solution which composition should be similar to that of the sample and they should be in 

identical cuvettes, the reflected and diffused radiation Ir in both cases is identical and may 

be omitted. One may assume that the reference solution under the measurement conditions 

does not absorb radiation and the intensity of the radiation beam passing through the 

reference solution is equal to the intensity of the incident beam on the sample. 

The ratio of the intensity of the radiation passing through the sample It to the intensity of 

radiation incident on the sample Ia (equal to the intensity of the radiation passing through the 

reference), is called transmittance or permeability and is denoted as [3], [28]: 

𝑇 =
𝐼𝑡

𝐼0
                                                               (2.7) 

The intensity of absorbed radiation depends on the concentration of the solution c and on the 

thickness of the absorbing layer l (2.9) and is described by the Lambert-Beer law, which 

takes the logarithmic form [3], [28]: 

𝐴 = log 
𝐼0

𝐼𝑡
= 𝑘𝑐𝑙                                          (2.8) 

Where k is a proportionality constant (radiation absorption coefficient, often called the 

absorption coefficient). The decimal logarithm of the intensity ratio of the radiation beam 

incident on the sample I0 to the intensity of the radiation beam passing through the sample It 

is called absorbance. It takes values from zero to infinity.  

When the concentration of the solution c is expressed in mol/dm3 and the thickness of the 

layer l is expressed in cm, the proportionality coefficient k is called the molar absorption 

coefficient ε. In consequence, the Eq. (2.9) takes the form [3], [28]: 

𝐴 = 휀𝑙𝑐                                                           (2.9) 

This is the basic law of absorption spectrophotometry. The relationship between absorbance 

and transmittance is expressed by the relation [3], [28]: 
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𝐴 = log 
1

𝑇
                                                          (2.10) 

For the photocatalytic tests, the concentrations of the samples were measured before 

and after adsorption using a UV-visible spectrophotometer (Shimadzu 1700 UV-vis 

Spectrophotometer) at λmax = 664 nm of methylene blue (MB). 

2.2.7. Diffuse Reflectance Spectroscopy (DRS) 

DRS spectroscopy is a spectroscopic technique based on the reflection of light by a 

powdered sample in the ultraviolet (UV), visible (VIS), and near infrared (NIR) regions. The 

ratio of light scattered from an infinitely thick layer to light scattered from an ideal non-

absorbing reference sample is measured as a function of wavelength in a DRS spectrum. 

Incident radiation illumination of powdered samples results in diffuse illumination of the 

samples [42], [43]. The incident light is absorbed in part and scattered in part. The scattered 

radiation emitted by the sample is collected and detected in an integration sphere. Figure 2.5, 

shows a simplified representation of this. 

 

Figure. 2.5. Schematic overview of a diffuse reflectance spectrophotometer with 

integration sphere [43]. 

The basic equation for the phenomenological description of diffuse reflection is the radiation 

transfer equation [44], [45]: 

−d𝐼

𝜅𝜌d𝑆
= 𝐼 −

𝑗

𝜅
                                                 (2.11) 

Where I is the incident light intensity of a given wavelength; dI/dS the change of the intensity 

with the path length dS; ρ the density of the medium; κ an attenuation coefficient 

corresponding with the total radiation loss due to absorption and scattering; j is the scattering 

function.  

Equation (2.11) can be solved by incorporating simplifications relating to easily achievable 

experimental conditions. The Schuster–Kubelka–Munk (S–K–M) theory simplifies the 
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solution of the radiative transfer Equation (2.11), which was first proposed by Schuster and 

later developed by Kubelka and Munk. The incident and scattered light fluxes are 

approximated in this theory by two fluxes I and j that are perpendicular to the surface of the 

powdered sample but in the opposite direction. This is depicted in Figure 2.6. I represents 

the flow of monochromatic diffuse illumination, while j represents the flux of diffusively 

dispersed light. If the sample is infinitely thick, the diffuse reflection (R∞) is connected to an 

apparent absorption (K) and an apparent scattering coefficient (S) by using the Schuster–

Kubelka–Munk (S–K–M) or Kubelka–Munk (K–M) function [44], [45]: 

𝐹(𝑅∞) =
(1−𝑅∞)2

2𝑅∞
=

𝐾

𝑆
                               (2.12) 

The incident and remitted light fluxes are approximated by two opposite fluxes, 

perpendicular to the surface of the infinitely thick sample layer. 

 

Figure. 2.6. The Schuster–Kubelka–Munk approximation in diffuse reflectance 

spectroscopy. 

To quantify Eg, the absorption coefficients 'F(R∞)' must be deduced from the reflectance 

curves 'R', according to the Kubelka-Munk formula. 

 According to the Davis-Mott relationship for which the values of 𝛼 are above 104 cm-1 the 

data follows the Tauc equation (2.13):  

𝛼ℎ𝑣 = 𝐴(ℎ𝑣 − 𝐸𝑔)𝑛                                    (2.13) 

The absorbance (A) depends on the transition probability, 𝛼 is the absorption 

coefficient, Eg is the optical band gap and n is the number with transition processes 

and the values of 2, 2/3, 1/2 or 1/3 can be either direct (allowed), direct (forbidden), 

indirect (allowed) and indirect (forbidden) respectively.  
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The band gap ‘Eg’ is estimated through Tauc plot on the linear part of (α.hυ)n (hυ-

Eg),  

Another characteristic parameters, which can be evaluated and discussed through the UV-

Vis-DRS is the Urbach energy ‘EU’ [46], [47]. This energy characterizes the variation in the 

electronic band structure caused by different origins (vacant or interstitial sites, lattice strain, 

dislocation…); it characterizes additional states within the band gap near HOMO and LUMO 

levels, and can be seen as tails of conduction and valence bands. EU is roughly equal to the 

average width of tails.  

The Urbach energy EU is evaluated using the relation (2.14) [43]: 

𝐹(𝑅) =  𝛼0 𝑒𝑥𝑝(
ℎ𝑣−𝐸0

𝐸𝑢
)           (2.14) 

Where, 0 and E0 are constants relative to the studied compounds. 

‘EU’ is estimated through the plot of ln[F(R∞)]hυ and it is evaluated from the slope 

of the linear part: ln[F(R∞)] (hυ-E0). 

Optical transmission and absorption spectra were performed in Ultraviolet-Visible Diffuse 

Reflection Spectroscopy (UV-Vis-DRS) spectrometer, Shimadzu UV-3600 

spectrophotometer with a Harrick Praying Mantis accessory, in the range of 200-to1000 nm. 

2.2.8. Fourier Transform Infra-Red  

The Fourier transform-infrared spectroscopy (FTIR) is a technique for determining the 

structure and functional groups of materials [48]–[50]. A typical FTIR consists of two 

independent beams from the IR-source that travel through the sample and reference 

chambers (Figure. 2.7) [28]. The optical chopper focuses the reference and sample beams. 

For analytical comparison of transmitted photon wave front information, one beam passes 

through the sample and the second beam travels through a reference sample. After the 

incident radiation passes through the sample, a wave front of radiation is dispersed into the 

instrument frequencies by gratings and slits. Varied slit sizes have different effects on the 

results. Narrow slits provide higher resolution and the ability to discriminate between the 

separated frequencies of radiation, but broader slits allow more light to flow through the 

sample and reach the detector, resulting in good system sensitivity. The emitted wave front 

beam strikes the detector, generating an electrical signal as a response, which is then 

processed by the computer using a mathematical algorithm to produce the final spectrum. 
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Figure 2.7. Schematic diagram of FTIR. 

The Infrared spectra were carried out on an Agilent Technologies Fourier Transform 

Spectrophotometer (FTIR) driven by a microcomputer and the infrared spectra are 

performed in the spectral domain between 4500 and 400 cm-1. 

2.2.9. Raman spectroscopy  

Raman spectroscopy is based on the measurements of radiation scattered from vibrational 

modes of the investigated substance [51], [52]. The symmetry of the molecules or the 

crystalline structure dictates which vibrations are active in the Raman spectrum. This 

criterion is expressed by the selection procedures that determine the likelihood of seeing the 

intensity of a certain band. According to the Raman spectroscopy selection rules, only 

vibrations in which the molecule polarization is modified are seen.  

Polarization has a tensor form and can be represented as a polarization ellipsoid. The 

polarization of a sample is isotropic when the electrical field interaction is similar in all 

directions. Polarization is anisotropic when the polarizability is dependent on the spatial 

orientation. The intensity of the Raman spectra is related to the network's polarization and 

can be characterized by the function [3], [4]: 

𝐼 = 𝑓(𝑣4)                                                 (2.15) 

where I (intensity of diffused radiation) is proportional to the fourth power of a radiation 

frequency υ. The intensity of the radiation I exiting the sample in the Raman spectra is a 

linear function of the molar concentration and thickness of the layer, whereas in the IR 

spectrum this relationship is exponential. Figure 2.8, illustrates the various types of bands 

detected in Raman spectra. 
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Figure 2.8. Diagram of energy presenting different types of scattering [3]. 

In the present work, the vibrational properties are investigated by Raman spectroscopy 

(LabRAM HR Evolution - HORIBA Jobin Yvon, OLYMPUS BX41) supplied by a laser 

source operating at 473 nm wavelength at room temperature. 

2.2.10. Kinetics of adsorption  

The adsorption kinetics represent an important step in the study of an adsorption 

process, allowing to determine the time needed to obtain the adsorption equilibrium 

[53]–[55]. The procedure was carried out in the dark and at room temperature as 

follows: a specific amount of photocatalyst [50 mg/l of Fe2TiO5/rGOx (x = 0, 5, 10 

and 15%), 50 mg NiFe2O4-TiO2/rGOx (x = 0, 5, 10, 15 and 20%), and 100 mg of 

SrTiO3 and SrTiO3/rGOx (x = 5, 10, 15 and 20 %)] were dispersed in a 200 ml solution 

of MB with a concentration of 10 mg/L, the mixture was rigorously stirred. To follow 

the evolution of the adsorbed quantity (Qads), samples were taken at time intervals of 

10 min until equilibrium was obtained. The yield was calculated according to Eq. 

(2.16): 

R(%) =
(𝑪0−𝑪𝒆)

𝑪0
× 100                                          (2.16) 

Where R is the percentage of MB fixed on the adsorbent, C0 is the initial concentration 

of the MB solution (mg/L) and Ce is the residual concentration of the MB solution at 

equilibrium (mg/L).  
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2.2.11. Equilibrium modeling 

The study of adsorption dynamics describes solute adsorption rate. This rate controls the 

residence time of adsorbed molecules on the solid–solution interface. Several kinetic models 

were applied to fit experimental data. In this work, three models were used: pseudo-first-

order, pseudo-second order and pseudo nth order [53]–[55]. The conformity of the 

experimental results with those of the modeling was estimated by the correlation coefficients 

R2. 

2.2.11.1. Pseudo First Order model (PFO) 

The PFO kinetic model can be related to the adsorption at the solid/liquid interface; 

this model is based on the adsorption capacity [53]–[55] and managed by the Eq. 

(2.17): 

𝑑𝑄𝑡

𝑑𝑡
=  𝑘1 (𝑄𝑒 − 𝑄𝑡)                                               (2.17)                                                                                                

Where Qe (mg/g) and Qt (mg/g) refer to the quantity of dye adsorbed at equilibrium 

and at t (min) respectively, k1 (min-1) is the constant of equilibrium rate.  

The solution of the differential equation Eq. (2.17) which took into consideration the 

boundary conditions t = 0 to t = t and Qt = 0 to Qt gives Eq. (2.18): 

𝑄𝑡 = 𝑄𝑒(1 − 𝑒−𝐾1𝑡)                                                   (2.18) 

2.2.11.2.  Pseudo Second Order model (PSO) 

The PSO model is applicable to a wider time interval, usually the entire adsorption 

process [53]–[55], this model is governed by Eq. (2.19): 

𝑄𝑡 = (
𝑘2𝑄𝑒

2𝑡

𝑘2𝑄𝑒𝑡+1
)                                                      (2.19)                                                                                                        

Where k2 (g.mg-1 min-1) is the equilibrium rate constant of PSO model.  

2.2.11.3. Pseudo nth Order (PnthO) 

The general rate law equation without pre-set order to a fixed value can be written as 

Eq.5 [53]–[55]: 

𝑑𝑄𝑡

𝑑𝑡
=  𝐾𝑛(𝑄𝑒 − 𝑄𝑡)𝑛                                          (2.20)                                                                                  

The solution of the differential equation Eq. (2.20) which took into consideration of 

boundary conditions gives Eq. (2.21): 
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𝑄𝑡 = 𝑄𝑒(1 −
1

[1+(𝑛−1)𝐾𝑛𝑡𝑄𝑒
(𝑛−1)]

1
𝑛−1

)                    (2.21)                                                        

2.2.12.  Adsorption mechanism 

2.2.12.1. Boyd and Webber model (pore-diffusion model) 

Currently, the models of Boyd and Webber are widely used to study the adsorption 

mechanism [56], [57]. Boyd's model determines if the primary resistance to mass 

transfer is in the thin film (boundary layer) surrounding the adsorbent particle or in 

the diffusion resistance within the pores. This model is described by the following 

relation: 

𝐹 =
𝑄𝑡

𝑄𝑒
= 1 −

6

𝜋2 ∑
1

𝑛2 𝑒𝑥𝑝(−𝑛2𝐵𝑡)
∞

𝑛=1
              (2.22)                                                               

Where F is a fractional equilibrium at different times, t, and Bt is a function of F. 

It is not possible to calculate B values for each adsorbed fraction from Eq. 2.22. The 

following approximations were obtained by implementing the Fourier transformation 

and then integration: 

for F > 0.85                   𝐵𝑡 = −0,4977 − 𝐿𝑛(1 − 𝐹)                     (2.23)                                           

for F < 0.85                   𝐵𝑡 = (√𝜋 − √𝜋 − (
𝜋2𝐹

3
) )2                       (2.24)                          

They could be used to forecast the mechanism of adsorption using Eq. 2.23 and Eq. 

2.24. This can be accomplished by plotting Bt against time. If the plot is linear and 

goes through the origin, then the rate of mass transfer is governed by the pore 

diffusion [58]. If the plot is nonlinear or linear but does not pass through the origin, 

the adsorption rate is controlled by film-diffusion or chemical reaction.  

On the other hand, the pore-diffusion model of Webber was obtained from the second 

law of diffusion of Fick. The parameter for pore diffusion, ki (mg/g min0.5) is 

described by: 

𝑄𝑡 = 𝑘𝑖 . 𝑡0,5                                                      (2.25)                                                                                 

Where Qt is the adsorbed quantity (mg/g) at a given time t. From Eq 12, if pore-

diffusion is the rate-limiting step, then a Qt plot against t0.5 must offer a straight line 

with a slope equal to ki and an intercept equivalent to zero.  
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2.2.13.  Photocatalytic tests  

Photocatalytic tests were performed at room temperature using a batch photo-reactor, an 

open-air double-walled beaker of 200 mL with a cooling water jacket, which keeps the 

temperature at (25 ± 2) °C equipped with a visible LED spotlight (LED Projector 50W Ultra-

fin SMD - IP66) with luminous flow = 4000 lm (chapter III), and Xenon lamp 150W (chapter 

IV and V), positioned above 30 mm of light-exposed surface 32.17 cm2 (figure 2.9). The 

operating parameters used were the same as in the adsorption kinetic. To establish the 

adsorption desorption balance, the solution was agitated in the dark until equilibrium was 

reached before the light was turned on; each 20 minutes, 1 mL of the suspension was 

removed, diluted five times, and immediately centrifuged to separate the catalyst from the 

solution, the solution was then analysed using UV-Vis spectroscopy. To assure photocatalyst 

photostability, all photocatalytic experiments were duplicated. 

Photocatalytic experiments were monitored using Shimadzu 1700 UV-Vis. 

spectrophotometer. The spectra were recorded between 200 and 800 nm and the kinetic 

curves were traced for the absorbance at λmax = 664 nm of the MB. 

 

Figure 2.9. Batch photocatalytic reactor for MB degradation. 
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3. Novel Fe2TiO5/reduced graphene oxide heterojunction photocatalyst 

with improved adsorption capacity and visible light photoactivity: 

experimental and DFT approach 

3.1. Abstract  

The design of high efficiency materials is a major challenge for the degradation of 

organic pollutants. In this work, type II p-n heterojunction photocatalyst 

Fe2TiO5/rGO, with enhanced performance, was successfully prepared through simple 

process. The Fe2TiO5/rGO composites were prepared by hosting several amounts of 

reduced Graphene Oxide (rGO) into pseudobrookite nanocrystals (Fe2TiO5) which 

were priorly synthesized by a solid-state reaction. The morphology and the properties of 

the as-prepared composites were characterized trough different techniques. The fixation of 

rGO sheets on Fe2TiO5 was proved using the X-Ray Diffraction analysis (XRD). The 

results for the Scanning Electron Microscope (SEM) analysis showed a good mixing 

of rGO with Fe2TiO5. The X-Ray Fluorescence (XRF) confirmed the purity of the 

pristine Fe2TiO5. The Dynamic Light Scattering (DLS) illustrated a strong tendency 

to aggregation. Ultraviolet-Visible Diffuse Reflectance Spectroscopy (UV-Vis DRS) 

analysis was performed to characterize the electronic aspect as the gap and the Urbach 

energies. Finally, computational Density Functional Theory DFT calculations were 

carried out to confirm the experimental results. The adsorptive and photoactivity of 

Fe2TiO5/rGO heterojunction photocatalysts were evaluated by methylene blue (MB) 

degradation under visible light irradiation. The highest MB degradation rate was 

achieved for Fe2TiO5/rGO10% photocatalyst with the highest value of the elimination rate. 

3.2.  Introduction 

Water pollution is caused by various categories of toxic chemical and biological 

materials, such as organic dyes which are recognized as common pollutants that 

threaten human health and the environment [1]. Often, several techniques are used to 

treat several types of pollutants on the same chain; depending on the quality of water, 

each method requires a distinct reuse or disposal action plan. Biological, chemical 

and physical techniques of water remediation are frequently implemented [2]. The 

adsorption is the most applied method for the elimination of coloring agents due to its 

efficiency and ease of use. However, the adsorption process has certain limitations, 

such as the inability to remove certain elements and the production of secondary 

wastes which require an additional treatment [3]. To avoid these drawbacks, the 
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advanced oxidation processes (AOP) have been rapidly expanded and widely 

considered. Photocatalysis is one of the most effective AOPs in the degradation of 

organic compounds, the reduction of metal cations or the mixture of the two, which 

is characterized by low consumption of energy, moderate cost, and strong efficiency 

of pollutant degradation and mineralization [4]. Adsorption accompanied with the 

photocatalytic process seems therefore the most appropriate technique for the 

treatment of water, air and soil [5], [6]. The photocatalysis is based on the production 

of non-selective Reactive Oxidizing Species (ROS) such as hydroxyl OH•, superoxide 

O2
•- and H2O2, that allow the oxidation of many organic pollutants. The 

implementation of Semiconductor materials is of great interest in this process. When 

the semiconductor is activated by photons, electron-hole pairs are generated by 

exciting the electrons from the Valence Band (VB) to the Conductive Band (CB), and 

the migration of the photogenerated electron-holes to the semiconductor surface 

produces ROS through redox water reactions [7]. However, the rapid recombination 

of the photogenerated electron-hole pairs limits the applications of photocatalysis 

systems in industry, and improving the life time are the major deals of the scientific 

research [8]. Moreover, for implementation in industry, a photocatalyst must fulfill 

the following conditions:  wide absorption in the visible solar spectrum, high charge 

transport properties; it should also exhibits a high surface/volume ratio, a structural 

stability (thermal and aqueous) and should be nontoxic, abundant, and cheap [9]. 

The pseudobrookite Fe2TiO5 material is an n‐type semiconductor [9], [10] and has 

attracted a growing interest owing to its notable many prospective applications [11]. 

It has an atomic structure matching that of TiO2 and a band gap energy of about 2.0 

to 2.2 eV (depending on the synthesis method). Moreover, the minimal energy of CB 

of Fe2TiO5 is around −0.7 eV and that of TiO2 is around −0.5 eV; those values lead 

to a quick charge transfer under light illumination [10]. So, it was investigated as a 

photocatalyst for use in the visible domain [11]–[13]. In parallel, Fe2TiO5 also drew 

attentions due to its unique magnetic properties [14], anisotropic spin-glass behavior 

at low temperature [15] and conductive properties [16]. Thus, an alternative potential 

approach for enhancement of water oxidation consists to develop heterojunctions. In 

this way, heterojunction between Fe2TiO5 and other semiconductor was studied 

previously [10], [17], [18]. 
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In concrete terms, graphene is used thermodynamically in the building of 

heterojunction photocatalysts susceptible to wide spectrum or in the doping of wide 

bandgap semiconductors [8], [19], [20]. Owing to high efficiency charge transfer and 

high-quality heterojunction interfaces and extremely reactive catalyst surfaces [20], 

graphene is also used kinetically to enhance the efficiency of photocatalysis owing to 

the high adsorption capacity of organic / inorganic contaminants [21]. For those 

arguments, the combination of graphene with various semiconductors was suggested 

as a promising research route. For example, the formation of p-n heterojunctions 

between KTaO3 nanocubes and rGO (reduced Graphene Oxide) sheets leads to 

KTaO3/rGO composites, which have shown a significant improvement in the 

photocatalytic performance of phenol degradation under visible light irradiation that 

can be attributed to the role of graphene photosensitizer [22]. A second example can 

be given by LaFeO3/rGO nanocomposites, which showed to be an effective 

photocatalyst for the degradation of methyl orange dye under visible light irradiation 

[23]. 

This research work aims at synthesizing a new heterojunction Fe2TiO5/rGO nanocomposite 

photocatalyst. The composite structure and morphology, electronic, and absorption 

properties were systematically studied and further linked with the photocatalytic studies by 

investigated in the Methylene Blue (MB) degradation as a model organic pollutant. As far 

as we know, the bulk of the literature works focuses only on the experimental or the 

theoretical study search separately. Hence, aspects related to the mechanism of reactions 

remain unclear. For this, the aim, several experimental characterizations, and theoretical 

computational based on density functional theory (DFT) were employed to achieve a clearer 

picture. 

3.3.  Experimental 

3.3.1. Preparation methods 

3.3.1.1. Preparation of Graphene Oxide (GO) 

Graphene Oxide (GO) was synthesized according to the modified Hummers method 

[24], [25]. In a typical synthesis, 5 g of powder graphite and 2.5 g of potassium nitrate 

K(NO3) were added to 115 mL of 98% sulfuric acid H2SO4 and mixed with constant 

stirring; the mixture temperature was kept below 10 °C using an ice bath. 15 g of 

potassium permanganate KMnO4 was then slowly added to the suspension and the 

stirring persisted for 2 hours. At the end, the temperature was increased to 35 °C and 
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the mixture was kept at this temperature for another 45 minutes. Additionally, 230 

mL of distilled water was added to the paste, the temperature was increased to 98 °C 

and the reaction was retained for 45 minutes. Finally, the resulted suspension was 

further diluted with addition of 350 mL of warm distilled water, and then treated with 

15 mL of H2O2 (30%) solution to reduce the residual permanganate; the addition of 

H2O2 resulted in yellow color, indicating high level of oxidation and the manganese 

dioxide swing to colorless soluble manganese sulfate. The suspension was washed 

five times with 5% HCl aqueous solution using a centrifuge (6000 rpm for 5 minutes) 

until the complete removal of SO4
-2. The removal of SO4

-2 was detected by addition 

of barium chloride, where the presence of sulfate ion induced a white precipitate when 

barium chloride was added to the supernatant [26]. The mixture was then repeatedly 

centrifuged and washed with de-ionized water until the supernatant's pH was neutral. 

The material was finally dried for 72 hours at 40 °C giving brown-black sample. 

3.3.1.2. Preparation of Fe2TiO5 nanocrystal using solid state reaction 

Equimolar quantities of Fe2O3 and TiO2 were placed as a lubricant in 50 ml of acetone. The 

solution was put for 1 h in an ultrasonic bath. The powder was dried at 80 °C and placed in 

a crucible and air-heated at 900 °C for 24 hours [27]. 

3.3.1.3. Preparation of Fe2TiO5/rGOx photocatalysts  

The preparation of Fe2TiO5/rGOx photocatalysts with different weight ratios 5, 10 and 

15 wt.% of rGO to Fe2TiO5 were prepared via hydrothermal method [28]. 200 mg of 

Fe2TiO5 powder and appropriate mass percent of GO were dispersed in solution of 

H2O (40 mL) and ethanol (20 mL); the obtained mixture was treated for 2 hours in an 

ultrasonic bath and stirred for another 2 hours to obtain homogeneous suspension. 

The suspension was transferred to Teflon sealed autoclave and kept for 12 hours at 

120 °C. The resulting product was washed four times with distilled water and ethanol 

using a centrifuge (6000 rpm for 5 minutes) and dried in an oven at 60 °C for 24 hours.  

3.3.2. Computational Details 

The aim of the DFT calculation was to explore the impact of electronic corrections 

on the electronic structure characteristics of the pseudobrookite Fe2TiO5, and then 

compare the theoretical results with the experimental ones. The calculations are 

performed within the framework of the local density approximation (GGA) and 

(LDA+U) by using the Cambridge Serial Total Energy Package (CASTEP) based on 
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the plane-wave pseudopotential DFT methods with the Perdew-Burke-Ernzerhof 

(PBE) approximation for the exchange correlation functional. A previous paper used 

the local spin density approximation Hubbard U (LSDA++U (U = 4)) approach with 

the CA-PZ [29]. In this work, the same parameters were also considered for the GGA 

method: plane wave-based cut-off energy was set at 1000 eV and k-points grid 

sampling were set at 7*7*3 for the Brillouin zone. For the parameters of convergence, 

maximum force tolerance was set at 0.03 eV/nm, maximum stress component was set 

at 0.05 GPa and total energy tolerance at 1.0*10-5 eV/atom. 

3.4.  Results and discussion 

3.4.1. Structural analysis  

Figure 3.1 shows the XRD patterns of Fe2TiO5/rGOx (x = 0, 5, 10 and 15%). Several 

diffraction peaks are observed at angular positions:  2θ = 18.14°, 25.57°, 32.57°, 

36.61°, 37.37°, 40.58°, 41.09°, 46.01°, 48.83°, 55.22°, 56.15°, and 59.68°; these 

peaks are identified according to the JCPDS card (96-200-2303) as respectively (0 2 

0), (1 1 0), (0 2 3), (1 3 0), (1 1 3), (0 2 4), (0 4 2), (0 4 3), (2 0 0), (0 0 6), (1 5 2) and 

(1 5 3) Bragg’s planes of the Fe2TiO5 pseudobrookite structure, in an orthorhombic 

system. It can be seen that more x is important more the pattern appears noisy, 

indicating the presence of amorphous phase in the rGO sheets. Moreover, no new 

peak is observed for Fe2TiO5/rGO5% in comparison with Fe2TiO5, proving that for 

small ratio of graphene the crystalline structure is conserved. Above x = 5%, some 

new peaks appear and are more intense when x increases, showing a partial transition 

of the pseudobrokite crystalline phase; these new peaks are related to the reduction of 

Fe2TiO5 during the fixation of rGO sheets, leading to precursors of Fe2O3 and TiO2. 

Furthermore, the diffraction peaks shift to the small angles when x increases, which 

means that the crystal is stressed when the rGO sheets are inserted on the surface of 

Fe2TiO5. The characteristic crystalline parameters (a, b and c), and the average grain 

seize (D), micro-constraint (휀%) and dislocation density (𝛿) are illustrated in Table 

3.1. 
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Figure 3.1:  XRD patterns of Fe2TiO5/rGOx (x = 0, 5, 10 and 15%), normalized by the 

highest intensity to 1 

 Table 3.1: Lattice parameters, grain seizes, microconstraints and dislocation densities of 

Fe2TiO5/rGOx (x = 0, 5, 10 and 15%) 

 

 

 

 

 

 

 

 

 

 

 

 

Fe2TiO5/rGOx 0% 5% 10% 15% 

a (Å) 

experimental 3.726 3.729 3.730 3.730 

theoretical 
LSDA 3.715  

GGA 3.737  

b (Å) 

experimental 9.767 9.780 9.799 9.797 

theoretical 
LSDA 9. 797  

GGA 9.992  

c (Å) 

experimental 9.968 9.978 9.985 9.999 

theoretical 
LSDA 9.879  

GGA 10.125  

D (Å) 984.28 818.84 654.65 542.97 

ε % 0.126 0.157 0.206 0.235 

𝛿 (nm)-210-3 0.103 0.149 0.233 0.339 
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It is clearly seen that the fixation of graphene sheets on Fe2TiO5 at the microscopic 

scale increases the lattice parameters, evidently accompanied with an increase of the 

micro-constraints and at the macroscopic scale reduces significantly the grain seize 

and induces strong structural defects estimated by an increase of the dislocation 

density. In comparison with XRD results, for a high ratio x, the defects reduce 

partially the crystalline structure of Fe2TiO5.  

3.4.2. XRF analysis  

In view of confirming the purity of the synthetized Fe2TiO5, optical spectroscopy was 

investigated; XRF analysis proves the presence of O, Fe and Ti elements with 

different weight percent 37.95%, 43.2% and 18.85% (wt.%), respectively (Figure 

3.2). These results are close to the theoretical weight percent given by an ideal unit 

cell of pseudobrokite Fe2TiO5, O (33.40 %), Fe (46.62 %) and Ti (19.98%), 

confirming the high purity of the compound. The empiric formula can be written as 

Fe1.85Ti0.95O5.66, and is considered thereafter.  
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Figure 3.2: The XRF spectrum of FTO obtained using solid-state reaction. 

 

3.4.3. SEM images 

Figure 3.3 shows SEM images of Fe2TiO5/rGOx composite; the top images are 

captured at strong zoom (x20000) and illustrate that the nanocrystals have different 
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sizes with elongated rhombohedric forms. Bottom images are carried out with weak 

zoom (x500) and prove that the Fe2TiO5 nanocrystals are uniformly scattered on the 

graphene sheets. These observations confirm the formation of the heterojunction of 

Fe2TiO5/rGOx. 

 

 

 

 

 

 

 

 

Figure 3.3: SEM images, top images strong zoom x20000 and bottom images weak zoom 

x500 of (a) x = 0, (b) x = 5, (c) x = 10 and (d) x = 15%) (f) rGO. 

3.4.4. DLS analysis 

The adsorption and the photocatalytic activities are influenced by the external surface 

of the nanoparticules and their surface state; and the effective surface exposed to the 

external medium is the surface of the aggregated particles. Furthermore, the 

aggregation of transition metal oxides in aqueous solution is well known and well-

studied [33], [34]. For this purpose, the sample Fe2TiO5 was characterized by DLS. 

Figure 3.4 shows the hydrodynamic diameter of the aggregated nanoparticles in 

distilled water suspension, and the experimental data was fitted with a Gaussian 

function.  

The fitted curve indicates the formation of different size of aggregated particles; the 

average seize value of hydrodynamic diameter is about 752.4 μm and the width at half 

height of the fitted curve is about 333.4 μm, showing a strong tendency to aggregate 
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of the Fe2TiO5 particles. The experimental data also shows a shoulder at low values 

of the hydrodynamic diameter, which can be related to unaggregated particles.  
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Figure 3.4:  Hydrodynamic diameter of Fe2TiO5 in H2O suspension. 

3.4.5.  Electronic structure and optical properties  

3.4.5.1. Band structure  

For the theoretical calculation of the band structure, both LSDA and GGA were used 

and the results of the band gaps are compared to the experimental values (Table 3.2). 

The figure 3.5 shows the band structures calculated by GGA of the Fe2TiO5 

compounds at the equilibrium lattice parameters along the highest symmetry direction 

in the Brillouin zone. The separation of the bands exists, and the Fermi level can be 

located at the band gap, which indicates the semi-conductivity character of Fe2TiO5. 

The maximum VB and minimum CB are not located at the same Brillouin area point, 

indicating that the gap is indirect. Moreover, the Fe2TiO5 compound with 

pseudobrookite crystalline phase is a paramagnet semiconductor; its magnetic 

moment is principally centered on the Fe (III) ions, with less contribution of the Ti 

and O ions that are magnetized via super-exchange interactions. The effective 

magnetic moment of Fe2TiO5 is determined and found to be 3.80 μB/Fe [29]. This 

magnetic moment of the semiconductor split the levels of the band structure, forming 

two possible band structures (i) alpha electronic stat channel and (ii) beta electronic 
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stat channel. The value of the band gap for the alpha channel calculated by LSDA (U 

= 4) is about 1.81eV [29]; while the gap value calculated by GGA is about 1.88 eV, 

which is the closest to the experimental value.  

 

 

 

 

 

 

 

Figure 3.5:  Energy band structures of alpha (blue line) and beta spin channel (red line) of 

Fe2TiO5 along the high symmetry direction in the Brillouin zone. 

 

3.4.5.2. UV-Vis-DRS 

For the experimental quantification of the electronic properties, namely the gap 

energy and the Urbach energy, UV-Vis-DRS spectroscopy is a suitable tool. The 

spectra shown in Figure 3.6 (b) correspond to Fe2TiO5/rGOx (x = 0, 5, 10 and 15%). 

The lines prove that the composites are transparent in the visible range beyond the 

wavelength λ = 600 nm, and show also a strong and large absorption band in the UV 

and in the visible near the UV regions, most likely due to transitions from the VB to 

the CB. This band is confirmed by the theoretical calculation using GGA calculation 

and the obtained theoretical spectrum is shown in Figure 3.6 (a).  
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Figure 3.6:  UV-Visible spectra of Fe2TiO5/rGOx (x=0, 5, 10 and 15%). The insert figure: 

variation of the band gap Eg according to Kubelka-Munk method and variation of Urbach 

energy EU. All spectra are normalized to 1 by the maximum of absorbance. 

The bump around 550 nm can be attributed to the spin-flip d-d transition [35], [36]; 

this weak band is observed as a shoulder on the theoretical spectrum. 

The band gap ‘Eg’ is estimated through Tauc plot on the linear part of (α.hυ)n (hυ-

Eg), where n = 1/2 for indirect band gap (insert of Figure 3.6), and n = 2 for direct 

gap; these optical transitions are respectively due to transitions from O2p to Fe3d 

orbitals and from O2p to Ti3d orbitals. The evaluated band gap energies are 

summarized in Table 3.2. 

Table 3.2: Indirect and direct band gap energies and Urbach energy of Fe2TiO5/rGOx (x = 

0, 5, 10 and 15%) 

Fe2TiO5/rGOx 
x = 0% 

x = 5% x = 10% x = 15% 
Exp LSDA GGA 

Indirect band 

gap energy (eV) 
2.06 1.81 188 2.00 1.97 1.95 

Direct band gap 

energy (eV) 
2.26 198 207 2.07 2.05 2.02 

Urbach energy 

(meV) 
216 239 313 333 
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‘EU’ is estimated through the plot of ln[F(R)]hυ and it is evaluated from the slope 

of the linear part: ln[F(R)] (hυ-E0) (insert of Figure 3.6). Table 3.2 sums up the 

values. 

EU characterizes the change in the electronic band structure caused by different 

origins (vacant or interstitial sites, lattice strain, dislocation…). These various origins 

generate additional states within the band gap close to HOMO and LUMO levels, and 

can be seen as tails of CB and VB, EU is roughly equal to the average width of tails 

[41]. From the Table 3.2, the deposit of rGO sheets on Fe2TiO5 induces an increase 

of the Urbach energy. Both XRD and UV-Vis-DRS analyses confirm therefore that 

the deposit of rGO induces stress and defects within the Fe2TiO5 nanocrystals. 

Moreover, the decrease of Eg by adding rGO sheets shifts the Fermi level. The shift 

of Fermi level strengthens the migration of photogenerated electrons and represses 

the electron-hole recombination, which let expect an amelioration of the 

photocatalytic activity. 

3.4.6. Kinetic of adsorption  

Figure 3.7 shows time-courses of experimental and fitted kinetic curves of MB 

adsorption. It is well seen that the equilibrium time was about 120 minutes. 

Furthermore, due to the high specific surface area of rGO sheets, the adsorption of 

MB was significantly improved (from Qads= 2.68 mg/g to Qads= 16.26 mg/g) for 

increasing values of x.   
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Figure 3.7:  Adsorption kinetic curves of BM on Fe2TiO5/rGOx composites (Ccatalyst = 50 

mg/l ,CMB = 10 mg/l, and Volsolution = 200 ml). 

The constant rate K, the theoretical maximum adsorbed quantities Qe and the 

correlation coefficients R2 of fit, given by modeling using PFO, PSO and PnthO 

models are included in the Table 3.3.  

Table 3.3: Modeling results of adsorption kinetics of BM on Fe2TiO5/rGOx 

 

Fe2TiO5 

/rGOx 

Qe exp. 

(mg/g) 

Model 

PFO PSO PnthO 

K1 

(min-1) 

Qe 

(mg/g) 

R2 K2 

(min-1) 

Qe 

(mg/g) 

R2 Kn 

(min-1) 

Qe 

(mg/g) 

n R2 

0 2.63 0.133 2.67 0.93

7 

0.056 2.85 0.957 0.040 2.72 0.425 0.973 

5 10.06 0.059 9.68 0.87

5 

0.010 10.52 0.935 0.012 10.69 0.284 0.976 

10 11.84 0.176 10.97 0.94

7 

0.022 11.69 0.991 0.019 11.78 0.193 0.998 

15 16.26 0.301 15.46 0.95

1 

0.030 16.16 0.985 0.015 16.55 0.119 0.997 
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From Table 3.3, the adsorbed quantities Qads calculated by the Pseudo-First Order 

(PFO) model were fairly far from the experimental values; while the Pseudo-Second 

Order (PSO) model led to closer Qads values. To assess for the accuracy of the fit, the 

correlation coefficients R2 is the most appropriate factor; it was found between 

[0.875-0.959] and [0.935-0.990] for PFO, PSO models; while the PnthO model led to 

better results, with R2 values in the range [0.973-0.998], and the order for this last 

model was between 0.119 and 0.425. 

In an attempt to determine the rate controlling step involved in the adsorption of MB on the 

synthesized composites, the kinetic data were further analyzed using the Boyd and Webber 

models. Figure 3.8 (a) Shows Boyd plots for the first 70 min for MB adsorption. The plots 

indicate a linear section, which do not cross the origin at the beginning of adsorption. This 

implies that adsorption does not follow Eq. 2.23 and Eq. 2.24 and therefore does not regulates 

the adsorption rate during the initial period. This demonstrates that during this period, 

chemical reaction or film diffusion regulates the adsorption rate. 

 

 

 

 

 

 

 

 

Figure 3.8:  Adsorption of MB on Fe2TiO5/rGOx (x = 0, 5, 10 and 15%) (a) Boyd plots (b) 

pore-diffusion plots. 

Figure 3.8 (b) shows a pore diffusion plots of MB adsorption obtained by the Webber 

model. It is evidently seen that the plots are multi-linear, having at least three linear 

sections. The regression findings are seen in Table 3.4.  
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For various multilinear plots in Figure 3.8 (b), the regression results of the first linear 

section give intercept values that differ significantly from zero. These intercept values 

corroborate the conclusion from the Boyd plots that pore diffusion at this early point 

does not control the adsorption. It is therefore verified that the first linear segment 

represents film-diffusion (or chemical reaction).  

Table 3.4:  Boyd and Webber (pore-diffusion) plots fit parameters 

 

 

 

 

 

 

 

 

3.4.7. Photocatalytic activity study 

The overall elimination of BM is shown in figure 3.9. We see that BM elimination 

increases with increasing rGO content for Fe2TiO5/rGOx composite (with x = 0, 5, 10 

and 15 wt.%) by weight with a yield of R = 31.39% to 42.19% respectively. This 

elimination is due to the strong adsorption of BM by the rGO following the increase 

of the interfacial surface developed by the increase of the rGO content in the 

composite Fe2TiO5/rGOx. 

 

  

Model 

Webber model Boyd plot 

Fe2TiO5 

/rGOx 

kID1  

(0–10 

min) 

R2 kID1  

(10–80 

min) 

R2 Intercept R2 

x = 0% 0.464 0.909 0.172 0.833 -0.206 0.970 

x = 5% 1.656 0.881 0.804 0.984 0.022 0.959 

x = 10% 2.426 0.953 0.310 0.983 0.672 0.913 

x = 15% 3.613 0.881 0.503 0.982 0.649 0.959 
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Figure 3.9:  Photodegradation of BM dye (Ccatalyst = 50 mg/l, CMB = 10 mg/l, and Volsolution 

= 200 ml) 

This can be clarified in two ways: (i) in dark, by the adsorption phenomena principally 

of MB on rGO sheets due to its height specific surface, (ii) after saturation of 

adsorption and under visible light, electron-hole pairs generated within Fe2TiO5 can 

oxidize MB via photocatalysis and also, tend to be transferred to graphene sheets and 

works as the receiver, extending the lifetime of the charge carrier. It is worth noting 

that the concentration of MB shows no noticeable difference in the absence of 

Fe2TiO5/rGOx, indicating that MB cannot be degraded by photolysis. Therefore, any 

change in the MB concentration can be attributed to the photocatalytic process. The 

photocatalytic part of the kinetic curves was fitted with an exponential function, 

leading to the following values of the rate constants K*10-4 = 1.61, 5.61, 15.10, and 

4.91 min-1 for the Fe2TiO5/rGOx composite (with x = 0, 5, 10 and 15 wt.%) 

respectively. The heterojunction composite having the ratio x = 10% presents a weak 

modification of the crystalline structure and it has the highest value of the rate 

constant. This result can be explained by lower access to the photocatalytic sites of 

Fe2TiO5 owing to the over-crowding of rGO sheets when the composite 

heterojunction has more than 10% of x [24]. In addition, other factors are also known 

as the fundamental operating parameters in heterogeneous photocatalysis such as the 
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initial pollutant concentration, catalyst load, pH of the solution, and the intensity of 

light, which can affect the effectiveness of the photocatalytic process, and it's been 

discussed in detail by [42]–[45]. The effect of these factors on the photocatalytic 

degradation rate of most organic compounds is evident according to last works. 

3.4.8. Proposed mechanism  

A preliminary mechanism for the photocatalytic process is proposed based on the above 

results and illustrated in figure 3.10. Upon LED light excitation, electron-hole pairs generate 

within the semiconductor Fe2TiO5, these photogenerated electrons tend to be transferred to 

graphene sheets, graphene accepts the electrons generated during photocatalysis and has 

worked beneficially a the receiver, This extends the lifetime of the charge carrier and is then 

scavenged by dissolved oxygen, thus facilitating the separation of the hole-electron. 

Furthermore, the O2/·O2
- reduction potential is -0.16 V (vs. NHE), which is very near to the 

rGO Fermi level (~0 V vs. NHE) potential. Consequently, the electron on the rGO surface 

could be captured by O2 to form ·O2- and further, generate H2O2. The rGO also played a role 

in scavenging the photoexcited electron from Fe2TiO5, resulting in the abundance of 

photoexcited electrons on the rGO surface to promote the formation of ·O2
- and H2O2 for 

MB degradation. Therefore, in the present nano-heterostructure of Fe2TiO5/rGO, the 

scavenged electrons on rGO as well as the radical anion process dominated the degradation 

mechanism of MB. In the meantime, the holes leaving the semiconductor Fe2TiO5 from the 

VB either react to form hydroxyl radicals with adsorbed water or directly oxidize MB.  

The graphene in the composites facilitates the separation of charge, restrains the hole-

electron recombination, and gives a large surface/interface for heterogeneous connection 

reactions. Furthermore, graphene oxide is a mixture of hybridized carbon atoms Sp2 and Sp3 

with very high oxygen bonding on hybrid carbon Sp3. Oxygen atoms have a higher 

electronegativity than carbon atoms and thus graphene oxide becomes a p-type 

semiconductor material where its conduction band is the orbital antibonding π* and its 

valence band is basically the orbital Op2. By removing most of the oxygen-containing 

functional groups from the GO surface using the hydrothermal route, the reduced graphene 

oxide was obtained. However, the p-type behavior of the rGO was caused by oxygen 

remaining on the carbon surface. A p-n junction composite photocatalyst can be obtained 

when combining rGO sheets with n-type Fe2TiO5 semiconductors. There are some 

advantages of forming p-n heterostructures, such as (a) more effective charge separation; (b) 

fast charge transfer to the catalyst; (c) longer charge carrier life; and (d) separation of locally 
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incompatible nano-space reduction and oxidation reactions. As a result, the enhancement of 

the photocatalytic activity of Fe2TiO5/rGO composites under visible light could be ascribed 

to the formation of p-n heterojunctions between Fe2TiO5 and rGO sheets. It should be noted 

that the electronic interactions and charge balance between graphene and semiconductor 

result in a shift in the Fermi level and decrease the semiconductor's CB potential (Figure 

3.10) Egap= 2.06 eV to Egap= 1.95 eV. Thus, the negative shift in Fe2TiO5/rGO Fermi level 

and the high migration of photoinduced electrons efficiency effectively suppress the 

recombination of the charge, resulting in increased photocatalytic activity. 

 

Figure 3.10:  Schematic illustration of the photocatalytic mechanism of Fe2TiO5/rGOx 

composite. 

3.5.  Conclusions 

The Fe2TiO5 nanocrystals were successfully synthesized and were used with rGO to 

form heterojunction composites. The XRD analysis proved that the Fe2TiO5 

nanocrystals have a pseudobrookite crystalline structure; this structure is conserved 

after the deposition of rGO, although the crystalline seize decreases. Furthermore, 

SEM images proved the formation of the heterojunction and the good mixing of rGO 

with Fe2TiO5. The experimental gap value was given by the UV-Vis-DRS 

spectroscopy and was found to be about 2.06 eV, while the gap value given by DFT 
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was about 1.81 eV and 1.88 using LSDA+U and GGA calculations respectively; the 

gap value was reduced when the quantity of rGO increased.  

Moreover, the adsorption kinetic curves showed that the amount of MB adsorbed 

increased with the increase of the rGO amount. The fit of the kinetic curves proved 

that the pseudo nth order model is adequate, and the modeling of the experimental 

results illustrated that the adsorption mechanism is guided by film-diffusion and/or 

chemical reaction. Furthermore, the photocatalytic study showed that all synthetized 

compounds have an impact on the degradation of the MB under visible light; the 

junction with rGO sheets improves considerably the photocatalytic performances and 

the best results were obtained using the Fe2TiO5/rGO10% composite. 
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4. Bottom-up construction of reduced-Graphene-Oxide-anchored spinel 

magnet Fe2.02Ni1.01O3.22, anatase TiO2 and metallic Ag 

nanoparticles and their synergy in photocatalytic water reduction 

4.1.  Abstract 

Paramagnet spinel NiFe2O4 nanocrystals were synthesized using the hydrothermal route and 

were put in contact with anatase TiO2 PC500; the mixture of semi-conductors was employed 

as substrate to deposit reduced Graphene Oxide (rGO) sheets synthetised via Hummers 

modified method. Several rGO mass amounts ‘x’ were deposited (x = 0, 5, 10, 15% and 

20%). These steps of synthesis were followed by surface decoration with Ag metallic 

particles using the photodeposition method, wich led to different heterojunction 

nanocomposite materials. The XRD analysis proved that the NiFe2O4 has a spinel crystalline 

structure and the anatase TiO2 has a tetragonal system; these crystalline systems were 

conserved after the deposition of rGO. The electronic properties were studied experimentally 

using the UV-Vis DRS illustrating a hierarchical gap for the spinel NiFe2O4 and an indirect 

gap for TiO2; these analyses revealed that the electronic and structural properties are affected 

when the rGO is deposited. The SEM images proved the formation of the heterojunction and 

the good mixing of NiFe2O4 and TiO2 with the rGO. The EDX allowed attributing a chemical 

formula for the spinel structure, Fe2.02Ni1.01O3.22. Furthermore, the photocatalytic properties 

are influenced by the specific area of the photocatalyst; for that the DLS analysis was carried 

out to estimate the average aggregated grain seize. At the end, the composites were evaluated 

for their enhanced adsorptive performance and photocatalytic activity under visible light 

irradiation to degrade Methylene Blue (MB). In addition, the deposit of metallic Ag showed 

greatly improvement in the photocatalytic performances over pristine composites. 

4.2.  Introduction 

Non-biodegradable or recalcitrant organic pollution have today become crucial 

environmental problems because of their toxicities and persistence. Refractory organic 

products, mainly generated by industries are continuously discharged into waterways or the 

environment. A large quantity of wastewater from the textile industry contains dyes of 

various kinds whose elimination by conventional biological processes turns out to be 

ineffective. Thus, adsorption materials have found an importance in environmental processes 

[1]–[3], but with these materials, pollution is only transferred from the liquid phase to the 

solid phase [4]. Consequently, it is necessary to find a new material having high catalytic 
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power, which is not only capable to destroy pollutants into simpler and above all 

biodegradable compounds. In this way, many researchers have tried to synthesize new 

heterogeneous photocatalysts based on nanoparticles metallic oxides [5], [6]. 

As a new carbon material considered as an ideal support for nanoparticles [7], discovered in 

2004, graphene has a two-dimensional (2D) structure and has a thickness of only one atom. 

It aroused extraordinary interest, thanks to its physical properties. Graphene has been widely 

used in several fields [8]–[10], owing to its high surface area, excellent electronic 

conductivity in storage and transport of electrons and high mechanical resistance [11], [12]. 

In addition, graphene oxide (GO) can be easily functionalized in order to modify its physical 

properties [7], rGO can be obtained by reduction of GO by electrical, chemical or thermal 

treatments [13], [14]. 

The fixation of metal oxide nanoparticles on graphene or its derivatives including graphene 

oxide and carbon nanotube have shown their effectiveness as adsorbent and in Photocatalysis 

[15]–[18]. It is noted that the carbonic materials prevent the aggregation of nanoparticles 

immobilized on their surface.  

The metal oxides of structures AB2O4, A and B are divalent and trivalent metal cations 

respectively, are called spinel compounds and they can be indexed regarding the X-ray 

diffraction analysis as cubic face-centered with Fd3m space group [19]–[22], in which, 1/8 

of tetrahedral sites and 1/2 of octahedral sites are occupied by A and B cations respectively. 

This family of compounds has attracted considerable attention in few recent years, owing to 

their narrow band gaps and their great visible-light responses in wastewater treatment. 

Among the spinel composite oxide compounds, the spinel ferrite nanoparticles MFe2O4 

(where M is divalent metal) have a vast potential for several technological applications [23], 

[24], because of their optical-electrical properties, magnetic properties and mechanical and 

chemical stabilities [25], [26]. They have been used in adsorption, photocatalysis, hydrogen 

in solar cells, magnetostrictive sensors, transducers, actuators, supercapacitors, Li-ion 

batteries, drug delivery, memory devices, microwave and spintronic devices, catalysis and 

gas sensor [27]–[30]. From that, several researchers have synthesized nanoparticles of 

MFe2O4 by different techniques, such as micro-emulsion method, co-precipitation method, 

sol-gel auto-combustion method, hydrothermal method, solvothermal method, etc. [31]–

[34]. Among the spinel ferrite nanoparticles, the NiFe2O4 spinel has shown good magnetic 

properties, allowing an easy separation, and it also shows an interesting photocatalytic 
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activity [35]. In this context, only few researches on NiFe2O4 were developed in the fields 

of elimination of organic pollutant by photocatalytic processes [36], [37]. Other than that, 

NiFe2O4 nanoparticles were used for reduction of metals [38], hydrogen production, 

reduction of CO2 and photoelectrochemical water splitting [39], [40]. Other researchers have 

synthesized spinel-LDH composites for the adsorption and Photocatalysis [41]. 

In order to increase the photocatalytic activity of spinels by separating the photogenerated 

e-hole couple [42], [43], some researchers have synthesized nanocomposites of NiFe2O4 

deposited on two-dimensional structure materials, such as g-C3N4 as well as on other 

photocatalytic semiconductors such as ZnO and TiO2 [44]–[46]. Other researchers have 

introduced other materials into the NiFe2O4-TiO2 matrix, such as polypropylene, silica and 

ionic liquids [47]. 

This study focused therefore on the development of the photolytic properties of NiFe2O4, by 

adopting three strategies. The first one was the production of the junction NiFe2O4-TiO2; the 

second one was the deposition of rGO on NiFe2O4-TiO2 and the last one was the deposition 

of metallic Ag nanoparticules; synthesizing finally the NiFe2O4-TiO2/rGO/Ag composite. 

The photocatalytic activities of NiFe2O4-TiO2, NiFe2O4-TiO2/rGO and NiFe2O4-

TiO2/rGO/Ag were compared; the systematic structural and electronic characterizations 

were also performed. 

4.3.  Experimental part 

4.3.1. Preparation methods 

4.3.1.1. Preparation of Graphene Oxide (GO) 

GO was synthesized by the modified Hummers method [48]. In a typical synthesis, 5 g of 

powder graphite and 2.5 g of potassium nitrate K(NO3) were added to 115 mL of 98% 

sulfuric acid H2SO4 and mixed with constant stirring; the temperature of the mixture was 

kept below 10 °C using an ice bath. 15 g of potassium permanganate KMnO4 was slowly 

added to the suspension and the stirring was continued for 2 h. Next, the temperature was 

increased to 35 °C and the mixture was kept at this temperature for another 45 min. Further, 

230 mL of distilled water was added dropwise to the paste; the temperature was increased 

up to 98 °C and the reaction was maintained for 45 min. Finally, the resulted suspension was 

further diluted with addition of 350 mL of warm distilled water H2O, and then treated with 

15 mL of H2O2 (30%) solution to reduce the residual permanganate; the addition of H2O2 

resulted in a yellow color, indicating high level of oxidation and the manganese dioxide 

swing to colorless soluble manganese sulfate. The suspension was washed with 5% HCl 
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aqueous solution using centrifuge until total removal of SO4
-2. The removal of SO4

-2 was 

detected by addition of barium chloride, since the presence of sulfate ion induced a white 

precipitate when barium chloride was added to the supernatant [49]. Then, the mixture was 

repeatedly centrifuged and washed with de-ionized water until the pH of the supernatant was 

neutral. Finally, the material was dried at 40 °C for 72 h giving brown black sample. 

4.3.1.2. Preparation of NiFe2O4 

0.02 mol of Ni(NO3)2.6H2O, 0.04 mol of Fe(NO3)3.9H2O (the Ni2+/Fe3+ molar ratio was 1/2) 

and 5 g of PEG (Poly Ethylene Glycol) in 20 ml of 50% aqueous alcohol were added in 100 

ml water. PEG was added to obtain small homogeneous particle size; after 10 minutes of 

stirring, the aqueous NaOH solution was added successively dropwise with continuous 

stirring until the pH reached 11. 

Then, the precursor solution was treated by sonication for 30 minutes and transferred to a 

hydrothermal stainless steel reactor for 12 h of hydrothermal treatment at 190 °C. It was then 

cooled to room temperature. The resulting product was collected by centrifugation, then 

washed with deionized water and ethanol several times, then dried under vacuum. The last 

step was calcination at 600 °C for 4 h. 

4.3.1.3. Preparation of NiFe2O4-TiO2 

Commercial TiO2 PC500, with an average particle size of 25 nm, was chosen as precursor 

in the preparation of NiFe2O4-TiO2 junction. The composite consisted of a mass ratio of 5 % 

NiFe2O4 and 95 % TiO2; this molar ratio corresponded to 0.08 g of NiFe2O4 and 1.52 g of 

TiO2. For this purpose, they were suspended in 40 ml ethanol, with subsequent addition of 

0.25 g of maleic acid; the mixture was maintained under stirring vigorously for 2 h. The 

suspension was collected by centrifugation and washed several times with water and ethanol 

and was dried overnight in air at 60 °C, and finally annealed at 230 °C for 3 h. 

4.3.1.4. Preparation of NiFe2O4-TiO2/rGO 

The preparation of NiFe2O4-TiO2/rGO photocatalysts with different weight ratios 5, 10, 15 

and 20 wt.% of rGO to NiFe2O4-TiO2 were prepared via the hydrothermal method. 200 mg 

of NiFe2O4-TiO2 powder and appropriate mass percent of GO were dispersed in solution of 

H2O (40 ml) and ethanol (20 ml); the mixture was treated by ultrasonic waves for 2 h and 

stirred for another 2 h to obtain homogenous suspension. The suspension was transferred to 

Teflon sealed autoclave and maintained at 120 °C for 12 h. The resulting compound was 
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washed several times by centrifugation in distilled water and ethanol and finally, dried in an 

oven at 60 °C for 24 h. 

4.4.  Results and discussion 

4.4.1. Characterization 

4.4.1.1. X-ray diffraction (XRD) 

The Figure 4.1 shows the XRD patterns of TiO2, NiFe2O4 and NiFe2O4-TiO2/rGOx (x = 0, 5, 

10, 15 and 20%). Several diffraction peaks can be seen on the diffractograms for TiO2 at the 

angular positions: 2θ = 25.24°, 37.87°, 47.98°, 54.54°, 62.57°, 69.70°, 75.21° and 82.78°. 

These peaks were attributed according to the reference pattern (96-900-8215) as respectively 

(1 0 1), (0 0 4), (2 0 0), (1 0 5), (2 0 4), (1 1 6), (2 1 5) and (2 2 4) Bragg’s planes of anatase 

structure, which has a tetragonal system. For NiFe2O4 at the angular positions 2θ = 18.40°, 

30.25°, 35.69°, 37.30°, 43.30°, 44.50°, 53.89°, 57.28°, 62.99°, 71.59° and 74.45°, the peaks 

were attributed according to the reference pattern (96-100-6117) as respectively (1 0 1), (0 

0 4), (2 0 0), (1 0 5), (2 0 4), (1 1 6), (2 1 5) and (2 2 4) Bragg’s planes of cubic system. No 

new peaks were observed for NiFe2O4–TiO2 in comparison with those of NiFe2O4 and TiO2, 

indicating the absence of any chemical reaction between the two pristine compounds. 
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Figure. 4.1. Diffraction patterns of TiO2, Fe2NiO4 and Fe2NiO4-TiO2/rGOx (x = 0%, 5%, 

10%, 15% and 20%). 
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For the composites, the mass ratio of NiFe2O4 to TiO2 was 5% to 95 %, leading to a weak 

apparition of the peaks relative to NiFe2O4 in the composite patterns, which are marked by 

only three first intense peaks (022), (131) and (101) (mentioned by a star *). 

It can be seen also from the XRD-patterns that more the ratio of rGO sheets was high more 

the XRD-patterns appeared noisy, indicating the presence of amorphous phase of rGO. 

Furthermore, the diffraction peaks of the composites shifted comparatively to the peaks of 

NiFe2O4-TiO2, when mass ratio “x” of rGO increased toward the great angles, which 

indicates that the cell parameters were affected during the deposit, leading to the generation 

of a stress in the crystalline structure. The comparison of the cell parameter measures of 

NiFe2O4, TiO2, and in their junction are summarized in the Table 1, and the variations of the 

cell parameters with the increase of rGO ratio are illustrated in the Figure 2.  

Table 4.1. Lattice parameters, grain sizes, microconstraints and dislocation densities of 

NiFe2O4, TiO2 and NiFe2O4-TiO2/rGOx (x = 0. 5. 10. 15 and 20%). 

Single 

 

 

TiO2 

a (Å) 3.793 

c (Å) 9.4929 

D (Å) 99.57 

NiFe2O4 

a (Å) 8.3471 

D (Å) 192.59 

NiFe2O4-TiO2/rGOx 0% 5% 10% 15% 20% 

TiO2 

a (Å) 3.8017 3.800 3.7955 3.7954 3.7918 

c (Å) 9.5512 9.5395 9.5317 9.5239 9.5200 

D (Å) 86.60 78.76 77.01 76.90 73.77 

ε % 0.940 1.021 1.052 1.059 1.100 

𝛿(nm)-2.10-3 0.133 0.165 0.168 0.169 0.183 

 NiFe2O4 a (Å) 8.3518 8.3446 8.3373 8.339 8.3337 
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Figure. 4.2. Cell parameter measures. 

 

It is seen from the values of the Table 1 that the cells of NiFe2O4 and TiO2 were dilated when 

they were attached; the dilation rate 
∆a

a
=

a−a0

a0
 was 0.056 % for cubic NiFe2O4 and the  

∆a

a
  

and  
∆c

c
 values for TiO2 were 0.229 % and 0.614 %. Those values indicate that the junction 

of the two semiconductors induced a significant dilation of the TiO2 especially along the 

direction ‘c’, while the cell of NiFe2O4 was almost unchangeable. 

The cell parameter measures were calculated for both crystalline phases of NiFe2O4 and 

TiO2, but because the weak intensity of the peaks of NiFe2O4, the grain seize (D), 

microconstraint (ε%) and the density of the dislocations (δ) were estimated and discussed 

only for TiO2. The results are summarized in the Table 1 and the variations of the grain seize 

(D), the microconstraint (ε%) with the ratio x are illustrated in the Figure 4.3: 
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Figure. 4.3. Variation of grain sizes and microconstraints vs rGO rate x. 

 

It is clearly observed from the Figure 4.2 and the Figure 4.3, that the fixation of graphene 

sheets on NiFe2O4-TiO2 at the microscopic scale decreased the lattice parameter measures 

and increased the microconstraints; and at the macroscopic scale, it reduced the grain seize 

and induced strong structural defects estimated by a rise of the density of the dislocation. 

4.4.1.2. Energy dispersive X-ray spectrometry (EDX)  

In the focus to know the chemical formula of the synthetized NiFe2O4 compound, EDX 

analysis was exploited. The EDX spectrum (Figure 4.4) illustrated the presence of only O, 

Fe and Ni elements, which confirmed the purity of the compound, with the weight percent 

of 23.42 %, 49.97 % and 26.61 % (wt. %) respectively. Those values corresponded to atomic 

fractions, 51.54 %, 32.31 % and 16.15 % and the empiric formula can be written as 

Ni1.01Fe2.02O3.22. 
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Figure. 4.4. EDX spectrum of NiFe2O4. 

4.4.1.3. Scanning Electron Microscopy (SEM)  

The Figure 4.5 shows the SEM images of NiFe2O4-TiO2/rGOx. The images of the first line 

of the table were captured at weak zoom (x100); they illustrate that the particles of NiFe2O4 

had a strong tendency to form aggregated clusters, which were destroyed when the FeNi2O4 

was joined to TiO2. Regarding the composites NiFe2O4-TiO2/rGOx (x = 0, 5, 10, 15 and 

20%), the images at weak zoom showed a homogenous distribution of NiFe2O4-TiO2 

particles on the graphene sheets, with a considerable diminution of the aggregation. 

The second line of the table shows images captured with the zoom of (x10000); they 

focalized on the particles of NiFe2O4-TiO2, illustrating that the particles had an intermediate 

shape between spherical and cubic forms. The images of the third line proved the existence 

of a contact at the microscopic scale between NiFe2O4-TiO2 and graphene sheets, confirming 

the formation of the heterojunction. Otherwise, the fourth line proves the formation of the 

junction between NiFe2O4 and TiO2 with related focalized EDX spectra. 
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FeNi2O4  FeNi2O4-TiO2 x = 5% x = 10% x = 15% x = 20% 

      

      

      

   

Figure. 4.5. SEM images, first line: weak zoom x100, middle and third-line strong zoom 

x10000 for NiFe2O4 and NiFe2O4-TiO2/rGOx (x = 0%, 5%, 10%, 15% and 20%). 

4.4.1.4. Dynamic light scattering (DLS) 

The photocatalytic reactivity is controlled by the external surface state of the particles. 

Indeed, the surface exposed to the external media is the surface of the aggregated particles; 

the aggregation of transition metal oxides in aqueous solution is well known [54], [55]. For 

this reason, the semiconductor particle of NiFe2O4 and NiFe2O4-TiO2 were characterized by 

DLS. 

The Figure 4.6 shows the distributions of the hydrodynamic diameter of aggregated 

nanoparticles in distilled water suspension, showing the formation of various sizes of 

aggregated particles; the experimental data were fitted with a Gaussian function. 

The fitted curve shows that the average seize value of hydrodynamic diameter were 839.29 

± 1.67 nm and 1847.39 ± 4.96 nm and the width at half height of the fitted curve were 251.89 

± 3.39 nm and 631.65 ± 9.79, for NiFe2O4 and NiFe2O4-TiO2 respectively. Those results 

indicate that both compounds had a great tendency to form aggregated particles; this 

tendency was more considerable for Fe2NiO5 than for the junction NiFe2O4-TiO2. 
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Figure. 4.6. Hydrodynamic diameter of NiFe2O4 and NiFe2O4-TiO2 in H2O suspension 

(experimental results: independent points, fit curves: continuous lines). 

4.4.1.5. Diffuse Reflectance Spectroscopy (DRS) 

The catalysis is influenced by the structural and electronic properties of the external surfaces 

and the interfaces of the compounds. Consequently, strong correlation is obvious between 

structure, charge-carrier lifetimes and interfacial charge transfer with the adsorption and the 

photocatalytic activities. More precisely, the light absorption characteristics (i.e., absorption 

coefficient, band gap energy and Urbach energy) of NiFe2O4 and NiFe2O4-TiO2/rGOx (x = 0, 

5, 10, 15 and 20 %) are critical factors affecting the photocatalytic activity; the UV-Vis-DRS 

spectroscopy is a suitable tool for studying these properties. The corresponding spectra are 

shown in the Figure 4.7.  
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Figure. 4.7. UV-Visible spectra of NiFe2O4 and NiFe2O4-TiO2/rGOx (x = 0%, 5%, 10%, 

15% and 20%). All spectra are normalized to 1 by the maximum of absorbance. 

 

The line of NiFe2O4 exhibited a large adsorption band in the visible domain overlapped by 

many small bumps, interpreting thereby a complicate electronic character. In addition, 

spectroscopic studies revealed a hierarchy of band gaps in both spin up and down channels. 

The band hierarchical gap refers to the presence of multiple charge gaps in the optical 

absorption spectrum [56], [57]; its large absorption band can be attributed to the transition 

from the highest occupied bands formed by both Ni3d and O2p to the lowest unoccupied 

band formed principally by Fe states. The small bumps can be analyzed in the optical data 

in terms of metal-to-metal intersite d-d and p-d charge-transfer-like excitations [58]. 

The choice of the NiFe2O4 was essential, if we take into consideration its hierarchical gap in 

both up and down channel; in such case, the electron transfer can occur in many ways 

between the NiFe2O4, TiO2 and rGO. 

Moreover, the spectra of the composites were mostly dominated by the adsorption of the 

TiO2 anatase [59], [60], showing an adsorption band in the UV domain. This adsorption band 

was due to the electronic transition from the valence band related to the O2p orbitals, 

followed by Ti4s orbitals, to the conduction band related to the Ti3d, followed by the O2p 

orbitals [61]. It is seen also from the spectra of the composites that the intensity of the large 
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band in the visible domain increased with the increase of rGO ratio ‘x’, this band was due to 

the adsorption of the graphene, which was superimposed with the adsorption of the small 

amount of NiFe2O4. The adsorption of the composites in the visible light overlapped well 

with the solar spectrum; an interesting photocatalytic activity can be therefore predicted. 

The band gap ‘Eg’ was evaluated through the ‘Tauc plot’ on linear part of (α.hγ)n  (hγ-Eg), 

where n = 2 for the direct gap (Figure 4.8 (b)) and n = 1/2 for the indirect gap (Figure 4.8 

(a)). The synthetized NiFe2O4 had energy values of 2.9 and 2.5 eV for n = 2 and n = 1/2 

respectively, which were in good agreement with those found in literature [58], [63]. For the 

studied composites, the decrease of the gap was not well defined with the increase of the 

ratio ‘x’; it was found 3.59 to 3.68 eV and from 3.87 to 3.90 eV, for the indirect and direct 

gap energy respectively. 

Another characteristic parameters, which can be evaluated and discussed through the UV-

Vis-DRS is the Urbach energy ‘EU’. This energy characterizes the variation in the electronic 

band structure caused by different origins (vacant or interstitial sites, lattice strain, 

dislocation…); it characterizes additional states within the band gap near HOMO and LUMO 

levels, and can be seen as tails of conduction and valence bands. EU is roughly equal to the 

average width of tails [64]. 

‘EU’ was estimated through the plot of (lnα) vs (hυ) and it was evaluated from the slope of 

the linear part: (lnα)  (hα-E0) (Figure 4.8 (c)). Contrarily to the gap values, the increase of 

the values of the Urbach energy was well observed; it increased with the increase of the ratio 

‘x’ from 216 to 386 meV. This increase indicated that the deposit of rGOx sheets on NiFe2O4-

TiO2 induced an increase of defects in the crystalline structure, in good agreement with the 

XRD results that showed an increase of the dislocation density ‘δ’. The tails of Urbach shifts 

the Fermi level; this shift may strengthens the migration of photogenerated electrons and 

represses the recombination electron-hole, which let expect an improvement of the 

photocatalytic activity. 
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Figure. 4.8. Variation of the band gap Eg (a) indirect, (b) direct and (c) variation of 

Urbach energy EU. 

4.4.2. Adsorption activity 

The study of adsorption dynamics describes solute adsorption rate. This rate controls the 

residence time of adsorbed molecules on the solid–solution interface. The Figure 4.9 shows 

the experimental points of the adsorption of MB as a function of time and the corresponding 

fitted curves with PFO, PSO and PNO models. The experimental values of the adsorption 

quantities and the results of the fits are summarized in the Table 2. It can be concluded from 

the fit curves that the saturation of adsorption was obtained after 40 min; to ensure saturation, 

70 min equilibrium time was therefore considered. In addition, the adsorbed quantity at 

saturation increased significantly with the increase of rGO rate ‘x’ (from Qads = 14.59 mg/g 

to Qads = 25.40 mg/g), due to the high specific area of the graphene. 
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Figure. 4.9. Adsorption of MB on NiFe2O4-TiO2/rGOx, experimental points and their 

fitting curves. 

Table 4.2. Experimental maxima of the adsorbed quantities and modeling results of MB 

onto NiFe2O4-TiO2/rGOx. 

 

According to the Table 4.2, the adsorbed quantities Qads calculated with the PFO model were 

not close to the experimental values; while those given by the PSO model were much closer. 

In addition, the precision of the adjustment was generally better seen through the correlation 

coefficients R2. R2 values were between 0.888-0.981, 0.956-0.997 and 0.983-0.994 for the 

 

Qexp 

(mg/g) 

PFO PSO PnthO 

Qe 

(mg/g) 

R2 K1 
Qe 

(mg/g) 

R2 K2 
Qe 

(mg/g) 

R2 n Kn 

x=0% 14.89 14.12 0.927 0.165 15.24 0.997 0.0177 15.96 0.994 2.40 0.006 

x=5% 18.65 17.46 0.981 0.118 19.48 0.996 0.0087 19.45 0.996 2.00 0.009 

x=10% 21.39 20.33 0.953 0.096 22.85 0.982 0.0062 23.00 0.983 2.12 0.005 

x=15% 23.63 21.41 0.888 0.141 23.71 0.956 0.0089 25.01 0.966 2.63 0.001 

x=20% 25.46 23.92 0.942 0.191 25.92 0.985 0.0118 28.02 0.992 2.85 0.009 
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PFO, PSO and PNO models, respectively. According to the results obtained concerning the 

correlation coefficients R2, we can rule out the PFO model, which led to the lowest 

correlation coefficients. 

A statistical factor has been recently introduced to choose the most suitable correlation 

model; it is the Akaike Information Criterion (AIC). A comparison of the kinetic models was 

also carried out considering the AIC and the results are summarized in the Table 4.3. 

Table 4.3. Comparison of AIC and R2 of the models used in this work (adsorption kinetics 

of MB on NiFe2O4-TiO2/rGOx). 

 

 

 

 

 

 

The AIC measures the quality of statistical models; it was proposed in 1973 by Hirotugu 

Akaike. Thus, the AIC must be minimal to minimize the loss of information. The model 

proposed was implemented for the description of the experimental data points of the dye 

adsorption. The ideal adjustment is obtained when the R2 are high and the AIC values are 

low. The general form for calculating the AIC is given by the formula (13) [66], [67]. 

𝐴𝐼𝐶 = 2𝐾 − 𝐿𝑛 (
𝑆𝑆𝑅

𝑛−𝑘
)                                                                                                           (13) 

Where: k is the number of data points, RSS is the residual sums of squares and n is number 

of parameters. 

Also, the AIC can be deduced by introducing the chi-square of fitting [68] by the expression 

(14): 

𝐴𝐼𝐶 = 𝑥2 + 2𝑝                                                                                                         (14)                                                                                                                                   

Where p is the number of parameters of the fitted model, x2 is the chi-square. 

According to the results summarized in the Table 4.3, it seems that the PSO model gave the 

best results concerning the AIC (lowest values) for NiFe2O4-TiO2/rGOx (x = 5%, x = 10%, 

x = 15% and x = 20%), although the R2 values were comparable to those obtained by the 

 

 

PFO PSO PNO 

R2 AIC R2 AIC R2 AIC 

x=0% 0.927 00.55 0.997 -22.950 0.994 -23.38 

x=5% 0.981 -03.40 0.996 -25.780 0.996 -21.73 

x=10% 0.953 13.81 0.982 00.075 0.983 03.56 

x=15% 0.888 27.11 0.956 14.170 0.966 14.30 

x=20% 0.942 20.44 0.985 01.470 0.992 -03.46 
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PNO model. It can also be pointed out that the AIC for NiFe2O4-TiO2/rGOx (x = 0% and x = 

20%) showed that the PNO model was more suited to represent the absorption of MB on 

semiconductor composites (NiFe2O4-TiO2/rGOx). It can also be noted that the AIC values 

for the NiFe2O4-TiO2/rGO0% were very close, AIC = -22.95 and AIC = -23.38 for PSO and 

PNO models, respectively. The PFO model was therefore discarded because it gave low R2 

and large AIC compared to the PSO and PNO models. Overall, the PSO model can be 

considered as the most appropriate to represent the MB adsorption mechanism on the 

different composites. 

To identify the adsorption mechanism, the effect of resistance to intra-particulate scattering 

on adsorption was evaluated by the intra-particulate scattering model expressed by the 

mathematic relation (15): 

𝑄 = 𝑘𝑖𝑑 ∗ 𝑡0.5 + 𝐶                                                                                                         (15) 

The values of the external diffusion constant kid obtained after the first 5 minutes, as well as 

R2 are given in the Table 4.4. From the Figure 4.10, it is easy to see that the intra-particle 

diffusion is an important step in the process of adsorption of MB on the various composites 

used in this work.  

Table 4.4. Intraparticle diffusion model of adsorption of methylene blue MB, on the 

various composites. 

 

 

The plot of Q(t) as a function of the square root of time t0.5, in the time interval ranging from 

5 to 30 min of contact between the MB and the different composites, is displayed in Figure 

4.10. In this time interval, the straight lines showed that the adsorption process of MB on the 

composites was in the zone, which corresponds to the diffusion in the macropores and the 

transport of the dye molecules from the solution to the surface of the adsorbent. This lag 

time in adsorption can be explained by the displacement of the dye molecules in the channels 

of the NiFe2O4-TiO2 particles, before reaching the surface. 

Parameters Intraparticle diffusion 

C (mg/g) 6.68 4.75 5.33 11.42 13.79 

Kid (mg/gmin0.5) 1.29 2.25 2.44 1.45 1.66 

R2 0.981 0.926 0.971 0.963 0.983 
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Figure. 4.10. Experimental (symbols) and calculated data (continuous lines) by means of 

intraparticle diffusion model for MB adsorption onto NiFe2O4- TiO2/rGOx. 

 

However, the surface adsorption process, which begins from the first minutes of contact and 

whose experimental points were well represented by the PSO model with very good 

regression coefficients R2, indicates that the intraparticle diffusion step was limiting, and 

hence controlled the transfer rate of MB at each instant t. The results obtained for the Kid 

showed a maximal value of this constant for the NiFe2O4-TiO2/rGO10% composite. 

4.4.3. Photocatalytic activity 

The photo-degradation of the MB by NiFe2O4-TiO2/rGOx (x = 0, 5, 10, 15 and 20 %) 

composites was followed by UV-Visible spectroscopy. The Figure 4.11 shows the decay of 

normalized concentration (C(t)/C0) recorded at λ = 664 nm, and the kinetic points are fitted 

by an exponential fuction according to the relation (16): 

𝐶(𝑡)

𝐶0
= 𝐴0 + 𝐵0𝑒−𝑘𝑎𝑝𝑡         (16)                                                                                                          

Where: A0 is undegraded rest, A0+B0 gives the initial point at t = 0 and kap is the apparent 

rate constant of photocatalysis, the fit curves are superimposed on the Figure 4.11, and the 

constant rates calculated considering the linear regression are summarized in the Table 4.5. 
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Figure. 4.11. Photodegradation of MB under visible light, experimental and fitted curves. 

Table 4.5. Apparent rate constants of photocatalysis. 

 

To better compare the effect of adsorption and photocatalysis, the histograms displayed in 

Figure 4.12 show their yields of elimination. Comparatively to the others, the composite x = 

10% gave a high constant rate, 8.62 mn-1, as well as a high removal yield by photocatalysis, 

36.19%. Owing to the good yields of elimination by adsorption and photocatalysis, the 

composite x = 10% was chosen as substrate for the decoration by metallic Ag nanoparticles, 

in order to improve the elimination of MB. Two amounts of metallic Ag were considered, 

1% and 4%. Comparatively to NiFe2O4-TiO2/rGO10%, the deposit of metallic Ag enhanced 

well the photocatalytic activity; the constant rates were 9.52 and 17.88 mn-1 and the 

elimination yields were improved by 21% and 26% for Ag1% and Ag4% respectively. 

Otherwise, the synthetized composites have a good yield of elimination, and can be 

considered as a good photocatalysts compared to other photocatalytic systems based on 

x 0% 5% 10% 15% 20% 1%Ag 4%Ag 

Kap10-3 (min-1) 2.66 5.73 8.62 8.28 8.34 9.52 17.88 

R2 0.988 0.992 0.993 0.996 0.996 0.999 0.995 
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metal-oxyde/graphen composites [69], for example, M. K. Guediri and al. found a total yield 

of elimination about 45 % for FeTiO3/rGO10%  [70]. 

However, the UV-Visible spectroscopy proves the good photocatalytic performance of the 

synthetized composites, but, it cannot prove the complete mineralization of the MB 

molecules, this is related to the fact that, the photodegradation of the dyes may induce 

the formation of colorless unstable transition products, especially in the presence of 

dissolved molecular oxygen [69]. 
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Figure. 4.12. Yield of elimination of MB by adsorption and photocatalysis. 

4.4.4. Proposed mechanism 

The histograms (Figure 4.12) illustrate that the yield of the photocatalytic process was 

influenced by the addition of graphene. In other words, the graphene not only increased the 

adsorption but is also involved in the electronic transfer during photocatalysis. This latter 

can act through different ways:  

(i) The rGO π-conjugated electrons system favors thermodynamically the generation of ROS 

(Reactive Oxygen Species), and can oxidizes directly MB, and creates additional 

photocatalytic active sites in the composites [71], [72]; (ii) thanks to its gap null, rGO shifts 

the adsorption to the high wavelength and increases the absorption in the visible region, 

increasing the photogenerated carriers quantity; and (iii) rGO works as ‘p’ part (receiver) in 

the p-n junction (NiFe2O4-TiO2 as donor), the electrons photogenerated on NiFe2O4-TiO2 
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surfaces tend to be transferred to rGO sheets, which enhances the lifetime of the 

photogenerated charge carrier. 

The choice of the NiFe2O4 is essential if we take into consideration its hierarchical gap in 

both the up and down channels; in such case, the electron transfer can occur in many 

electronic ways between the NiFe2O4, TiO2 and rGO. 

The addition of metallic Ag increased considerably the elimination yield. This can be 

explained by the extension of the lifetime of photogenerated carriers; when Ag is deposited 

on the surface of the semiconductor (NiFe2O4-TiO2/rGO10%) (Schottky junction), at the 

interface, the band states of the metallic Ag are deeply buried into the band states of 

semiconductors [73]. In such situation, two parameters of the semiconductor must raise the 

work function of the electrons in the semiconductors and the Fermi level [62]. Furthermore, 

when the semiconductor is excited, the electrons of the CB flow into the Ag metal until 

equilibrium that is achieved when the Fermi energies are the same for both the metal and the 

semiconductor. The electron transfer to the metal delays the recombination electron-hole and 

increases the reactivity of electrons with the external media, enhancing thereby the 

photocatalytic performances. The Figure 4.13 summarizes the different proposed ways of 

the electron transfer in the composites. 

 

Figure. 4.13. Schematic illustration of the photocatalytic mechanism of NiFe2O4/TiO2@Ag 

composite. 
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4.5.  Conclusion 

A series of NiFe2O4-TiO2/rGOx nanocomposites with various graphene amounts were 

successfully synthesized using a facile hydrothermal method to form heterojunction 

composites. 

The XRD analysis proved that the NiFe2O4 had a spinel crystalline structure and the anatase 

TiO2 had a tetragonal system. These structures are conserved after the deposition of rGO, 

although the crystalline size and the cell parameters decreased, evidently accompanied by 

an increase of the microconstraints (ξ%); this induced strong structural defects estimated by 

an increase of the dislocation density (𝛿). Furthermore, SEM images proved the formation 

of the heterojunction and the good mixing of NiFe2O4 and TiO2 with the rGO. 

The gap of pristine NiFe2O4 is hierarchical; this property offers to the composites many 

channels for the electron transfer. The UV-Vis-DRS spectroscopy revealed, though the Tauc 

formula, a direct gap of 2.9 eV and an indirect gap value of 2.2 eV. Owing to the presence 

of the anatase TiO2, the composites had a strong absorption in the UV domain, and the 

graphene extended the absorption in the visible giving a good absorption in all the 

electromagnetic spectrum. This characteristic offered to the composites good photosensing 

ability. The gap values given by the Tauc formula was similar to the gap of anatase TiO2; its 

change was not well defined, while the increase of the Urbach energy with the increase of 

the ratio x was well observed from 216 to 386 meV. 

Moreover, the adsorption kinetic curves showed that the amount of MB adsorbed increased 

with the increase of the rGO amount, with an equilibrium time of approximately 40 minutes. 

The fit of the kinetic curves proved that the pseudo second order model was adequate. The 

photocatalytic study showed that all synthetized compounds had an impact on the 

degradation of the MB under visible light; the junction with rGO sheets improved 

considerably the adsorptive and photocatalytic performances and the best synergy between 

the two ways of elimination was obtained for the NiFe2O4/rGO10% composite. The results 

indicated that deposit of graphene and decoration with Ag metallic particles enhanced visible 

light absorption and greatly improved separation of photogenerated carriers; the sample 

NiFe2O4-TiO2/rGO10%@Ag4% exhibited the best photocatalytic performances. At the end, a 

mechanism of photocatalysis was proposed. 
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5. Interfacial coupling effects on adsorptive and photocatalytic 

performances for photoresponsive graphene wrapped- SrTiO3@Ag 

under UV-visible light:  experimental and DFT approach 

5.1. Abstract  

Understanding the graphene/semiconductor/metal interactions is crucial to design innovative 

photocatalytic materials with efficient photocatalytic activity for environmental cleanup 

applications. SrTiO3 on reduced graphene oxide (rGO) with various graphene contents was 

successfully synthesized in this study utilizing a simple hydrothermal method, followed by 

decorating the surface with Ag particles by using the photodeposition process. Under UV-

visible light irradiation, the resulting composites were tested for their improved 

photocatalytic activity to decompose methylene blue (MB). The prepared photocatalysts 

were characterized by XRD, SEM, EDX, DLS, FT-IR, Raman spectroscopy, and DRS. First-

principles density functional theory calculations (DFT) were also carried out by using the 

generalized gradient approximation (GGA) and PBE functional with the addition of on-site 

Coulomb correction (GGA + U). The obtained SrTiO3/rGO@Ag composites showed great 

improvement in the photocatalytic performances over pristine SrTiO3. For the degradation 

reaction of MB, SrTiO3/rGO20%@Ag4% composites yielded the best photocatalytic activity 

with efficacy reach 94 %, which was also shown that it could be recycled up to four times 

with nearly unchanged photocatalytic activity. 

5.2.  Introduction 

Research in photocatalysis has much increased in the last years due to its potential use in 

environmental applications such as hydrogen generation, organic synthesis and water 

treatment technologies [1], [2]. Due to its environmental friendliness and energy 

sustainability, semiconductor photocatalysis has gained a lot of attention as one of the most 

important solar energy technologies [3]. The charge carriers on the semiconductor surface 

can be generated under light radiation and then accelerate the thermodynamic reaction 

upward to breakdown organic contaminants or produce chemical fuels with high energy 

density. They are principally caused by the generation of reactive oxygen-containing radicals 

with a short-lived (e.g., OH•, HOO•, and O2
•-) [4]. Because the photocatalyst is such an 

important component of semiconductor photocatalysis, synthesizing nanomaterials with a 

unique hierarchical structure and excellent photocatalytic activity has become a hot topic. 

The research work in the area of photocatalytic water splitting into hydrogen and oxygen has 

led to the development of many photocatalytic systems [5]–[7]. Heterogeneously dispersed 
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photocatalysts, such as TiO2, SrTiO3, ZnO, CdS and Fe2O3 have been extensively studied 

[8]–[11]. Perovskite materials are a diverse group of promising semiconductor 

photocatalysts that have been extensively investigated for use in Photocatalysis due to their 

structural, cost-effectiveness, tenability, excellent stability, and photocatalytic efficiency 

[12]–[14]. The strontium titanate (SrTiO3) is a cubic ternary perovskite-type oxide with a 

significant nonlinear optical coefficient; it is considered one of the best n-type 

semiconductor photocatalysts known due to durable photostability, corrosion resistance and 

low cost, which exhibits great potential in splitting water into hydrogen and oxygen, as well 

as degrading organic compounds [15], [16]. SrTiO3 has a comparable electronic structure 

with TiO2 but with a more negative conduction band edge, making it more suitable for 

photocatalytic reduction. Furthermore, in regard of crystallographic texture, SrTiO3's cubic 

perovskite structure is more stable than TiO2. [17]. It has been reported that 

pure SrTiO3 [16], [18], [19] or ions doped SrTiO3 [20]–[22] can show effective 

photocatalysis of organic pollutants under UV or Visible light irradiation. 

The high performance of SrTiO3 in reaction to heterogeneous photocatalysis requires an 

effective architecture that maximizes the absorption of photons and reduces electron losses 

during excitation state [23], [24]. Major efforts are required to further develop heterogeneous 

photocatalysis of SrTiO3 under Ultraviolet, visible and solar illumination, in order to further 

improvement the transfer of charge carriers during excitation state. Actually, interesting and 

unique features of the binary photocatalyst mechanism have drawn more attention from 

researchers and have become a favorite subject of research among different groups of 

scientists across the globe [25]–[28]. It was reported that the properties of the photocatalyst 

system depend primarily on the nature of the surface properties, the surface morphologies 

and the role of the optimum amount of doping incorporated in the SrTiO3 [14]. 

Graphene, with its exceptional properties have established itself as a promising supporting 

material for the manufacture of such hybrid material [29]. The conduction band contacts 

with the valence band at two points in the Brillouin zone makes graphene having high carrier 

mobility. In the visible light spectrum, graphene shows excellent optical transparency (97%) 

and refractive index (2.6-3.0). Its high extinction coefficient in the near IR range also 

provides graphene with a high photothermal conversion ability [30], graphene also have an 

excellent specific surface area (2630 m2.g−1) and unique structural features [31], [32]. These 

unique properties allow the use of graphene to produce hybrid materials with superior photo-

responsive properties. These properties could be used to enhance the performance of 
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conventional organic and inorganic polymers for enhanced optical performance [33]. A 

major problem is the solubility and the processability of graphene-based materials, but it can 

be reduced by using GO (Graphene Oxide) [34]. Further chemical modification is also 

possible for GO as it has hydrophilic functional groups such as epoxide, carboxyl and 

hydroxyl groups on both edge and surface. 

A semiconductor irradiated with photons containing energy equal to band gap energy 

contributes to the creation of electron hole (e¯, h+) pairs during photocatalysis. The quick 

recombination of photogenerated electron-hole pairs limits the applicability of 

photocatalysis technologies in the industry, the substantial amount of scientific research is 

to extend life time  [35]. The electron-hole recombination can be suppressed using a variety 

of strategies, this entails lowering the diffusion length by shrinking the size and creating 

various nanostructures interaction with other semiconductor materials that have a band 

location, which is appropriate for a smooth charge transfer, and connection with a conductor 

such as graphene [32], [36], [37]. Conducting materials such as graphene furnished support 

for catalytic particles and operate as an acceptor of electrons provided the photocatalyst 

conduction band must be more negative than the graphene band [38]. Graphene's new role 

as a photosensitizer macromolecular has been investigated where graphene interacts as an 

organic dye-like photosensitizer for wide band gap semiconductors [39]. The semiconductor 

cannot form an electron and a hole in this mechanism, but it is theoretically possible to 

photoexcite graphene under visible light. To put it another way, graphene becomes a 

semiconductor. The photoexcited electrons are moved from the CB of Graphene to the CB 

of the semiconductor, resulting in the separation of electrons and holes and resulting in 

visible-light photo-responsive [40]. A good photosensitizer might exhibit high optical 

absorption at a large range of wavelengths, especially in the visible region, and a sufficiently 

long life of the excited state to react with the semiconductors. In addition, the construction 

of metal semiconductor composites by the introduction of noble metal nanoparticles is also 

a promising method [21], [22]. For instance, Attout and colleagues created a bimetallic 

complex Au-Ag, which they grafted on the surface of P25-TiO2 NPs and then incorporated 

into rGO sheets, resulting in an increase in visible light absorption and a reduction in the 

bandgap, which improved charge carrier separation and thus improved photocatalytic 

activity.  The primary function of noble metal is illustrated as follows: used as electrons sink 

to facilitate the transfer of the interfacial electron to the composites; and the Surface Plasmon 

Resonance (SPR) of the noble metal enhances the light absorbance of the composite [41].  
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Herein, SrTiO3 on reduced graphene oxide (rGO) with various graphene contents was 

successfully synthesized in this study utilizing a simple hydrothermal method. Then, the 

surface coated with Ag particles by using the photodeposition process; the synthesized 

sample's photocatalytic properties were examined in the degradation of methylene blue 

(MB) as a typical organic contaminant. As far as we know, the majority of the literature only 

focusses on charge migration in the system graphene/semiconductor and/or 

metal/semiconductor nanocomposite. Hence, certain parts of reaction mechanisms are still 

unknown. Therefore, the goal of this study was to look into the involvement of rGO and Ag 

metal in the UV-visible light photocatalytic activity of SrTiO3/rGO@Ag nanocomposite. 

Moreover, the composite structure, morphological, electronic, and absorption properties 

were examined in detail and correlated to photocatalytic experiments. For this, several 

experimental characterizations and theoretical computational based on density functional 

theory (DFT) were employed by using the generalized gradient approximation (GGA) and 

PBE functional with the addition of on-site coulomb correction (GGA + U). 

5.3.  Experimental  

5.3.1. Preparation methods 

5.3.1.1. Synthesis of graphene oxide (GO) and cubic SrTiO3 

The modified Hummers method was used to prepare graphene oxide (GO), which is 

discussed in detail in our previous paper [42]. Strontium titanate SrTiO3 was synthesized 

adopting the hydrothermal method [18], [43]. An amount of titanium (IV) isopropoxide was 

mixed with a stoichiometric amount of Sr(NO3)2 powders to obtain mixed phases, a solution 

of acetic acid as a lubricant were separately dissolved in minimum volume of distilled water; 

to obtain a homogeneous metal ion distribution, stoichiometric proportions of the required 

metal and acetic acid were utilized. Following total dissolution, acetic acid solution was 

poured onto the metal precursors followed by Polyethylene Glycol (PEG, 2 g/90 mL) 

addition. The addition of PEG controls the nanoparticle’s growth, leads to the prevention of 

agglomeration and the production of nanoparticles of uniform size. After one hour stirring, 

and under continuous stirring, the NaOH aqueous solution was added drop by drop until the 

pH value reached 13. Indeed, the suspension was transferred to Teflon sealed autoclave and 

maintained at 180°C for 24 hours. Finally, it was washed in ethanol and distilled water 

multiple times before being dried in a 60°C oven for 24 hours. 
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5.3.1.2. Preparation of SrTiO3/rGO20@Ag photocatalysts  

The Preparation of SrTiO3/rGO photocatalysts with different weight ratios of rGO were 

obtained via the hydrothermal method, Figure 5.1 [40]. Firstly, 200 mg of SrTiO3 powder 

and appropriate weight ratios of GO to SrTiO3 (x = 0, 5, 10, 15 and 20 wt.%) was dispersed 

in a mixing solution of ethanol and water (2:1) by ultrasonic treatment for 1 hour. Then, the 

mixing solution was agitated for additional 30 minutes to get homogenous suspension. The 

suspension was placed in Teflon-sealed autoclave at 120°C for 12 hours. The obtained 

photocatalyst was centrifuged three times with distilled water before being dried in a 60°C 

oven for 24 hours. A simple photo-deposition method was used to prepare the 

SrTiO3/ rGO20@Agx photocatalyst with 1, 2, 3 and 4 wt.% of metallic Ag [44]. For this 

purpose, an amount of synthesized SrTiO3/rGO20 nanocomposite powder was dispersed into 

100 mL of deionized water, then 9.27 x10-5 M of AgNO3 solution was suspended in the 

mixture solution and diluted to 0.5 L with distilled water accompanied by 30 minutes of 

ultrasound treatment and 2 hours magnetic stirring under 300 W Xenon lamp for the 

photoreduction of Ag+ to Ag0.  The powder was then collected and dried under vacuum. 

 

Figure 5.1: Schematic diagram for preparing the SrTiO3/rGO@Ag nanocomposites. 

5.3.2. Computational Details 

The electronic and structural properties of SrTiO3 bulk, density functional theory (DFT) 

computations was used to examine pristine SrTiO3, graphene and hybrid SrTiO3/rGO@Ag 

composite to comprehend the mechanisms of its enhanced photocatalytic activity under 

visible light irradiation. The use of DFT calculations to decipher the nature of electronic 

interactions at composite interfaces is pretty helpful. [45]. Exchange and correction energies 
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were described by using the Generalized Gradient Approximation (GGA) and PBE 

functional with the addition of on-site coulomb correction (GGA + U), by employing the 

Cambridge Serial Total Energy Package (CASTEP), which is based on plane-wave 

pseudopotential DFT methods [46]. It has been reported that GGA methods provide a better 

prediction of lattice constants and electron structure than LDA, especially for surface layers 

[47]. However, (GGA+U) has been known generally to prevent the unwanted delocalization 

of the d or f electrons and to underestimate the energy gap of semiconductor [48], resulting 

into an overestimate for photoinduced electrons transfer in photocatalytic processes. The 

required Hubbard U values for Ti 3d, Sr 4d, and O 2p were 5.0, 5.0, and 5.0 eV [49], 

respectively, to correct the SrTiO3 band gap problem. 

The SrTiO3 bulk, pristine rGO, and SrTiO3/rGO@Ag composite structures were constructed 

using Material Studio software, by choosing a cubic SrTiO3 (100) surface: in a supercell 

(8.16 × 7.59 × 25 Å3), a 5 × 3 single layer of rGO containing 60 carbon atoms sits on a 3 × 

2 five atomic layer STO (100) and 5 × 5 tow layer Ag metal (200) surface slab. A Morkhost-

Pack mesh of k points, 4×4×1, 8×8×1 and 2×2×1 point, was used to sample the two-

dimensional Brillouin zone for geometry optimization and for calculating the density of 

states of SrTiO3, rGO and SrTiO3/rGO@Ag composite, respectively. The plane wave cutoff 

energy was set at 571 eV. All geometrical structures were totally relaxed until the 

convergence criteria of force and energy were less than 0.03 eV/Å and 10−6 eV/atom, 

respectively. Total energy tolerance at 105 eV/atom for convergence parameters, maximum 

force tolerance was chosen at 0.03 eV/nm, and maximum stress component at 0.05 GPa. 

5.4.  Results and discussion 

5.4.1. Structural analysis  

The XRD pattern of SrTiO3/rGOx (x = 0, 5, 10, 15 and 20 %) composites are shown in the 

Figure 5.2(a). The composites presented almost the same profiles and the peaks were 

localized  at the angular positions: 2θ = 22.74, 32.38, 39.95, 46.47, 52.36, 57.79, 67.83, 

77.21, 81.76 and 86.22 °; these peaks were identified according to (JCPDS card No. 35-

0734) as respectively (1 0 0), (1 1 0), (1 1 1), (2 0 0), (2 1 0), (2 1 1), (2 2 0), (3 1 0), (3 1 1) 

and (2 2 2) Bragg’s planes of the cubic perovskite SrTiO3 structure [16]. The Figure 5.2(a) 

also shows the XRD patterns of SrTiO3/rGO20@Agx composites for 2 and 4 % weight ratio 

of Ag; the most significant peaks appeared at the angular positions 2θ = 38.12º and 44.28º, 

which corresponded to the (111) and (200) Bragg’s planes of cubic Ag phase (JCPDs No. 

04-0783) [20]. The development of metallic Ag0 particles adhered to the surface of the 
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composites was evidenced by the extra diffraction peaks detected in Ag deposited samples. 

Furthermore, metallic Ag had an atomic radius of 1.44 Å, which was significantly more than 

the ionic radius of Ti4+ (0.68 Å) [50]. Consequently, without causing crystal structural 

distortion, Ag cannot easily diffuse into the SrTiO3 lattice. No diffraction peaks related to 

other impurities were detected on the XRD patterns, suggesting a high purity of the 

crystalline phases.  

 

 

 

 

 

 

 

 

 

 

Figure 5.2: (a) XRD patterns of SrTiO3/rGOx (x = 0, 5, 10, 15 and 20%) and 

SrTiO3/rGO20@Agx (x = 2 and 4%), normalized by the highest intensity to one. (b) The 

characteristic crystalline parameter (a), the average grain seizes (D), microconstraint 

(𝜉%) for the composites SrTiO3/rGOx (x=0, 5, 10, 15 and 20%). 

Moreover, the characteristic crystalline parameter (a), the average grain seizes (D), 

microconstraint (𝜉%) and dislocation density (𝛿) are illustrated in Table 5.1. 

The largest lattice parameter was estimated for pristine SrTiO3. Subsequently, the deposit of 

rGO on SrTiO3 caused a shrinkage of the unit cell; small but noticeable, a decrease in the 

lattice parameter (a) was observed with increasing the rGO weight ratio.  It is seen from both 

the Figure 5.2(b) and the Table 5.1 that the fixation of rGO sheets on SrTiO3 decreased the 

average grain seize (D), obviously accompanied by a rise in microconstraints (ξ%) and 

caused significant structural defects as measured by an increase in dislocation density (𝛿); 

this indicates that the rGO induced stress in the SrTiO3 crystal structure. On another hand, 

the lattice strain values and the grain size were affected by the Ag decoration.  
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Table 5.1: Lattice parameters, grain seizes, microconstraints and dislocation densities of 

SrTiO3/rGOx (x = 0, 5, 10, 15 and 20%) and SrTiO3/rGO20@Agx (x = 2 and 4%) 

SrTiO3/rGOx 0% 5% 10% 15% 20% @Ag 2% @Ag 4% 

a 

(Å) 

experimental 3,9073 3,9074 3,9071 3,9065 3,9061 3,9070 3,9081 

theoretical GGA 3,9053  

D (Å) 214,07 199,21 191,93 185,20 178,24 189,93 199,25 

ξ %.10-2 0,285 0,303 0,431 0,554 0,543 0,671 0,701 

𝛿 (nm)-2.10-3 2,182 2,520 2,715 2,915 3,148 2,772 2,519 

 

5.4.2. Scanning Electron Microscopy (SEM) 

The shape of SrTiO3 and the formation of the junction between SrTiO3 and rGO were studied 

by SEM analysis.  

As shown in the Figure 5.3 (a and b), the SrTiO3 had a cubic form and the sizes distribution 

was fitted with Gaussian function which is shown in the Figure 5.3 (x); this latter proved 

that the average size of SrTiO3 nanocubes was about 51 nm, with a width at half height of 

about 12 nm, this value was compatible with the result found by XRD analysis [19], [54]. In 

addition, a perfect cubic particle can only be formed with six equivalent {100} facets of a 

crystal with a cubic structure [55], [56]. The Figure 5.3 (c−h) shows SEM images of 

SrTiO3/rGOx; it can be seen that the cubic structure of SrTiO3 was retained and the SrTiO3 

particles were well dispersed on the overall surface of the graphene sheets. These results 

revealed that SrTiO3/rGOx heterojunction was successfully prepared.  

Otherwise, the composition of SrTiO3 obtained by EDX analysis, the Figure 5.3 (y) 

illustrates the presence of the Ti, Sr and O elements, which confirmed the product's purity. 

The chemical formula can be writing as Sr0,93Ti1,08O2,99; this formula was in good agreement 

with what can be expected for a perovskite structure. 
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Figure 5.3: In top SEM images of SrTiO3 (a and b) and SrTiO3/rGOx composites (c−h) 

with different amount of rGO. In bottom (a) the widths of SrTiO3 nanocubes is in the range 

51 nm, (b) the composition of SrTiO3 were obtained by EDX analysis. 

5.4.3. Dynamic light scattering (DLS) 

The external surface of nanoparticles, as well as their surface state, have a significant impact 

on their adsorption and photocatalytic activities; the aggregated particles' surface is the 

effective surface exposed to the external medium. Furthermore, the aqueous solution 

aggregation of metal oxides is well-known and well-studied [57], [58]. For this basis, DLS 
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was used to characterize the SrTiO3 samples, Figure 5.4 depicts the hydrodynamic diameter 

of aggregated nanoparticles suspended in distilled water and the Gaussian function was used 

to fit the experimental data. The fitted curve demonstrated the growth of aggregated particles 

of various sizes, the average hydrodynamic diameter seize value was around 199 nm, with a 

width at half height of about 147 nm and the experimental standard deviation was about 14 

nm (the measurement was performed three times), comparatively to the grain seizes 

estimated by XRD and SEM analysis (D = 21.4 and 51 nm respectively). The SrTiO3 had a 

weak tendency to aggregate; this result was due to the use of PEG in the synthesis which 

prevent from agglomeration and leads to the production of nanoparticles of uniform shapes. 
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 Figure 5.4: Hydrodynamic diameter of SrTiO3 in H2O suspension. 

 

5.4.4. Fourier-Transform Infrared Spectroscopy (FT-IR)  

The FT-IR spectra obtained for GO (Graphene Oxide), SrTiO3/rGOx and SrTiO3/rGOx@Ag 

nanocomposites are shown in the Figure 5.5. The spectra of GO clearly showed numerous 

absorption peaks that related to distinct functional groups. C−H bending vibration was 

attributed for the band at 934 cm−1, the peak at 1713 cm−1 was assigned to C=O stretching 

vibration of the COOH group. The band at 1632 cm−1 was due to C=C stretching vibration 
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and the absorption peak at 1397 cm−1 corresponded to C−OH bending vibration [40], [59]. 

The absorption peak at 1249 cm−1 was due to C−O−C asymmetric stretching vibration, the 

peak at 1041 cm−1 was attributed to C−O stretching vibration [60]. From the comparison 

between the spectra of the composites and the GO spectrum, the reduction of the C=O band 

intensity at 1713 cm−1 indicated that GO was reduced to rGO after the hydrothermal 

treatment. 
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 Figure 5.5: FT-IR spectra of GO, SrTiO3/rGOx (x = 0, 5, 10, 15 and 20%) and 

SrTiO3/rGO20@Agx (x = 1 and 2%) nanocomposites. 

 

On the spectra of the SrTiO3/rGOx composites, compared to pristine SrTiO3, the Ti–O–Ti 

bands at 602 cm−1 shifted to 545 cm−1 at lower wavenumber and exhibited weaker peak 

intensity; the absorption of the TiO6 group in the octahedral structure was attributed to this 

band. [61], [62]. It may be attributed to the incorporation of C atoms into the SrTiO3 and the 

formation of the Ti–C bond [63]. In addition, a new band at 928 cm−1 can be observed, 

confirming the formation of Ti–C bond; the presence of this bond indicates that during the 

reduction of GO, the residual carboxylic acid functional groups interact with the surface of 
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SrTiO3 nanoparticles, and form a bonded SrTiO3/rGOx composite. The C=C bands at 1632 

cm−1 shifted gradually to 1620 cm−1 with increasing ratio of rGO, indicating that the skeletal 

of the graphene sheets was influenced. Finally, the IR spectrum of SrTiO3/rGOx@Ag was 

comparable to that of SrTiO3/rGOx composites. 

5.4.5. Raman spectroscopy 

For the characterization of graphitic materials, Raman spectroscopy is widely employed 

[64], [65]. The distinctive bands of graphene, such as D, G, and 2D, provide relevant 

information regarding defects, sp2 carbon atom in-plane vibrations, and stacking orders, 

respectively. In addition, the G band (1582 cm-1) was formed by first-order scattering of E2g 

phonons of the sp2-hybridized carbon atoms. While the D band (1350 cm-1) was formed by 

a breathing mode of K-point phonons of A1g symmetry of the defects involved in sp3-

hybridized carbon bonds such as epoxide and/or hydroxyl bonds, and the 2D band (2679 

cm− 1), which is quite sensitive to graphene sheet stacking [66]. Figure 5.6 (a) illustrate the 

Raman spectroscopy of SrTiO3/rGO nanocomposites. All the composites SrTiO3/rGO 

exhibits the appearance of G peak around (1584 cm-1). The D peak appear from the ratio 

15% of rGO in SrTiO3/rGO nanocomposites at (1352 cm-1), and the 2D peak is not observed 

so far, which might have been due to substrate screening effect and the small quantity of 

rGO in the composites. The repression of 2D peak is observed at (2697 cm-1) in the 

composite SrTiO3/rGO (20% of rGO). 

The D to G peak intensity ratio is commonly used to evaluate graphene disorder, which is 

an indirect indication of the material's quality (Figure 5.6 (b)). The D/G ratio was determined 

to be 0.34 in this study, which is lower than the value reported in prior research [66]. This 

higher ratio can be attributable to the existence of more disordered nano-graphene. The 

bilayer sheets' 2D/G ratios were found to be in the range of 0.26, confirming the deposition 

of triple- and multi-layer (>4) graphene sheets on SrTiO3 nanocubes based on the same 

earlier study. 
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Figure 5.6: (a) Raw Raman spectra of SrTiO3/rGOx (x = 5, 10, 15 and 20%) 

nanocomposites, (b) subtract straight line Raman spectra of SrTiO3/rGOx (x = 20%) 

present D/G and 2D/G ratios.  

5.4.6. Electronic structure and optical properties  

5.4.6.1. First Principle Study of the SrTiO3/rGO@Ag Heterojunction 

In order to understand the structure well, the binding and the electronic properties of 

SrTiO3/rGO@Ag composite were studied by DFT simulations. The optimized relaxed 

geometries of SrTiO3/rGO and SrTiO3/rGO@Ag are shown in the Figure 5.7. The electronic 

structure of nanocomposites is mostly defined by the components' interfacial interactions; 

their total (DOS) and Partial (PDOS) Density of States can evidence the variation of 

electronic properties of the SrTiO3/rGO@Ag composites. The band structure and PDOS 

plots of SrTiO3 are given in the Figures 5.8 and 5.9, respectively. It can be seen that the 

maximum of the valence band (VBM) and the minimum of the conduction band (CBM) of 

SrTiO3 were located at 0.00 eV and +2.98 eV respectively (Figure 5.8), so the band gap was 

about 2.98 eV.  In addition, the VBM was mainly dominated by the Sr 4p and O 2p states; 

while, the main contribution in the CBM was the Ti 3d state (Figure 5.9). Moreover, the 

band structure of rGO is shown in the Figure 5.8. For the rGO, its antibonding π* orbitals 

(which makes up its conduction band) and bonding π orbitals (which makes up its valence 

band) degenerated and touch at Brillouin zone corners, making graphene a zero-band gap 

semi-conductor material.  
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Figure 5.7: the columns (a) side, (b) bottom, and (c) top views of SrTiO3/rGO on top, and 

SrTiO3/rGO@Ag in bottom. The column (d): on top the distance (Å) of C–Ti, and the 

bottom C–O. 

 

When contacting the SrTiO3 surface with rGO sheets, the difference in the work function of 

the graphene and the SrTiO3 leads to electrons transfer between them to equilibrate their 

Fermi levels [67]–[69]. Compared to the gap of pristine SrTiO3, the band 

gap was substantially reduced and decreased from 2.98 to 0.06 eV. The contact of SrTiO3 

with rGO produced some inter-levels in the band gaps of SrTiO3; these levels belonged to 

the C of rGO as can be seen in the Figure 5.8. These inter-levels (also called trap centers) 

can trap the electron–hole recombination which may consequently enhance the 

photocatalytic activity, the photogenerated electrons transfer from the VB to the CB of the 

SrTiO3/rGO composites become easier, which lead to red shift of the optical absorption edge. 

These statements can explain our experimental results. 
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Figure 5.8: Band structure of SrTiO3 (red), rGO (black), SrTiO3/rGO (blue), and 

SrTiO3/rGO@Ag (orange). 

 

Another important feature in the Figure 5.10 was the band alignment between the SrTiO3 

surface and rGO sheet. One can find that the main shapes of the calculated PDOS projected 

on the composite can be seen as a superposition of the total DOS of the SrTiO3 and rGO; 

this can be due to the large geometrical separation space between the SrTiO3 and rGO layers. 

On the other hand, we find that the theoretical bond lengths C–O and C–Ti are about 1.42 

and 2.27 Å [70], [71], respectively; in return, the separation of oxygen and titanium from 

carbon in the optimized structure was about 5.05 and 5.16 Å; these large values suggested a 

weak interaction and an absence of covalent bonding. This leads us to conclude that the van 

der Waals interaction is expected to be significant in these composites [49].  Figure 5.10 

displays that the VBM of the SrTiO3/rGO composite only consisted of O 2p states, while the 

CBM was formed from C 2p and Ti 3d orbitals. 
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Figure 5.9: PDOS for the SrTiO3 composite. The Fermi level is set to zero. 
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Figure 5.10: PDOS for the SrTiO3/rGO composite. The Fermi level is set to zero. 
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The transformation of band gap upon deposit of Ag nanoparticles suggests an important fact, 

it  enhances the photocatalytic activity under light illumination due to slow electron-hole 

recombination process, as compared to those of SrTiO3/rGO where the recombination 

happens more quickly [72]. For the sake of comparison between the SrTiO3/rGO and 

decorated systems (SrTiO3/rGO@Ag), the PDOS were plotted in the Figure 5.11, showing 

significant differences in valance and conduction band states before and after deposit of Ag 

(the VBM and CBM of the composites SrTiO3/rGO@Ag were moved toward more positive 

potentials). The deposition of Ag nanoparticles on SrTiO3/rGO showed that the valence band 

was shifted upward and was mainly formed by Ag 5s and O 2p states, while the bottom of 

CB was formed from Ti 3d orbitals. Furthermore, the work function of Ag was slightly 

higher than that of SrTiO3/rGO composite. Therefore, in this case, the photo-generated 

electrons (CB) of SrTiO3/rGO are transferred to the surface of Ag nanoparticles, until the 

equilibrium of the Fermi level, and consequently the lifetime of photo-generated carriers 

increases.  
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Figure 5.11: PDOS for the SrTiO3/rGO@Ag composite. The Fermi level is set to zero. 



Chapter V:                                                                                                    SrTiO3/rGO@Ag 

137 

 

5.4.6.2. Diffuse reflection spectroscopy (DRS)  

UV-Vis-DRS spectroscopy is a proven tool for experimentally quantifying electronic 

characteristics [73]. The spectra shown in the Figure 5.12 correspond to SrTiO3/rGOx (x = 

0, 10, and 20%) and SrTiO3/rGO20@Agx (x= 2 and 4%), the lines demonstrated that the 

composites had a robust and wide UV absorption band and that they are transparent in the 

visible range, due to the transitions from the VB to the CB.  
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 Figure 5.12: UV-Visible spectra of SrTiO3/rGOx (x=0, 5, 10, 15 and 20%) and 

SrTiO3/rGO20@Agx (x = 2 and 4%) nanocomposites. The insert figure: variation of the 

band gap Eg according to Kubelka-Munk method and variation of Urbach energy EU. All 

spectra are normalized to one by the maximum of absorbance. 

Figure 5.12 shows the variation of Urbach energy ‘EU’ and the band gap ‘Eg’ according to 

the Kubelka-Munk method as an insert. The maximum absorbance has been used to 

normalize all spectra to one. 

The band gap ‘Eg’ was estimated using a Tauc plot on linear part of (α.hn)n  (hn-Eg), where 

n = 1/2 for indirect band gap, and n = 2 for direct gap (insert of Figure 5.12); Table 5.2 

represents the calculated band gap energies. 
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The value of ‘EU’ is calculated from the slope of the linear part [ln(F(R))  (hn-E0)] of the 

plot [ln(F(R)) vs hn] (insert of Figure 5.12); Table 5.2 summarizes the results. 

Table 5.2: Indirect and direct band gap energies and Urbach energy of SrTiO3/rGOx (x = 

0, 10 and 20%) and and SrTiO3/rGO20@Agx (x = 2 and 4%) nanocomposites. 

SrTiO3/rGOx 
x = 0% 

x = 10% x = 20% Ag 2% Ag 4% 
Exp GGA+U 

Indirect band gap 

energy (eV) 
3,21 2.98 3,05 2,93 2,88 2,82 

Urbach energy 

(meV) 
89 198 304 326 359 

 

‘EU’ characterizes the shift in the electronic band structure generated by several sources. 

(dislocation, lattice strain, vacant or interstitial sites…). These sources produce extra states 

in the band gap near HOMO and LUMO levels, which can be seen as CB and VB tails; ‘EU’ 

is approximately equivalent to the average tail width [42]. Table 5.2 shows that depositing 

rGO sheets and Ag particles over SrTiO3 increased the Urbach energy, in good agreement 

with theoretical calculation, which were observed inter-levels. In the band gap caused by the 

deposit of rGO and metallic Ag, UV-Vis-DRS and XRD analyses confirmed that the deposit 

of rGO sheets and Ag particles induces stress and defects within SrTiO3 nanocrystals. 

Furthermore, decreasing ‘Eg’ by adding rGO sheets changed the Fermi level, which boosts 

photogenerated electron migration while suppressing the recombination electron hole, 

implying an improvement in photocatalytic activity. 

5.4.7. Adsorption kinetic and modeling 

According to the adsorption curves shown in the Figure 5.13, the equilibrium time for the 

five samples was about 40 minutes. The adsorbed quantities (Qads) increased for increasing 

rGO content in the composites SrTiO3/rGOx and varied from Qads = 5.15 mg/g to Qads = 

12.57 mg/g for x = 0 to x = 20% respectively, which means that the rGO was responsible for 

MB adsorption due to its high speciic surface area. 
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 Figure 5.13: Adsorption kinetic curves of MB on SrTiO3/rGOx (x= 0, 5, 10, 15 and 

20%) nanocomposites. 

 

The modeling results are shown in the Figure 5.13. The constants obtained from the 

adsorption models, namely the rate constants K, Table 5.3 lists the R2 correlation coefficients 

and the maximum theoretical amount adsorbed Qads. The best-established model for the 

kinetic study was chosen according to the highest correlation factor R2.  

Table 5.3: Modeling results of adsorption kinetics of BM on SrTiO3/rGOx (x=0, 5, 10, 15 

and 20%). 

SrTiO3 

/rGOx 

Qe 

experimental 

(mg/g) 

Model 

PFO PSO PnthO 

K1 

(mn-1) 

Qe 

(mg/g) 

R2 
K2 

 (mn-1) 

Qe 

(mg/g) 

R2 
Kn 

 (mn-1) 

Qe 

(mg/g) 
n R2 

0 5.15 0.059 5.22 0.979 0.010 6.34 0.979 0.040 5.43 0.702 0.985 

5 6.67 0.115 6.37 0.950 0.023 7.14 0.985 0.026 7.10 0.318 0.996 

10 8.53 0.146 8.27 0.983 0.024 9.14 0.995 0.069 8.54 0.461 0.994 

15 11.69 0.068 11.53 0.984 0.006 13.73 0.992 0.040 12.12 0.625 0.995 

20 12.57 0.143 11.94 0.951 0.017 13.20 0.987 0.030 13.11 0.282 0.997 



Chapter V:                                                                                                    SrTiO3/rGO@Ag 

140 

 

The adsorbed quantities Qads derived by the pseudo-first-order model were not comparable 

to those obtained experimentally, and the correlation coefficients R2 for all composites were 

between 0.949 and 0.984, according to the values quoted in Table 5.3. . On another hand, 

the adsorbed quantities calculated Qads by the pseudo-second-order model were close to the 

experimental results with correlation coefficients R2 between 0.979 and 0.995. For the 

pseudo-nth order model, the correlation coefficients R2 were between 0.986 to 0.996 with 

adsorbed quantities Qads determined experimentally close to those calculated. In conclusion, 

and according to the fits carried out, the pseudo nth order model was the most suitable for 

describing the adsorption kinetics of MB on SrTiO3/rGO. 

5.4.8. Photocatalytic activity under UV-visible light illumination   

The overall elimination curves of MB by adsorption and photocatalysis are shown in the 

Figure 5.14. For SrTiO3/rGOx composites, it was found that the elimination of MB increased 

as the rGO content rose; the obtained yields were R = 6, 31, 53, 63 and 67 % for x = 0, 5, 

10, 15 and 20% respectively. This was owing to rGO's large specific surface area, which 

enhanced the interface (solid solution) and thus improved photocatalytic activity.  

 

 

 

 

 

 

 

 

 

Figure 5.14: Photodegradation of MB dye by SrTiO3/rGOx (x= 0, 5, 10, 15 and 20%) 

(Left) and SrTiO3/rGO20@Agx (x = 1, 2, 3 and 4%) (Right) nanocomposites. 

In other words, Graphene used kinetically to enhance the efficiency of photocatalysis owing 

to the high adsorption capacity of organic/inorganic contaminants by facilitating the access 

to the active sites [42]. This occurred in two stages: (i) in the dark, mostly by MB adsorption 

on rGO sheets due to its height specific surface, and (ii) Electron-hole pairs produced within 
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SrTiO3/rGOx can oxidize MB via photocatalysis after adsorption saturation and under UV-

visible light. An exponential function was used to fit the rate constants of the photocatalytic 

kinetic curves. (Insert of Figure 5.14 (a)), and were K*10-4 = 2.81, 15.8, 24.7, 32.3 and 38.4 

mn-1 for the composites SrTiO3/rGOx (with x = 0, 5, 10, 15 and 20%) respectively. It is worth 

mentioning that in the absence of the photocatalyst (SrTiO3/rGOx); the concentration of MB 

did not change significantly, demonstrating that MB cannot be decomposed by photolysis. 

The removal yields for the composites SrTiO3/rGO20@Agx% increased with increasing Ag 

weight ratio and were about R = 67, 75, 83, 88 and 94 % for x = 0, 1, 2, 3 and 4 %, 

respectively. Moreover, the rate constants of the kinetics (insert of Figure 5.14 (b)) were 

K*10-4 = 38.4, 54.6, 80.0, 108.3 and 145.7 mn-1 for x = 0, 1, 2, 3 and 4 % respectively. The 

obtained SrTiO3/rGO@Ag composites showed high improvement in the photocatalytic 

performance over pristine SrTiO3 and SrTiO3/rGO, which could be linked to graphene's 

function as a photosensitizer in p-n heterojunctions SrTiO3/rGO composites, as well as the 

benefit from the localized surface plasmon resonance caused by Ag nanoparticles in 

SrTiO3/rGO@Ag composites. For the commercial application of the photocatalyst, it is 

necessary to test the photocatalyst across numerous cycles. Figure 5.15 illustrates the 

recycled SrTiO3/rGO20@Ag2 photocatalyst four times, for each cycle three hours (4*3h 

=12h) of irradiation, which photocatalytic activity remained almost unaltered. 
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Figure 5.15: Recycled SrTiO3/rGO20@Ag2 photocatalyst for four times 
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5.4.9. Proposed mechanism 

A putative mechanism for the photocatalytic process is given based on the previous findings 

and depicted by a scheme in Figure 5.16. In the SrTiO3/rGO@Ag system, the wide bandgap 

of SrTiO3 prevents it from being photoexcited by visible light (3.19 eV §3.5.2). However, in 

the pristine graphene, its antibonding π* orbitals and bonding π orbitals degenerated and 

reaching Brillouin zone corners [75], rendering graphene a zero bandgap semi-metallic 

material and hence it can behave as a photosensitizing compound under visible light 

irradiation. In addition, the junction with SrTiO3 broke the lattice symmetry and open the 

bandgap, thus converting semi-metallic character of graphene into a pure semiconductor 

character due to the formation of gap between π and π* bands; it has been demonstrated 

previously theoretically and experimentally that rGO semiconductor can directly act as 

photocatalysts for water splitting [34], [39], [60], [76]–[78]. Therefore, when exposed to 

UV-visible light, rGO in SrTiO3/rGOx composites is photoexcited from the ground state 

(rGO) to the excited state (rGO*), during which electrons are photogenerated. The excited 

state of rGO* injects electrons into SrTiO3's conduction band (CB); the photoexcited 

electrons react with dissolved oxygen and water molecules to produce oxidative species such 

as hydroxyl radicals (OH•) and peroxide radical anions (O2•-); the Reactive Oxygen Species 

(ROS) can drive mineralization and oxidize totally MB into CO2 and H2O. Otherwise, 

SrTiO3/rGOx composites are also expected to be efficient photocatalysts excited by UV light 

irradiation, with rGO acting as an electron acceptor rather than a photosensitizer. 

When an Ag metal is coated on a semiconductor (SrTiO3/rGO@Ag), the semiconductor 

electrons' work function must match that of the metal electrons at the interface, as well as 

the Fermi levels for the two materials [79]. In this case, there is a state in the energy gap that 

penetrates deeper into the semiconductor; it is actually the metal's band states that are deeply 

buried into the semiconductor's states [80].  
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 Figure 5.16: Schematic illustration of the photocatalytic mechanism of 

SrTiO3/rGO@Ag nanocomposite. 

 

In the present case, the work function of the Ag metal was near to the CB and acted as an 

electron acceptor from the SrTiO3/rGO. The semiconductor's work function can be divided 

into two parts [22], [50]: first, the internal work function (WI) is defined as the energy 

difference between Fermi energy and the CB's bottom; and second, external work function 

(WE) refers to the amount of work required to extract a free electron from SrTiO3/rGO. As 

a result, the total work function of the SrTiO3/rGO (WS) can be written as (WS) = (WI) + 

(WE). Let (WM) be the deposited Ag's work function, the donor levels in the SrTiO3/rGO are 

totally ionized when the SrTiO3/rGO and the Ag metal come into contact, the electrons in 

these states (WM > WS) should flow into the Ag metal in the CB of SrTiO3/rGO until the 

Fermi energies of the metal and the semiconductor approach equilibrium. At equilibrium, 

the energy levels of the SrTiO3/rGO are dropped by the amount (WM-WS) since the Fermi 

energies are at the same level, and Schottky barrier (WSK) formed at the SrTiO3/rGO@Ag 

interface. 
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5.5.  Conclusions 

In conclusion, by using a simple hydrothermal technique, a series of SrTiO3/rGO 

nanocomposites with varied graphene weight ratios were successfully synthesized, followed 

by decorating the surface with Ag nanoparticles by using the photodeposition process, and 

tested for the photocatalytic degradation and adsorption of MB dye under irradiation of UV-

visible light. The XRD analysis proved that the SrTiO3 nanocrystals have a cubic crystalline 

structure. The rGO and the Ag0 particles caused stress on the crystal structure of SrTiO3 that 

confirmed by a notifiable decrease of the average grain seizes (D) obviously accompanied 

by a rise in microconstraints (ξ%) and caused significant structural defects as measured by 

an increase in dislocation density (𝛿). Furthermore, SEM images also confirmed the 

establishment of the heterojunction and the superior intimate interaction between rGO sheets 

and SrTiO3 nanocubes. The experimental gap values was about 3.21 eV and 2.82 eV for 

SrTiO3 and SrTiO3/rGO20%@Ag4%, respectively, as determined by UV-Vis-DRS 

spectroscopy; whereas, the gap value of SrTiO3 determined by DFT was about 2.98 eV using 

GGA +U computations. Due to the introduction of hybridized states, increasing the rGO and 

Ag metal quantities positively tuned the electronic structure with a lowered band gap, 

expanding the absorption to the visible region of the electromagnetic spectrum. Moreover, 

the adsorption kinetic curves showed that the equilibrium time was about 40 minutes and the 

quantity of MB adsorbed rose as the amount of rGO increased. The fit of kinetic curves 

showed that the pseudo nth order model was adequate to model the experimental results. 

Furthermore, compared to pristine SrTiO3, all of the prepared SrTiO3/rGO nanocomposites 

had higher photocatalytic activity under UV-visible light irradiation, which could be 

attributed to graphene's photosensitizer role in the SrTiO3/rGO composites and the formation 

of p-n heterojunctions between p-type rGO and n-type SrTiO3 nanocubes, as well as the 

localized surface plasmon resonance caused by Ag nanoparticles. The findings show that 

incorporation of graphene into SrTiO3/rGO nanocubes and their decoration Ag particles 

increased visible light absorption and considerably improved photogenerated carrier 

separation. The photocatalytic performance of the sample SrTiO3/rGO20% @Ag4% in the MB 

degradation was the best of all the photocatalysts tested, with activity reaching 94% under 

UV-visible light after 40 minutes of irradiation. On the basis of these findings, a 

photocatalytic reaction mechanism can be proposed. In this mechanism, the rGO acts as 

photosensitizer for wide band gap of SrTiO3 semiconductor and the metal band states that 

are firmly buried into the states of the semiconductor forms Schottky barrier at the metal–

semiconductor interface. 
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6. General conclusion and recommendations for future work 

This work is an exploration of a new hybrid material system, for the purpose of creating a 

visible-light photoactive material for the degradation of MB.  The work extends to 

developing an understanding of new material properties that arise from the mixing of two or 

three materials (semiconductor, graphene, and metal), with reliance on numerical 

simulations of hybrid nanostructures using the DFT method approach, in order to determine 

the mechanisms of physical phenomena responsible for photocatalytic effects occurring in 

these hybrid materials. 

First, all the semiconductors oxides were successfully synthesized using a solid-state 

reaction for Fe2TiO5, and a facile hydrothermal method for NiFe2O4-TiO2, and SrTiO3. Each 

semiconductor was employed as a substrate to deposit reduced Graphene Oxide (rGO) sheets 

with various contents, which were synthesized via Hummers modified method. In order to 

construct powerful heterojunctions photocatalysts and more efficient to degrade Methylene 

Blue (MB), through the exceptional properties of graphene. Graphene plays a key role in the 

advancements of heterojunction photocatalysts in enhanced photocatalytic activity, can be 

summarized thus: 

- The graphene in the composites facilitates the separation of charge, restrains the hole-

electron recombination, and gives a large surface/interface for heterogeneous connection 

reactions.  

- Thanks to its gap null, rGO shifts the adsorption to the high wavelength and increases the 

absorption in the visible region, increasing the photogenerated carrier's quantity  

- The rGO π-conjugated electrons system favors thermodynamically the generation of ROS 

(Reactive Oxygen Species), and can oxidize directly MB, and creates additional 

photocatalytic active sites in the composites. 

In general, the structures of all the Semiconductor oxides are conserved after the deposition 

of rGO, although the crystalline size and the cell parameters changed, evidently 

accompanied by an increase of the microconstraints (ξ%); this induced strong structural 

defects estimated by an increase of the dislocation density (𝛿). On another hand, the lattice 

strain values and the grain size were affected by the Ag decoration in the case of SrTiO3. 

The gap values was reduced in all composites, due to the introduction of hybridized states. 

Increasing the rGO and Ag metal quantities positively tuned the electronic structure with a 
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lowered band gap, expanding the absorption to the visible region of the electromagnetic 

spectrum. The gap values given by DFT using LSDA+U, GGA, and GGA +U was 

compatible with what was obtained experimentally. 

Moreover, the adsorption kinetic curves showed that the quantity of MB adsorbed rose as 

the amount of rGO increased. The fit of the kinetic curves proved that the pseudo nth order 

is the adequate model for the Fe2TiO5/rGO and SrTiO3/rGO nanocomposites, and the 

pseudo-second-order is the adequate model for the NiFe2O4-TiO2/rGO composites. 

Furthermore, the photocatalytic study showed that all synthesized compounds have an 

impact on the degradation of the MB under visible light, these results indicated that deposit 

of graphene and decoration with Ag metallic particles enhanced visible light absorption and 

greatly improved separation of photogenerated carriers thus could be attributed to graphene's 

receiver and photosensitizer role in the composites, as well as the localized surface plasmon 

resonance caused by Ag nanoparticles. 

Perspectives and recommendations 

In the near future, investigations can be devoted to the photo-efficiency of the new 

functionalized hybrid materials. This approach will allow potential applications of these 

systems in environmental preservation, such as for water depollution or for new sources of 

energy through photocatalytic production of hydrogen. 

Following the results obtained for the different nanocomposites, several perspectives and 

recommendations are identified for the overall photocatalytic degradation of organic dyes: 

- The photodegradation of all photocatalysts was a success with respect to the UV-Vis 

analysis. However, it is recommended that TOC or chromatography techniques be used after 

degradation of the samples to determine the total organic carbon of the pollutants and the 

extent of the total degradation. 

- Other pollutants can be utilized to assess the photocatalysts' viability for photodegradation. 

- It is also recommended to test the photocatalytic efficacy of the materials for the photo-

degradation of real urban wastewater. 

- It is recommended to construct a multi-semiconductor hybrid Z-scheme system, which has 

gradually become a focus of research due to its unique charge transfer pathway different 

from traditional charge transfer. 

 


