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ABSTRACT 

This PhD thesis investigates the enhancement of the photocatalytic performance of 

titanium dioxide (TiO2), through the synthesis of titania-based hybrid materials with 

improved properties compared to bare TiO2. In specific, though the synthetic 

approaches presented herein, we address important shortcomings of TiO2, including 

its low absorption in the visible light range, its tendency towards particle aggregation 

and the high charge carrier recombination rate.  

Different strategies were evaluated, such as the surface modification of TiO2 with 

noble metal nanoparticles or/and graphitic sheets, hydrophilic polymers and the 

synthesis of inorganic heterostructures. The morphology and structure of the 

synthesized materials were characterized by Fourier transform infrared spectroscopy 

(FTIR), X-ray diffraction (XRD), Raman and UV-Vis diffuse reflectance 

spectroscopy, zeta potential, photoluminescence (PL), field emission scanning 

electron microscopy (FE-SEM) and transmission electron microscopy (TEM) 

measurements. Moreover, the photocatalytic performance of the bare and modified 

TiO2 photocatalysts was assessed by the decoloration rate of aqueous solutions of 

methylene blue dye under UV-Vis or visible light irradiation. 

First, we investigated the surface modification of commercially available TiO2 

particles (TiO2 P25) with Ag nanoparticles or reduced graphene oxide (rGO) sheets. 

These two approaches were then combined into the synthesis of Ag modified TiO2 that 

was hydrothermally deposited on rGO. Critical parameters that influence the 

photocatalytic reactions were evaluated, such as the optimum loading values of Ag 

nanoparticles and graphene. The hybrid materials exhibited a superior photocatalytic 

activity when exposed to visible light irradiation compared to conventional TiO2 P25, 

due to the suppression of electron-hole recombination and the extension of the 

absorption of TiO2 towards the visible light range. 

Second, hydrophilic random copolymers synthesized by RAFT polymerization were 

used for the in-situ surface modification of hydrothermally synthesized TiO2 and the 

ex-situ modification of commercially available TiO2. The ex-situ approach resulted in 

low polymer grafting and no significant effect on the photocatalytic performance of 

TiO2, while the in-situ strategy allowed the higher binding efficiency of the polymeric 

chains. The in-situ polymer modified nanocatalysts demonstrated a higher 
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photocatalytic response compared to the bare TiO2 nanoparticles, while the effects of 

the polymer loading and the uniformity of the polymeric chains on the photoactivity 

of the hybrid photocatalysts were assessed. The enhanced photoactivity of the 

polymer modified TiO2 was attributed to reduced aggregation and the enhanced 

adsorption of the dye on the organic shell.  

In the third part of this thesis, inorganic core-shell heterostructures with a complex, 

flower-like morphology, comprising a zinc oxide (ZnO) core and a TiO2 shell were 

prepared. In addition, hollow TiO2 flowers with intact morphology were obtained, 

after etching the core in an acidic solution. The photocatalytic performance of the 

core-shell heterostructures was higher compared to that of bare TiO2 particles, ZnO 

flowers and hollow TiO2 flowers, while the titania shell thickness was found to 

strongly influence the photocatalytic reaction rates. The higher photoactivity observed 

for the core-shell photocatalysts was assigned to an efficient charge separation at the 

heterojunction between the two semiconductors. Additionally, the most photoactive 

core-shell sample exhibited outstanding superhydrophilicity without UV irradiation.  

In the last part of this thesis, the extension of the absorption of the ZnO-TiO2 core-

shell flower-like structures towards the visible light range was attempted. Towards 

this direction, the surface of the core-shell photocatalysts was hydrothermally 

wrapped with rGO sheets of tunable mass loadings. The rGO modified ZnO-TiO2 

photocatalysts exhibited a photoactivity that was dependent on the graphene content, 

but was in all cases superior compared to that of the bare ZnO-TiO2 core-shell 

structures. This enhanced photocatalytic response can be attributed to an enhanced 

absorption in the visible light range, as well as a more pronounced electron and hole 

separation. 

The simple surface modification approaches proposed in this PhD thesis can find 

application in the preparation of TiO2-based hybrid photocatalysts with synergistic 

properties for the removal of undesirable organic pollutants from aqueous matrices. 

Keywords: titanium dioxide; photocatalysis; hybrid materials; reduced graphene 

oxide; RAFT polymerization; zinc oxide; core-shell heterostructures; complex 

architectures; hollow TiO2 flowers;  
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ΠΕΡΙΛΗΨΗ 

Αντικείμενο της παρούσας διδακτορικής διατριβής είναι η ενίσχυση της 

φωτοκαταλυτικής απόδοσης του διοξειδίου του τιτανίου (TiO2), μέσω της 

επιφανειακής τροποποίησης του στοχεύοντας στην εξάλειψη σημαντικών 

μεινονεκτημάτων του, όπως η χαμηλή απορρόφηση ορατού φωτός, η έντονη 

συσσωμάτωση και ο υψηλός επανασυνδυασμός των φορέων φορτίου. 

Αξιολογήθηκαν διαφορετικές προσεγγίσεις, όπως η τροποποίηση του TiO2 με 

νανοσωματίδια ευγενών μετάλλων ή/και γραφιτικά φύλλα, υδρόφιλα πολυμερή και η 

σύνθεση ανόργανων ετεροδομών. Η μορφολογία και η δομή των υβριδικών 

φωτοκαταλυτών χαρακτηρίστηκε με Φασματοσκοπία Υπερύθρου Μετασχηματισμού 

Fourier (FTIR), περίθλαση ακτίνων Χ (XRD), Φασματοσκοπία Raman, 

Φασματοσκοπία Διάχυτης Ανάκλασης Υπεριώδους-Ορατού, μετρήσεις ζ-δυναμικού 

και φωτοφωταύγειας (PL), ηλεκτρονική μικροσκοπία σάρωσης (FE-SEM) και 

διέλευσης (TEM). Επιπλέον, η φωτοκαταλυτική απόδοση των φωτοκαταλυτών 

αξιολογήθηκε μέσω του αποχρωματισμού υδατικών διαλυμάτων μπλε του μεθυλενίου 

υπό ακτινοβολία υπεριώδους-ορατού ή ορατού φωτός. 

Αρχικά, διερευνήθηκε η επιφανειακή τροποποίηση εμπορικά διαθέσιμων σωματιδίων 

TiO2 (TiO2 P25) με νανοσωματίδια αργύρου (Ag) ή φύλλα ανηγμένου οξειδίου του 

γραφενίου (rGO). Στη συνέχεια αξιολογήθηκε μια συνδυαστική προσέγγιση, κατά την 

οποία νανοσωματίδια TiO2 τροποποιημένα με Αg διασπάρθηκαν υδροθερμικά πάνω 

σε rGO. Αξιολογήθηκαν κρίσιμες παράμετροι που επηρεάζουν τη φωτοκαταλυτική 

απόδοση, όπως η βέλτιστη τιμή φόρτισης Ag και rGO. Τα υβριδικά υλικά 

παρουσίασαν υψηλότερη φωτοκαταλυτική δράση υπό ορατό φως σε σύγκριση με το 

μη τροποποιημένο TiO2, λόγω της μείωσης του επανασυνδυασμού οπών-ηλεκτρονίων 

και της επέκτασης της απορρόφησης του TiO2 προς την περιοχή του ορατού. 

Στο δεύτερο μέρος αυτής της εργασίας, υδρόφιλα τυχαία συμπολυμερή, τα οποία 

συντέθηκαν με RAFT πολυμερισμό, χρησιμοποιήθηκαν για την in-situ τροποποίηση 

TiΟ2 κατά την υδροθερμική σύνθεση του, καθώς και για την ex-situ τροποποίηση 

εμπορικά διαθέσιμου TiO2. Η ex-situ πρόσδεση των πολυμερικών αλυσίδων ήταν 

χαμηλή, οδηγώντας σε αμελητέα επίδραση στην απόδοση και τη συσσωμάτωση του 

TiO2. Αντίθετα, η in-situ προσέγγιση επέτρεψε την υψηλότερη πρόσδεση των 

πολυμερικών αλυσίδων στην επιφάνεια του TiO2 και αύξησε το ρυθμό 
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αποχρωματισμού σε σύγκριση με το μη τροποποιημένο TiO2. Επίσης, αξιολογήθηκε η 

επίδραση της πολυμερικής φόρτισης και της ομοιομορφίας των πολυμερικών 

αλυσίδων στη φωτοκαταλυτική απόδοση του TiO2. Η αυξημένη φωτοδραστικότητα 

του τροποποιημένου TiO2 αποδόθηκε στη μειωμένη συσσωμάτωση και την 

ενισχυμένη προσρόφηση της χρωστικής στο οργανικό κέλυφος.  

Στο τρίτο μέρος, αναπτύχθηκαν ανόργανες ετεροδομές με διαμόρφωση πυρήνα-

κελύφους και πολύπλοκη μορφολογία λουλουδιών, που αποτελούνταν από πυρήνα 

οξειδίου του ψευδαργύρου (ZnO) και κέλυφος TiO2. Επιπρόσθετα, συντέθηκαν κοίλα 

λουλούδια TiO2 με άθικτη μορφολογία, αφού απομακρύνθηκε ο πυρήνας σε όξινο 

διάλυμα. Η φωτοκαταλυτική απόδοση των ετεροδομών ήταν υψηλότερη σε σύγκριση 

με το σκέτο TiO2, τα λουλούδια ZnO και τα κοίλα λουλούδια TiO2, ενώ το πάχος του 

κελύφους επηρέασε την ταχύτητα του αποχρωματισμού. Η υψηλότερη απόδοση που 

παρατηρήθηκε για τους φωτοκαταλύτες με μορφολογία πυρήνα-κελύφους αποδόθηκε 

στον αποτελεσματικότερο διαχωρισμό των φορέων φορτίου. Επιπροσθέτως, το πιο 

φωτοενεργό δείγμα ZnO-TiO2 παρουσίασε υπερυδροφιλικότητα χωρίς ακτινοβόληση. 

Στο τελευταίο μέρος αυτής της διατριβής, επιχειρήθηκε η επέκταση της απορρόφησης 

των προαναφερθέντων ετεροδομών ZnO-TiO2 προς την περιοχή του ορατού φωτός. 

Για αυτόν το σκοπό, η επιφάνεια τους τροποποιήθηκε υδροθερμικά με διαφορετικά 

ποσοστά rGO. Οι τροποποιημένοι φωτοκαταλύτες ZnO-TiO2 με μορφολογία πυρήνα-

κελύφους παρουσίασαν δραστικότητα εξαρτημένη από την περιεκτικότητα τους σε 

rGO, αλλά ανώτερη σε σύγκριση με εκείνη των μη τροποποιημένων ZnO-TiO2. Η 

ενισχυμένη φωτοκαταλυτική απόκριση οφείλεται στην ενισχυμένη απορρόφηση στην 

περιοχή του ορατού φωτός, καθώς και στον υψηλότερο διαχωρισμό φορέων φορτίου. 

Οι προσεγγίσεις που προτείνονται για την επιφανειακή τροποποίηση του TiO2 σε 

αυτή τη διδακτορική διατριβή, μπορούν να βρουν εφαρμογή στην σύνθεση υβριδικών 

φωτοκαταλυτών με βάση το TiO2 με συνεργιστικές ιδιότητες για την απομάκρυνση 

ανεπιθύμητων οργανικών ρύπων από τις υδατικές μήτρες. 

Λέξεις-κλειδιά: διοξείδιο του τιτανίου, φωτοκατάλυση, υβριδικά υλικά, ανηγμένο 

οξείδιο του γραφενίου, RAFT πολυμερισμός, οξείδιο του ψευδαργύρου, ετεροδομές 

πυρήνα-κελύφους, πολύπλοκη μορφολογία, κοίλα λουλούδια TiO2
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The last decades have been characterized by an exponential population growth and 

rapid technological advancements that have led to the intensification of our industrial, 

agricultural and urban activities. As a result, various traditional, as well as emerging 

contaminants with adverse or even yet undetermined, health and environmental 

consequences have been uncontrollably introduced into the aquatic systems. In this 

context, the development of effective treatment methods for water and wastewater is 

imperative and has become a major scientific challenge. Wastewater in particular, 

constitutes one of the largest available water sources on the planet, and thus its 

possible reuse for agricultural and industrial activities may be the most viable solution 

for our ever increasing water needs [1]. 

1.1 Dyes and their environmental impact 

 

Among the most common and hazardous classes of contaminants are dyes, which are 

mainly used in the textile industry, but also in food industries, pulp and paper mills 

and tanneries [2, 3]. These dyes can be of either natural or synthetic origin, with 

natural dyes being mainly employed in the food industry, whereas synthetic dyes are 

most commonly used for textile applications. The removal of dyes from the 

aforementioned industrial effluents attracts significant scientific interest for various 

reasons, such as their considerable structural diversity and therefore properties, their 

large production and application scales, the significant quantities of generated 

wastewater in these industries and their high environmental and health impact. 

Since the first accidental synthesis of a dye (Mauveine) in 1856 by William Henry 

Perkin, the development of new dyes followed a continuously increasing rate and 

nowadays, more than 10,000 different synthetic dyes and pigments are industrially 

used [3-5]. Moreover, their annual global production is estimated at 0.7 million tons 

with China being the leading producer, followed by India. Along with the European 

Union, they host ∼70% of the world's dyeing industries [6] rendering the effluents of 

these industries an environmental concern for ∼50% of world's population residing in 

these countries [7]. As far as their consumption is concerned, India, the former USSR, 

Eastern Europe, China, South Korea and Taiwan are consuming ~600,000 tons of 

dyes annually [8-10].  
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What is more, the textile industry consumes large volumes of water and therefore 

produces extremely large amounts of colored effluents. Specifically, approximately 

100-200 liters of water are demanded for the processing of one kg of fibers and the 

discarded wastewater includes a very high percentage of the initial dye [11, 12]. This 

is due to the fact that, depending of the type of the dye, approximately 2% to 50% is 

not attached on the textiles during the dyeing process [13-15], resulting in the release 

of up to 200000 tons of textile dyes in the industrial effluents yearly [5, 16]. 

It is noteworthy though, that despite the vast number of dyes that are commercially 

available, not all of them are used to the same extend in industrial applications, and 

therefore their occurrence and concentration in the colored effluents varies, with their 

applicability strongly depending on their class. The classification of dyes is based on 

their chemical structure and the main chromophores they possess, which are the 

moieties responsible for light absorption and thus colour. The most common 

chromophores include –N=N, =C=O, = C=C=, C=NH, –CH=N–, NO or N–OH, –NO2 

or NO–OH and C=S bonds [17].  

The most frequently used dye classes at an industrial scale, are azo, anthraquinone, 

indigoid, xanthene, arylmethane and phthalocyanine derivatives (see Figure 1.1). 

Nevertheless the vast majority of synthetic dyes in current use are azo derivatives, 

accounting for ~70% of the global dye production [18-20] and are consequently the 

most common synthetic colorants discharged in the industrial effluents [21, 22]. 
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Figure 1.1 The most common chromophore groups of commercial dyes. 

 

Azo dyes find a wide applicability in the textile, pharmaceutical and cosmetic 

industries thanks to their facile and cost effective synthesis, medium-to-high stability 

against light and their great structural diversity [18, 23-26]. However, their 

environmental impact has alarmed researchers and legislators. Apart from being 

aesthetically unpleasant, colored wastewaters are characterized by lower transparency 

and gas solubility, blocking sunlight penetration and oxygen dissolution and therefore 

hindering photosynthesis [27]. Moreover, azo dyes, as well as the byproducts formed 

via their degradation paths, have been found to bioaccumulate in the environment and 

to exhibit allergenic, carcinogenic, mutagenic, and teratogenic effects [28-34].  

The toxicity of azo dyes in aquatic ecosystems can be assigned to two different 

factors: the direct toxicity of the original dye, or the adverse effects of its derivatives 

(mainly aromatic amines and hydrazines) that are generated during reductive 

biotransformation of the azo bond by the azoreductases of intestinal microorganisms 

[35-38]. Such biotransformations have also been reported for Rhesus monkeys and 

humans [39, 40]. Moreover, it has been widely reported that the degradation of azo 

dyes by photolysis, oxygenation, as well as hydrolysis, results into toxic hydrazines 

and aromatic amines [41-43]. Therefore, a parent dye that has been classified as non 
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toxic can be transformed into extremely toxic derivatives after entering the 

environmental matrices. 

Furthermore, apart from the conclusions drawn from experimental studies, examples 

of the toxic impact of azo dyes and their byproducts have been witnessed in real life. 

In particular, a study published in 2007, attributed the mutagenic activity detected in  

communities using Cristais River in Brazil as a drinking water source, to an azo 

dyeing plant [44]. Moreover, increased incidence of urinary bladder cancer has been 

reported for workers who have been exposed to large quantities of azo dyes [45-47].  

1.2 Conventional treatment methods 

 

The conventional treatment methods which have been employed so far for the 

removal of dyes from industrial wastewaters present a number of drawbacks that 

render them ineffective. This is because dyes are designed and produced to exhibit 

high stability against harsh conditions, such as light and washing, after the quality 

demands of the textile industry [24, 32]. Furthermore, such methods may simply 

transfer the pollutants from one phase to another by the formation of concentrated 

sludge [48, 49].   

More specifically, the conventional treatment methods used so far can be divided into 

three main classes: biological, chemical and physical. The physical methods either 

utilize sorption processes on solid supports, or are based on the use of membranes 

(nanofiltration or reverse osmosis), and while they can effectively remove colour, they 

have been proven inadequate for the degradation of the dye molecules. Instead they 

become even more concentrated and are simply transferred into a second phase that 

still needs to be properly disposed. The major disadvantages of membranes are their 

high cost and short lifetime before fouling occurs. Moreover, sorption processes, for 

instance the use of activated carbon, have high operational costs, as well as 

regeneration and recovery problems. 

In the case of chemical methods, such as coagulation or flocculation combined with 

flotation and filtration, precipitation flocculation with Fe (II)/Ca(OH)2 and 

conventional oxidation methods (ozone), the removal of the targeted dye is effectively 
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achieved. However, apart from their high cost, disposal issues arising from the 

accumulation of concentrated sludge need to be addressed. What is more, the high 

volumes of chemicals used in these techniques may result in secondary pollution. 

Finally, biological methods mainly refer to aerobic and anaerobic microbial 

degradation. These treatment techniques have low operational costs but lack 

flexibility, as they require large land areas and are constrained by physiological and 

biochemical sensitivity
 
[50]. What is more, some dye molecules can be resistant to 

biological degradation due to their complex chemical structure [51]. Last but not least, 

the low biodegradation yields, long treatment times, and the generation of 

concentrated sludge, renders biological treatment unattractive for industrial 

applications [52]. 

1.3 Advanced Oxidation Processes (AOPs) 

 

Since conventional treatment methods have been proven to be inadequate, as 

discussed in the previous, it is imperative that more reactive systems need to be 

developed and employed for the complete removal of contaminants from drinking 

water and industrial effluents. Towards this direction, Advanced Oxidation Processes 

(AOPs) have been proposed as effective and promising alternatives [53-55].  AOPs 

are methods of oxidation based on the generation of active intermediate species that 

are capable of mineralizing the targeted pollutants. These active mainly refer to 

hydroxyl radicals (•OH), which have a high oxidizing capacity (reduction potential of 

2.8 V versus Normal Hydrogen Electrode), and are the most reactive oxidant after 

fluorine (oxidation potential of 3,053 V) [53]. Moreover, they are environmentally 

friendly, non-selective and effective near ambient temperature and pressure [56]. 

However, it has to be mentioned that hydroxyl radicals are unstable and have to be 

generated “in situ” continuously [57]. 

The oxidation of organic molecules by hydroxyl radicals proceeds mainly via 

hydrogen abstraction, as presented in Eq. 1 [53]. As a result, organic radicals are 

generated, which may in turn produce peroxyl radicals (Eq.  2). These intermediate 

radical species are able to effectively initiate the oxidative degradation of a targeted 

organic molecule (Eq. 3).  
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RH + •OH → R• + H2O                                                                                               (1) 

R• + O2 → RO2•                                                                                                           (2) 

RO2• → CO2 + inorganic salts                                                                                     (3)  

AOPs can be categorized into two main groups: the first is non-photochemical AOPs 

and include Fenton processes, ozonation etc, while the second is photochemical AOPs 

and mainly refer to both homogenous and heterogeneous processes such as photolysis, 

UV/H2O2, UV/O3, photo-Fenton and heterogeneous photocatalysis.  

AOPs have a number of advantages compared to the conventional treatment methods:  

 The materials and reagents used are environmentally friendly. 

 They allow the exploitation of solar light. 

 They do not transfer pollution from one phase to another and the production of 

concentrated sludge is reduced. 

 The hydroxyl radicals are non-selective, thus oxidizing the majority of organic 

and inorganic pollutants. 

 When followed by a biological treatment, biodegradable products with reduced 

toxicity are generated, while similarly, when AOPs are combined with reverse 

osmosis or ion exchange the formation of organic agglomerates is suppressed. As 

a result, the treatment costs are significantly reduced.  

Their disadvantages are related to the high costs of the reagents used and the 

operation of ultraviolet light sources. Moreover, their efficiency is reduced when used 

in natural waters, as the hydroxyl radicals are consumed by HCO3 and CO3
2- 

ions, 

forming radicals with lower oxidizing capacity, according to the following reactions: 

•OH + HCO3
‐ → H2O + •CO3

‐                                                                                     (4) 

•OH + CO3
2‐ → HO‐ + •CO3

‐                                                                                        (5) 
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1.4 Heterogeneous Photocatalysis 

 

Among the AOPs, heterogeneous photocatalysis is one of the most promising 

processes for the degradation of organic contaminants. It includes two active phases 

and achieves the acceleration of a photochemical reaction in the presence of a 

semiconducting material [58]. More specifically, it proceeds via  the generation of 

oxidative species, mainly •OH, on the surface of a semiconductor by photonic 

activation, which as aforementioned, can further mineralize organic molecules into 

CO2 and salts [59]. 

Heterogeneous photocatalysis is superior compared to the other AOPs, as it is 

efficient even when low energy light is employed. Moreover, the photocatalytic 

process can become more cost-effective, by tuning the properties of the photocatalyst 

to allow the utilization of renewable energy sources. Therefore, solar photocatalysis 

has attracted great research interest and there are many studies using both natural and 

simulated sunlight.  

The main disadvantages of heterogeneous photocatalysis that hinder its application in 

an industrial scale are related to technical aspects which reduce its efficiency. In 

particular, the turbidity of the solution prevents the uniform irradiation of the 

catalyst’s surface, while filtration is required for the recovery of the photocatalyst in 

suspension. The latter can be resolved by immobilizing the catalyst on a substrate, but 

in this case, the active surface of the photocatalyst is reduced. 

1.4.1 Basic principles of photocatalysis  

 

In order for the photocatalytic reactions to occur efficiently, semiconducting materials 

with specific properties are required, that will interact with artificial or natural 

lighting resulting in the generation of photogenerated charge carriers. However, a 

prerequisite for the understanding of heterogeneous photocatalysis is the knowledge 

of basic concepts related to the semiconducting materials used as photocatalysts. 

The electronic energy structure of a semiconductor consists of two basic regimes, i.e., 

the conduction band (CB) and the valence band (VB). The valence band consists of 

the valence band electrons which cannot move along this band, while accordingly, the 
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conduction band is empty of electrons. The energy difference between the upper edge 

of the valence band and the lower edge of the conduction band is called band gap 

energy (Eg) and varies for different semiconductors.  

Energy is required for the transfer of electrons from the valence band to the 

conduction band of a semiconducting material, and this energy depends on its band 

gap value. Therefore, when a semiconducting material is irradiated with light with 

energy higher than its band gap, the valence band electrons are promoted to the 

conduction band, leaving behind an equal number of positively changed holes [60]. 

The wavelength of the radiation required for the photonic activation of a photocatalyst 

is given by the Planck equation and has to be equal to or greater than the band-gap 

energy of the semiconductor: 

   
        λ  

Where E
g
 is the band gap energy, h: Planck's constant, c: the speed of light, λ: the 

wavelength of the irradiation. 

After the photonic activation of a semiconductor, the strongly oxidizing holes and 

reducing electrons can follow several pathways that are illustrated in Figure 1.2.  

 

Figure 1.2 Photoexcitation and de-excitation pathways in a photocatalyst [54]. 

 

First, they can recombine at the surface (pathway A) or in the volume (pathway B) of 

the semiconductor particles, a phenomenon that results in the reduction of the overall 
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photocatalytic efficiency [59, 61]. Moreover, they can also be transferred to the 

surface of the catalyst, where they can react with adsorbed organic or inorganic 

species. At the surface of the semiconductor, electrons can reduce an electron acceptor 

(pathway C), while holes can oxidize an electron donor (pathway D) species. 

In particular, the holes can oxidize OH
-
 or H2O molecules adsorbed on the surface of 

the semiconductor (SN) producing •OH, as following: 

SN (h
+
) + ΟΗ

-
ads

 
→

 
•OH + SN                                                                                    (6) 

SN (h
+
) + Η2Οads → •OH + Η

+ 
+ SN                                                                           (7) 

The holes can also directly oxidize the adsorbed organic molecules on the surface of 

the catalyst towards various oxidation products. 

Accordingly, the conduction band electrons can react with O2 absorbed on the surface 

of the photocatalyst, resulting in the production of superoxide anions •O2
-
, which can 

thereafter form •HO2. 

SN (e
-
) + Ο2 ads

 
→

 
•O2

- 
+ SN                                                                                        (8) 

•O2
-
 + H

+ 
→

 
•HO2                                                                                                                                                             (9) 

Next, H2O2 can be formed from •HO2 according to the following reactions: 

SN (e
-
) + •HO2 →

 
HO2

- 
+ SN                                                                                     (10) 

HO2
-
 + H

+ 
→ Η2Ο2                                                                                                                                                       (11) 

The photogenerated Η2Ο2 can thereafter generate •OH through different pathways, as 

following:  

SN (e
-
) + Η2Ο2 →

 
•OH + OH

- 
+ SN                                                                          (12) 

Η2Ο2 + •O2
-
 →  •OH + OH

-
 + Ο2                                                                                                                       (13) 

Η2Ο2 + hν  → 2•OH                                                                                                   (14) 

 

As it can be derived from the above reactions, the majority of the hydroxyl radicals in 

a photocatalytic reaction are generated through hole reactions. The reason for this 

phenomenon, is that a single hole can generate one hydroxyl radical (reactions 6 and 
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7), while three electrons are demanded for the production of a hydroxyl radical 

(reactions 8 to 14).  

 

1.4.2 Photocatalysts 

 

The necessary requirement for a semiconducting material to act as a photocatalyst is 

to induce reactions in the presence of light and not be consumed during this process. 

Its role in the degradation of inorganic and organic pollutants is of great importance, 

as its properties can directly affect the efficiency of the process. When choosing a 

photocatalyst for an application, there are certain important parameters to consider. In 

general, the band energy positions of the semiconductor and the redox potentials of 

the adsorbed species on the surface of a semiconductor, dictate the probability and 

rate of the charge carrier transfer to these adsorbed species.  

First, the energy levels at the lower edge of the conduction band and at the upper edge 

of the valence band determine the reduction potential of conduction band electrons 

and the oxidizing ability of the valence band holes respectively [62]. Moreover, if the 

redox potentials of the species absorbed on the surface of a semiconductor are more 

positive than the flat band potential of the semiconductor’s conduction band, then 

they can be reduced by the photogenerated electrons. Accordingly, they can be 

oxidized by positively charged holes if they have redox potentials more negative than 

the flat band potential of the semiconductor’s valence band [59, 61, 63].  

What is more, an effective catalyst should ideally be inexpensive, easily synthesized 

and photoactive in the visible and/or UV range. Moreover, it should be biologically 

and chemically inert, as well as photostable. So far, there is no semiconductor that 

meets all the above requirements. Some of the most commonly used photocatalysts 

and their energy band gaps are given in the following table. 
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Table 1.1 Most common photocatalysts and their energy band gaps. 

Semiconductor Eg (eV) 

BaTiO3 3,3 

CdO 2,1 

CdS 2,5 

CdSe 1,7 

Fe2O3 2,2 

GaAs 1,4 

GaP 2,3 

SnO2 3,9 

SrTiO3 3,4 

TiO2 (rutile) 3,0 

TiO2 (anatase) 3,2 

WO3 2,8 

ZnO 3,37 

ZnS 3,7 

 

One of the main problems in heterogeneous photocatalysis is that the majority of the 

available photocatalysts do not absorb the visible spectrum of light, as evidenced by 

their band gap values. Therefore, only a small proportion of sunlight can be exploited, 

as only a small percentage of sunlight (3-8%) falls within the UV region [64].      

Additionally, metal sulfide semiconductors, such as cadmium sulphide (CdS) and zinc 

sulphide (ZnS), suffer from stability problems since they undergo photoanodic 

corrosion and can release toxic byproducts (Cd
2+

 etc.). Iron oxides are, on the other 

hand, inexpensive and have a low band gap value, but are prone to photocathodic 

corrosion. Tungsten oxide (WO3) absorbs light in the visible region, but it generally 

exhibits low photocatalytic efficiency. Zinc oxide (ZnO) has been proposed as an 
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effective candidate for photocatalytic applications, although it is highly susceptible to 

photochemical corrosion. 

1.4.3 TiO2 

 

The most promising and the most widely used semiconductor in photocatalytic 

applications so far is titanium dioxide (TiO2). Since the first report on its use in 

photocatalysis by the seminal work of Fujishima and Honda (1972), TiO2 has been 

continuously attracting great scientific interest. The reasons for this superiority of 

TiO2 over the other reported photocatalysts, are its outstanding optical and electronic 

properties and physicochemical characteristics, high stability against photochemical 

corrosion, biological and chemical inertness, non-toxicity, commercial availability 

and low cost.   

TiO2 exists mainly in three different polymorphs: rutile (tetragonal), anatase 

(tetragonal) and brookite (orthorombic), all of which consist of deformed TiO6 

octahedra that are connected with vertices or edges, while oxygen shows a threefold 

coordination, as presented in Figure 1.3.   

 

Figure 1.3 Rutile, brookite and anatase crystal structures of TiO2 [65]. 
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From a thermodynamic point of view, rutile is the most stable form, but since the 

differences in the Gibbs free energy between the three polymorphs are small (4–20 kJ 

mol
-1

), anatase and brookite can be obtained as metastable phases and can be 

transformed to rutile by a surface nucleation and growth mechanism at temperatures 

higher than  600 °C [66, 67].  

There has been a great number of scientific reports investigating which is the most 

photoactive polymorph of TiO2 and it has been generally accepted that anatase TiO2 

exhibits the highest photocatalytic activity [67-70]. This was attributed to its surface 

properties (stronger adsorption of OH
-
 and H2O on its surface compared to rutile) and 

to electronic differences between the TiO2 polymorphs (lower degree of 

recombination of the photogenerated e
-
 and h

+
). Moreover, rutile generally exhibits 

larger crystallite size and therefore has a lower surface area compared to anatase. 

Nevertheless, apart from the specific crystalline structure, the degree of crystallinity 

of TiO2 is critical factor that affects its photoactivity. It is generally accepted that 

structural defects can act as electron-hole recombination centers and thus amorphous 

TiO2 exhibits a lower photocatalytic performance compared to crystalline TiO2. 

Despite its unique merits, the use of TiO2 for wastewater treatment is still under 

research, due to a number of disadvantages it presents, that constrain its application at 

an industrial level. One of these disadvantages is its wide band gap (anatase, ~3.2 eV), 

that limits its absorption in the visible spectrum of radiation, as shown in Figure 1.4, 

and thus only a small proportion of sunlight can be exploited [64, 71-74]   
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Figure 1.4 Absorption spectrum of TiO2 compared to the sun's emission spectrum 

[71]. 

 

Besides the inadequate absorption in the visible light range, TiO2 particles, and in 

particular nanosized TiO2, exhibit low stability and high aggregation tendency due to 

their high surface-to-volume ratio. This phenomenon results in the decrease of their 

surface area, which reduces their photocatalytic performance, as a large surface area 

will result in an enhanced adsorption of organic molecules and will therefore promote 

the overall reaction rates [68, 75]. 

Last but not least, the photocatalytic performance of TiO2 is reduced due to the high 

degree of recombination of the photogenerated electrons and holes. As already 

mentioned, charge separation and recombination are competitive processes, and the 

recombination of the photogenerated charge carrier pairs reduces the overall 

efficiency of the photocatalytic reactions and hinders potential industrial applications. 

1.5 Improving the photocatalytic properties of TiO2 

 

The improvement of the photocatalytic activity of TiO2 is one the major research tasks 

of the scientific community. As presented above, the high degree of charge 
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recombination either on the surface or in the bulk of TiO2 is one the most detrimental 

factors that reduce its photocatalytic performance. As a matter of fact, it has been 

reported that approximately 90% of the electron and hole pairs undergo 

recombination within 10 sec after their photogeneration [76]. It can be therefore 

concluded that the recombination of the charge carriers significantly reduces the 

quantum yield of the photocatalytic reactions. The suppression of the recombination 

of electrons and holes via the acceleration of their separation, as well as their rapid 

migration to the active sites for the redox reactions is of high importance.  

Additionally, the surface morphology of TiO2, namely the particle size and 

agglomeration degree, is another important parameter influencing its photocatalytic 

efficiency. As already mentioned in the previous chapter, photocatalysis is mainly a 

surface phenomenon and a large surface area is desirable, as more active centers will 

be available for the adsorption of organic pollutants and for the redox reactions to 

occur. The specific surface of TiO2 can be increased by reducing the particle size and 

by suppressing its degree of agglomeration. However, the effect of the particle size on 

the photocatalytic activity is complex. It has been reported that small particles may 

exhibit higher light scattering compared to larger ones, a phenomenon which may 

result in a lower photoactivity [77]. Moreover, nanosized photocatalysts are typically 

characterized by a high degree of particle aggregation [78] which can influence the 

adsorption of organic molecules, light scattering and light harvesting capability, 

charge carrier dynamics, etc. [79, 80]. 

Additionally, the application of TiO2 is limited because of its ability to absorb only a 

small fraction of the incident visible light irradiation due to its relatively large band 

gap (anatase, ~3.2 eV) [72]. Therefore, a shift of its optical response towards the 

visible light range will have a profound advantage for the photocatalytic reactions, 

especially in countries accepting a high percentage of solar irradiation throughout the 

year, i.e. the Mediterranean and African countries. 

A number of different strategies have been proposed to promote a more efficient 

photocatalytic performance for TiO2, and these approaches are discussed in detail in 

the following section.  
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1.5.1 TiO2/ZnO heterostructure photocatalysts 

 

The coupling of TiO2 with other semiconductors has been proposed as an effective 

approach targeting the enhancement of its performance and towards this direction 

TiO2/SnO2, TiO2/WO3, TiO2/CdS and TiO2/ZnO heterostructures have been 

synthesized. As far as the morphology of the final hybrid is concerned, two different 

configurations can be achieved: the contact type and the core-shell type. In the former, 

both components are exposed at the surface, while in the latter one semiconductor is 

coated by the second one.  

The basic principle behind the combination of two different semiconductors is that the 

favorable energy difference between the two counterparts will result in the formation 

of a heterostructure, which can facilitate the separation of electrons and holes. In 

particular, the photogenerated electrons can be injected from the semiconductor 

whose conduction band edge is at a higher potential to the semiconductor with the 

lower conduction band end. Conversely, the holes migrate from the lower valence 

band edge to the higher energy one. As a result, the probability of charge 

recombination is diminished and the lifetime of active species available for the 

photocatalytic reactions is increased, enhancing the overall performance of the 

composite photocatalyst. 

Apart from a more effective charge separation, another important advantage of 

coupled semiconductors is the synergetic properties they present and the elimination 

of their individual shortcomings. For instance, the utilization of a semiconductor that 

absorbs in the visible light range when coupled with a wide band gap photocatalyst 

can result in the sensitization of the latter towards the visible light region. 

Additionally, coating a semiconductor that is prone to photochemical corrosion with a 

second one that is less susceptible can eventually result in the enhanced stability of 

the former.  

The inter-particle electron transfer was first reported in 1984 [81] and even though the 

comprehension of the mechanism of this process has significantly progressed, it is 

still incomplete. As mentioned in the previous, the key factor that needs to be taken 

into account, when predicting a successful coupling between different semiconductor 

combinations, is their relative band positions. However, a number of parameters may 
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also affect the overall efficiency of coupled photocatalysts, such as the surface area 

and crystallinity [82]. Last but not least, the preparation method is also important, as it 

significantly influences the degree of contact between the two components.  

As already mentioned, TiO2 is the most extensively studied photocatalyst so far, but 

zinc oxide (ZnO) has been proposed as a comparable alternative. ZnO has two main 

crystalline forms, wurtzite and zinc blende (see Figure 1.5), but wurtzite is more 

stable thermodynamically under ambient conditions. It possesses the same favorable 

properties as TiO2, including excellent electrical, mechanical and optical, as well as 

antibacterial properties [83, 84]. As in the case of TiO2, the rapid recombination rate 

of photogenerated electron-hole pairs is one of the major constraints of ZnO when 

used in photocatalysis. Additionally, ZnO has also a wide band gap, ~3.37 eV for 

wurtzite ZnO, and therefore UV irradiation is required for its activation, excluding the 

exploitation of solar light. Last but not least, ZnO is also highly susceptible to 

photochemical corrosion. 

 

Figure 1.5 Wurtzite and zinc blende crystal structures of ZnO. The Zn and O atoms 

are indicated with black and blue respectively [85]. 

To address these issues, the combination of TiO2 and ZnO has been reported as a 

promising approach. Specifically, even though the band gap energies for ZnO and 

TiO2 are similar, the conduction and valence band of ZnO are more negatively 

charged (~0.48 eV) and are located above those of TiO2 [86-88]. Therefore, TiO2 can 

act as an effective electron trap of the photogenerated electrons from ZnO when they 

are transferred into the conduction band of TiO2. Simultaneously, the holes generated 

in the valence band of TiO2 can migrate into the valence band of ZnO. In this way, a 

more efficient charge separation is promoted, as presented in Figure 1.6. Thereafter, 

the electrons in the conduction band of TiO2 and the holes in the valence band of ZnO 
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can be transferred to species adsorbed on the surface of the catalyst and participate in 

redox reactions.   

 

Figure 1.6 Charge separation and photocatalytic activity of a TiO2/ZnO 

heterostructure photocatalyst [89]. 

 

Significant effort has focused on the synthesis of TiO2/ZnO heterostructures, either by 

the contact type or the core-shell approaches. Contact type heterostructures of 

TiO2/ZnO have been synthesized in the literature mainly by simple mixing the initial 

precursors and their photocatalytic performance has been investigated towards the 

removal of a number of organic pollutants. ZnO/TiO2 mixed nanofibers, commonly 

synthesized by electrospinning, have been proposed as an efficient photocatalyst as 

they can be easily retrieved and reused in multiple successive photocatalytic cycles 

[89]. Additionally, mixed TiO2/ZnO nanoparticles, synthesized by the simultaneous 

precipitation of appropriate zinc and titanium precursors in different ratios, have been 

reported [90].  

Moreover, the effect of the morphology on the photocatalytic performance of mixed 

TiO2/ZnO heterostructures for the removal of organic pollutants is an important factor 

that needs to be evaluated but has attracted less attention so far. For instance, mixed 

TiO2/ZnO hedgehogs and fan blades have been synthesized by a solvothermal 

method, and both morphologies exhibited very fast methyl orange (MO) removal 
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kinetics [91]. However, the TiO2/ZnO hedgehogs exhibited the best photocatalytic 

activity, which was ascribed to their hierarchical nanostructure and their higher 

specific surface area. In another work, TiO2/ZnO hybrid nanostructures, prepared by 

the site-specific deposition of amorphous TiO2 nanoparticles onto the tips of ZnO 

nanorods, exhibited a superior activity for the MB removal was reported due to an 

enhanced charge transfer/separation process [92].  

The mixed oxide photocatalysts are widely accepted for exhibiting enhanced 

photocatalytic efficiency under UV excitation when compared to pure TiO2, which is 

attributed to the high separation efficiency of the photogenerated electrons and holes. 

However, core-shell TiO2/ZnO heterostructures have attracted significantly more 

scientific interest over the respective contact type analogues, as they allow flexibility 

towards the systematic tuning of their structures in terms of important characteristics, 

such as morphology, porosity and uniformity of the photocatalysts [93]. Therefore, 

rationally designed and controllably synthesized core-shell photocatalysts are 

expected to exhibit superior photocatalytic properties, improved stability, unique 

optical properties and multi-functionality. It has to be mentioned however, that among 

the two possible oxide arrangements with either TiO2 or ZnO in the core, the latter is 

considered more advantageous, as the coating of ZnO with a TiO2 layer has been 

reported to significantly improve the chemical stability of ZnO against photocorrosion  

[86].  

So far, the scientific interest has mainly focused on immobilized cores that are grown 

from the surface of a substrate and are thereafter coated with an outer shell layer. The 

majority of the literature refers to core-shell nanowires [94], nanotubes [95], rod-like 

structures [96-98] and fibers [99, 100], where the core and the shell are synthesized by 

atomic layer deposition (ALD), anodization, electrospinning, magnetron sputtering 

and chemical vapour deposition (CVD). These techniques can provide a high level of 

control over important structural characteristics, such as the shell thickness, but 

nevertheless, they are considered disadvantageous due to their high cost, complexity 

and low growth rates [101].   

The synthesis of the shell has been also reported using simpler and more cost-efficient 

approaches, among which are the chemical routes (sol-gel, hydrothermal methods) 

[86, 102]. However, the control over the morphology of the final structures is poor, 
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multiple successive deposition cycles are needed in order to obtain a targeted 

thickness and the contact between the two semiconductors is inhomogeneous and 

non-uniform. Last but not least, side nucleation is always observed in the bulk of the 

solution in parallel to the surface of the structures [86, 101-104].  

In a representative work, Kwiatkowski et al., reported the deposition of TiO2 layers 

via a sol–gel method onto ZnO nanorods that were hydrothermally grown on an 

indium tin oxide substrate (ITO) electrode [86]. By varying the synthesis parameters 

of the shell, such as deposition time or repetition of single sol–gel cycle, they were 

able to prepare either rugged or compact TiO2 coatings. For both systems, a 

substantial decrease in the optical band gap energy was observed as well as a higher 

photocatalytic removal of MB compared to the bare ITO/ZnO film. Additionally, the 

photocatalytic performance of the ZnO rods coated with the rugged TiO2 shell was 

superior compared to the sample with the compact TiO2 coating, due to the higher 

accessibility of the solution species to the interface of the two semiconductors.  

Interestingly, ZnO-TiO2 core-shell photocatalysts in a powder form are scarce in the 

literature and, to the best of our knowledge, only spherical core-shell particles, which 

result in agglomerated structures as can be seen in Figure 1.7, have been investigated 

[105-110]. In an effort to obtain more complex, well-defined structures, Agrawal et 

al., synthesized core-shell ZnO/TiO2 hollow spheres using polystyrene (PS) beads as 

the sacrificial template. The PS beads were coated with ZnO, followed by a 

successive layer of TiO2 and calcination to remove the template and crystallize the 

TiO2 outer layer [105]. 
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Figure 1.7 TEM image of core-shell ZnO-TiO2 particles [107]. 

1.5.2  Modification with noble metals 

 

Nozic first reported in 1977 that the photoactivity of TiO2 could be boosted by the 

incorporation of a noble metal (i.e. Pt). Nowadays, the deposition of noble metals on 

the surface of TiO2 is still considered a promising approach for the development of 

visible-light driven photocatalysis. The optimization of the photocatalytic reactions 

via the modification of the surface of a semiconductor with noble metal nanoparticles 

is ascribed to an increased electron-hole separation and the extension of the 

photoactivity towards the visible range of the spectru, due to the localized surface 

plasmon resonance (LSPR) effect of the metal nanoparticles [111].  

Nanoparticles of noble metals (i.e. Au, Pt, Ag) can act as charge traps because of the 

formation of Schottky barriers at the interface between the metal oxide and the noble 

metal nanoparticles, increasing the life time of the charge carrier pairs and hence 

hindering their recombination [112-114]. The formation of a Schottky barrier can 

occur between two materials with appropriate work function levels and is presented 

schematically in Figure 1.8. In particular, electrons can migrate from a material with a 

low work function (high Fermi level) to a material with a higher work function (low 

Fermi level) upon contact. As the Fermi level of TiO2 is typically higher than the 

respective Fermi level of a noble metal, the photogenerated electrons will migrate 
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from the semiconductor to the noble metal until equilibrium is reached and the Fermi 

levels at the interface between the semiconductor and the noble metal become equal 

[115]. Due to the built in potential between TiO2 and the noble metal, the energy band 

edges of the semiconductor are shifted (band bending), and as a result, a Schottky 

barrier (ΦB) is formed [116].  

 

Figure 1.8 Schottky barrier formation at the interface between a metal oxide and a 

noble metal (a) before contact and (b) after contact  [115]. 

 

What is more, noble metal nanoparticles absorb strongly in the visible range due to 

their LSPR, which can be described as a collective oscillation of valence electrons 

induced by the electric field of light [117]. This oscillation amplitude is maximized 

when the frequency of the incident light matches the natural frequency of the 

electrons oscillating against the restoring force of positive nuclei. The LSPR 

wavelength varies for different noble metals and can be tuned by engineering the 

morphology and size of the metallic nanoparticles as seen in Figure 1.9. Usually, Ag 

or Au nanoparticles are exploited to develop visible-light-activated TiO2, as their 

LSPR results in strong and broad absorption bands in the visible region. 
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Figure 1.9 Normalized extinction spectra of (a) different noble metal nanoparticles 

(Ag, Au and Cu), (b) different  morphologies  of  Ag  (wires,  spheres  and  cubes),  

and  (c) different sizes of Ag nanoparticles [118]. 

 

The size of the metal nanoparticles and the loading weight are the most important 

characteristics that have heavily affect the photocatalytic efficiency, hence their 

optimization is of great scientific importance [119-121]. It is generally accepted that 

the performance of modified TiO2 increases up to an optimum noble metal loading, 

due to the expansion of the photocatalytic response to the visible-light region and the 

suppression of the charge recombination. However, an increase in the noble metal 

loading beyond this plateau value is detrimental to the photocatalytic activity [122, 

123]. Excessive noble metal loading can result to the limitation of the amount of light 

reaching the surface of TiO2 and the reduction of contact between TiO2 and the 

organic molecules [124]. Last but not least, excess noble metal nanoparticles can act 

as recombination centers for the photogenerated charge carriers [125]. In the same 

context, the particle size affects the photocatalytic efficiency, as it has been reported 

that smaller particles shift the Fermi level to more negative potentials, resulting in 

higher photoactivity of the modified TiO2 [126]. Moreover, the contact distance, and 

therefore the efficiency of the electron transfer, between the noble metal nanoparticle 

and TiO2 is another significant parameter that needs to be taken into account [127, 

128]. 

Different architectures of TiO2 and noble metal nanoparticles can be achieved based 

on the synthetic method used, such as TiO2 decorated with noble metal nanoparticles 

[129, 130], core-shell or yolk/shell structures with a noble metal core covered by a 

TiO2 shell [131, 132], and finally fused noble metal and TiO2 structures, such as Janus 

noble metal-TiO2 particles [133]. The first approach though is considered the most 
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efficient, as it is simple, straight-forward and more importantly, key factors that affect 

the photocatalytic reactions, such as the morphology and the size of TiO2, can be 

easily tuned prior to its modification with the noble metal nanoparticles [134, 135].  

The preparation method used for the modification of TiO2 is crucial for the properties 

of the final composite photocatalyst and the most widely used ones are the chemical 

reduction and photodeposition of the noble metal nanoparticles on the surface of TiO2 

[136]. More recently, an attempt to improve the photodeposition method, employed 

UV-assisted photocatalytic reduction of metal ions to form the metal nanoparticles by 

the excitation of the semiconductor in ethanol [137]. However, the effect of the 

reduction method on the size and morphology of the noble metal nanoparticles, which 

are expected to strongly influence their photocatalytic efficiency of TiO2 composites, 

remains largely unexplored [138, 139]. 

Chemical reduction refers to the adsorption of a noble metal precursor on the surface 

of presynthesized TiO2, followed by chemical reduction using an appropriate reducing 

agent [140]. Various reducing agents have been used in the literature for the reduction 

of noble metal ions to form nanoparticles, including sodium borohydride, sodium 

citrate, ascorbic acid and others [141-148]. It is accepted though that the choice of the 

reducing agent plays an important role in the final properties of the composite and 

moreover, any residual reducing agent left due to improper purification, may reduce 

the photocatalytic properties of the modified TiO2 [136]. 

The photodeposition method does not require the presence of a chemical reducing 

agent, but instead the conduction band electrons generated upon irradiation of TiO2 

can act as the reducing species of the surface-absorbed noble metal precursor to form 

noble metal nanoparticles [149-151]. The size of the metal nanoparticles can be easily 

tuned by varying the light intensity, the duration of irradiation as well as the noble 

metal precursor concentration [120, 152].  In specific, it has been reported that the 

average particle size decreases, as the light intensity increases [153, 154]. Chang et 

al., synthesized TiO2 multi-walled nanotube arrays by atomic layer deposition (ALD) 

and thereafter deposited Ag nanoparticles on both the inner and outer surfaces of the 

tubes by photodeposition [155]. They reported that the removal of MB was faster for 

the Ag loaded nanotubes.  
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However, photodeposition confers poor control over the particle dispersion and in 

general, the generated metal nanoparticles are larger in size than those synthesized by 

chemical reduction [138]. A modified synthetic approach that overcomes the innate 

problems of photodeposition, by preparing noble-metal modified TiO2 in ethanol 

under N2, has been recently reported [137]. In this method, TiO2 was first partially 

reduced by UV irradiation to generate Ti
3+

 ions on its surface while the 

photogenerated holes are scavenged by ethanol. These Ti
3+

 ions then reduced the 

noble metal cations to deposit metal nanoparticles on the TiO2 surface, leading to a 

homogeneous loading of noble-metal nanoparticles on the surface of the TiO2 

particles. 

1.5.3 Modification with carbon-based materials 

1.5.3.1 Polymer modified TiO2 

 

The modification of the surface of TiO2 with a polymeric shell to synthesize 

functional materials has attracted significant attention, as the hybrid materials are 

expected to combine the electronic and optical properties of the core with the unique 

properties of the polymer shell. The synthesis of the polymer shell can be performed 

via various polymerization techniques, but compared to conventional radical 

polymerization, the controlled polymerizations, known as “living” radical 

polymerization methods, are by far the most promising. In a conventional radical 

polymerization chains are continuously formed, grown and terminated by radical-

radical reactions, therefore the polydispersity of the synthesized polymer is broad 

(Mw/Mn>1.5). However, in an ideal living polymerization, termination is 

insignificant and therefore all chains are initiated at the beginning and grow at the 

same rate without being terminated. As a result, the final molecular weight 

distributions are very narrow (Mw/Mn<1.2). 

Controlled “living” radical polymerizations allow a high degree of control over 

important polymer characteristics, such as the molecular size, the architecture, the 

uniformity of the size and the functionality, which are crucial for the properties of the 

resulting hybrid material,  [156]. 
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During the recent years, the two most common “living” radical polymerization 

methods that have been studied are atom transfer radical polymerization (ATRP) 

[157-163], and reversible addition-fragmentation chain transfer (RAFT) 

polymerization [164-167]. Briefly, the mechanism of ATRP is presented in Fig. 1.10, 

and is based on the activation of an alkyl halide initiator by a catalyst system (usually 

transition metal complexes e.g.Cu
I
/ligand) in a lower oxidation state, through an 

inner-sphere electron transfer (ISET) process generating the radicals. During the 

propagation of the polymer chains, the active radicals can be reversibly deactivated 

back to dormant species by reaction with the formed catalyst complex in a higher 

oxidation state.  

 

Figure 1.10 Equilibrium of the classical ATRP process. 

 

Compared to ATRP, RAFT is newer and more appealing for larger scale and 

applications as well as biological applications, as it is free from the toxic metal 

catalysts used in ATRP. RAFT polymerization is practically similar to a conventional 

radical polymerization, but its living character is conferred by the addition of a RAFT 

agent, called chain transfer agent (CTA). This CTA used in RAFT usually consists of 

a central thiolcarbonylthiol group, with an R-group that initiates the polymeric chains 

via radical formation and a Z-group that activates the thiocarbonyl bond towards 

radical addition [168, 169]. The detailed mechanism of RAFT polymerization is 

presented in Figure 1.11. 
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Figure 1.11 Mechanism of RAFT polymerization [170]. 

 

In the first step, initiation of the polymerization takes place via the generation of a 

radical by the initiator employed in the polymerization. This radical then reacts with 

the monomer units generating oligomeric radicals (Pn•). During the chain transfer 

step, the oligomeric radicals produced in the initiation step react with the CTA, 

forming intermediate species (2). This radical intermediate can fragment back to the 

original CTA and an oligomeric radical or to an oligomeric CTA (3) and a reinitiating 

R radical (R•). Following re-initiation, the polymer chains further grow by monomer 

addition to R• to create another oligomeric radical (Pm•). In the chain equilibration 

step, Pm• will rapidly exchange between existing growing radicals (Pn• and Pm•) and 

the species capped with a thiocarbonylthio group, while the way that this exchange 

occurs is random. The rapid interchange in the chain-transfer step via the formation of 

intermediate species limits the termination reactions, although they can still occur via 

combination or disproportionation. 
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The choice of the CTA is of critical importance for the control of the monomer 

addition in RAFT and a number of different CTAs have been reported.  As mentioned 

previously, the basic structure of a CTA consists of a central thiocarbonylthio group 

bearing an R and a Z group, whose choice must be carefully made. In specific, the R 

group plays an important role during the chain transfer stage of the polymerization 

and should be a better leaving group than the attacking radical Pn•, in order to 

efficiently reinitiate monomer as an expelled radical [171]. The Z group affects the 

stability of the S=C bond and influences the rate of radical addition and 

fragmentation. If fragmentation is not sufficiently fast, the intermediate species can be 

consumed in side reactions or reinitiation is too slow resulting in the retardation or 

even inhibition of the polymerization [169]. Generally CTAs fall into four basic 

categories: dithioesters, trithiocarbonates, dithiocarbamates, and xanthates (see Figure 

1.12), with each category being appropriate for the polymerization of different classes 

of monomers. 

 

Figure 1.12 Basic categories of RAFT chain-transfer agents [172]. 

 

The chemical grafting of polymer chains onto a flat or curved surface can be achieved 

by two main approaches: the “grafting to” and the “grafting from” method [173]. In 

the “grafting to” approach, pre-synthesized polymer chains bearing functional end 

groups with an affinity towards the functionalities of the surface, are grafted on the 

inorganic surface [174]. The major advantage of this method is that since the 

synthesis of the polymer is performed before binding on the inorganic surface, well-

defined polymers with a narrow molecular weight distribution and tailored properties 

can be used. Moreover, both the polymer and the inorganic particles or flat surface 

can be synthesized with the desired characteristics prior to the formation of the hybrid 

material [175]. However, an important shortcoming of the “grafting to” technique is 

that only low polymer grafting densities can be achieved due to the steric hindrance 

between the free polymer and the already bound polymer chains. This occurs, as in 
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order for the free polymer chains to be grafted onto the surface, they must first diffuse 

through the already grafted polymer film to reach the reactive sites on the surface 

[176].  

In the case of the “grafting from” approach, the polymer grafting is achieved by the in 

situ growth of the polymer chains from an appropriately functionalized surface via a 

surface initiated polymerization [175]. This method results in higher grafting 

densities, as the steric hindrance of small monomers is lower compared to the larger 

polymer chains. However, the “grafting from” approach requires more complex and 

sophisticated chemical protocols, and therefore, it is not preferred from an industrial 

point of view.  

Both approaches have been extensively used for the polymer modification of a 

number of particles and surfaces [156, 177-183], however TiO2 has been far less 

investigated. The main reason for this is the complexity of its surface chemistry [184], 

as there are different modes of attachment of organic molecules on the surface of TiO2 

varying from simple adsorption to many types of chemical binding [185]. What is 

more, in the case of TiO2, the “grafting from” method is more commonly used 

compared to the “grafting to” approach for the synthesis of hybrid materials.  

In the first approach, the initial step for the surface initiated polymerization is the 

anchoring of the CTA on the inorganic surface. This can be done via either the Z or R 

group, but the R group approach is generally more advantageous [186], as in this case 

grafted polymers of higher molecular weight and grafting density can be acquired 

[173]. On the other hand, possible side reactions can result in broader molecular 

weight distributions, a phenomenon which can be eliminated by using the Z group 

approach. However, in this case lower polymer grafting densities are achieved due to 

shielding effects [173]. The anchoring group used in RAFT is usually a carboxylic 

acid and after the successful attachment of the CTA, the polymerization can proceed 

from the TiO2 surface [187-189]. Various monomers have been polymerized from the 

surface of TiO2, including acrylic acid (AA) [190], vinyl acetate (VA) [191], methyl 

methacrylate (MMA) [192]  and styrene (St) [185]. 

As already mentioned, the “grafting to” approach has been less employed for the 

synthesis of TiO2-polymer hybrid materials, due to the low grafting efficiencies 
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achieved. In this case, the preformed polymer chains should bear functional groups 

that can be bound on the inorganic surface. Therefore, the choice of an appropriate 

anchoring group that will have a great affinity towards the surface of TiO2, such as 

carboxylic acid and catechol, is of critical importance for the enhancement of the 

polymer binding efficiency. Generally, it has been reported that catechol 

functionalities are more efficient anchoring groups than carboxylic acids [193], and 

the possible binding modes of both functionalities are presented in Figure 1.13. Very 

few works report the controlled synthesis of polymers and their subsequent grafting to 

the surface of TiO2 [194, 195], while the literature on RAFT polymers is even scarcer 

[196, 197]. 

 

Figure 1.13 Possible binding modes of a catechol (upper row) and a carboxylic acid 

(bottom row) group on TiO2. 

 

The use of polymer modified TiO2 in photocatalysis focuses mainly on conducting 

polymers, such as polyaniline (PANI) [198-200], polypyrrole (PPy) [201, 202] and 

polythiophene (PT) [203, 204], targeting the extension of their response in the visible 

range of the spectrum. The higher photocatalytic activity of the conducting polymer 

modified TiO2 over that of bare TiO2 under visible light irradiation, can be assigned to 

an enhanced charge separation, as the electrons that are generated by the conducting 

polymer can be transferred to the conduction band of TiO2. 
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Alternatively, polymers have been widely used as templates to acquire porous 

structures with enhanced surface area, following calcination and removal of the 

polymeric matrix [205-208]. As a representative example, mesoporous thin TiO2 films 

were synthesized by Yun et al. by using a commercially available triblock copolymer 

(Pluronic 123) as the template under highly acidic conditions [209]. The films 

acquired after calcination, and thus removal of the polymer template, exhibited a 

hexagonal, mesoporous structure and consisted of a pure TiO2 anatase phase.  

Nevertheless, the use of a non-conducting polymer has attracted extremely limited 

attention in photocatalysis and so far, the literature mainly refers to composites of 

TiO2 with polymeric hydrogels that exhibit superabsorbent properties for organic dye 

molecules [210]. As an example, the synthesis of TiO2-polyacrylamide gels is a 

common approach [211, 212]. Polyacrylamide has been reported to adsorb up to 85% 

of a targeted dye, which can be thereafter photocatalytically degraded on the surface 

of TiO2. However, the polymeric composite displays self-upon irradiation, rendering 

its reusability impossible. 

On the other hand, it has been proposed in the literature that the modification of TiO2 

with an organic coating can significantly suppress its aggregation. Nakayama and 

Hayashi (2007) synthesized poly(L-lactic acid)-TiO2 (PLA-TiO2) nanocomposite 

films by modifying the surface of TiO2 by propionic acid and n-hexylamine, followed 

by uniform dispersion of the modified nanoparticles in a PLA matrix [75]. The 

authors reported that severe aggregation of TiO2 nanoparticles could be upon their 

surface modification with carboxylic acid and the long-chain alkyl amine.  

The suppression of aggregation is expected to be even more pronounced for polymer 

coated TiO2 particles, as in this case, the inter-particle distances will be larger 

compared to those achieved by shorter alkyl chains [173, 213]. In a related study, 

TiO2 nanowires were modified both in-situ and ex-situ with a hyperbranched 

polyester (HPES-OH) synthesized by a polycondensation reaction [214]. Their 

photocatalytic activity towards the mineralization of wastewater by chemical oxygen 

demand (COD) analysis was higher compared to that of the bare TiO2 nanowires and 

was attributed to the reduction of the crystallite size during the modification reaction 

due to the electrostatic interactions between the OH groups of the polymer and TiO2.   
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In this context, Kong et al. prepared polymer-functionalized core-shell TiO2 

nanoparticles by surface-initiated photopolymerization of 2-(tert-butylamino) ethyl 

methacrylate after exposure to UV light [215]. The authors reported an enhanced 

photocatalytic decoloration of MB under UV irradiation for the core-shell 

nanoparticles compared to the bare TiO2 nanoparticles. This enhanced performance 

was assigned to the increased stability and reduced aggregation of the polymer coated 

TiO2, while dye adsorption on TiO2 was promoted, due to the favorable interactions 

between the organic dye and the hydrophobic polymer shell.  

 

1.5.3.2 Graphene modified TiO2 

 

The deposition of TiO2 on carbon substrates, and in particular graphene-like 

materials, has been recently reported to increase the photocatalytic performance of 

TiO2 in the visible light. Graphene, first synthesized through mechanical exfoliation 

by the scotch-tape method from graphite in 2004 [216], is a unique material with a 

structure of atomic sheets of sp
2
-bonded carbon atoms. Pristine graphene is 

considered the material of the future, as it is the thinnest and strongest material in the 

universe. Moreover, it also possesses superior chemical and physical properties, such 

as high theoretical specific surface area (2630 m
2
g
−1

), high thermal conductivity 

(5000 W m
−1

K
−1

), thermal and chemical stability, high transparency (97.7%), high 

mechanical strength (with a Young’s modulus of 1 TPa), good adsorption capacity of 

organic molecules and excellent mobility of charge carriers [217]. 

However, graphene suffers from very low solubility in organic solvents [218]. As a 

ideal alternative, exfoliated graphene oxide (GO) can be easily produced via the 

exfoliation of the oxidized product of graphite and yields stable dispersions in various 

solvents [219], while it can be reduced to obtain reduced graphene oxide (rGO) with 

partially restored electrical properties [220]. The synthetic routes for the preparation 

of GO and rGO from graphite are schematically presented in Figure 1.14. 
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Figure 1.14 Schematic presentation of the synthesis of GO and rGO from graphite. 

 

Due to their unique intrinsic properties, the synthesis of graphene-based composites 

with inorganic materials and their application in various fields has attracted an ever-

growing attention. Following the first report by Zhang et al. on the photocatalytic 

activity of TiO2/rGO nanocomposites prepared by a hydrothermal method for the 

degradation of MB [221], a number of different synthetic approaches have been 

described towards the uniform deposition of TiO2 on graphene-based materials. These 

approaches include among others, simple mixing combined with sonication, the sol-

gel process, hydrothermal/solvothermal and photochemical reduction  [222-224], and 

their efficacy has a high impact on the photocatalytic performance of the composite 

material [225] .  

Simple mixing combined with sonication is considered the simplest method employed 

for the synthesis of graphene modified TiO2, however is not very effective since the 

interactions between the individual components are weak as chemical bonds are 

missing [226]. To increase the interactions the sol-gel approach can be employed, 

during which TiO2 is synthesized in situ, in the presence of the graphitic layers [227]. 

Finally, the hydrothermal/solvothermal method is a very attractive route for the 

deposition of TiO2 on graphitic layers, as it is simple and environmentally friendly. 

Most importantly, it allows the synthesis of “tailor-made” TiO2 structures before [228, 

229]  or during their modification with GO [230, 231], while enabling the 

simultaneous reduction of GO to rGO along with its modification with the metal 

oxide. In this method, TiO2 is attached on the surface of the GO layers via interaction 

with their oxygen functionalities, and thereafter GO is reduced to rGO under specific 

temperature and pressure. 
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The photochemical reduction is a facile method for the reduction of GO to rGO [232], 

and is in essence based on the same principle as the UV-assisted photocatalytic 

reduction of noble metals ions to form nanoparticles (see section 1.5.2). More 

specifically, following the excitation of TiO2 in an alcohol, which acts as a sacrificial 

agent for the photogenerated holes, the electrons are transferred from TiO2 to GO and 

reduce it to rGO. It has to be noted though that the degree of reduction achieved by 

this method is lower than that obtained by the hydrothermal method [225]. 

The enhancement of the photocatalytic efficiency of graphene-modified TiO2 is based 

on various synergistic advantages, the most notable of them being the increase of the 

hole-electron separation. Due to the intrinsic properties of rGO which combines 

excellent conductivity and suitable work function, rGO layers can act as electron 

reservoirs, as shown in Figure 1.15, accepting the photogenerated electrons from 

TiO2, which results in the reduced recombination of the charge carriers [233-239]. 

This charge transfer depends heavily on the contact and the degree of interaction 

between the two components, and these interactions vary according to the synthetic 

conditions used [230, 240-242].  

 

Figure 1.15 Electron transfer from the conduction band of a metal oxide to rGO 

layers [243].  

 

Moreover, GO and rGO possess small bang gap values and can therefore act as 

photosensitizers, shifting TiO2’s response from UV to the visible-light region upon 

modification with the graphitic layers [244]. This shift is more pronounced with 

increasing the rGO content in the composite material, and has been assigned to the 



 

Chapter 1: Introduction 

 

56 

 

formation of covalent chemical bonding at the interface of the two components, which 

introduce new energy levels within TiO2’s electronic structure narrowing its band gap 

[245]. This shift can be influenced by the synthetic technique employed. For example, 

it was found that hydrothermally synthesized nanocomposites increase the response of 

TiO2 in the visible range compared to those prepared via simple mixing and 

photochemical reduction [225, 246]. 

In addition, hybrid composites of TiO2 and rGO exhibit high adsorption of organic 

pollutants due to defect sites and the functionalities that remain on the surface of rGO 

after reduction, as can be seen in Figure 1.16 [247-252]. Last but not least, an 

enhancement of the available surface area for TiO2-rGO composites has been 

observed due to the suppression of the aggregation of TiO2, as the graphitic layers can 

act as a support for the uniform dispersion of the inorganic structures [235, 237]. As a 

result, the photocatalytic activity of TiO2 is significantly enhanced. 

 

Figure 1.16 Different types of interactions between different targeted adsorbates and 

graphene-based composite photocatalysts [243].  
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1.6 Research objectives of this thesis 

 

As mentioned in the introduction, the rapid industrial changes of the last decades have 

resulted in the ever increasing introduction of new pollutants to the environment. In 

addition, stricter environmental policies are being imposed to reduce industrial 

emissions. Therefore, the need to adopt effective methods capable of achieving 

complete removal of these hazardous pollutants is now an imperative task.  

In this direction, heterogeneous photocatalysis is a highly promising Advanced 

Oxidation Process (AOP) of organic pollutants and TiO2 is the semiconductor of 

choice when it comes to photocatalytic applications. However, the maximization of its 

performance at an industrial scale is hindered by a number of drawbacks, including its 

low absorption in the visible light range, its tendency towards particle aggregation and 

the high recombination rate of electrons and holes. A number of approaches to address 

these shortcomings have been reported in the literature and were presented in detail in 

this chapter.  

The aim of the present PhD dissertation is to investigate different ways to overcome 

these problems, through the synthesis of TiO2-based hybrid materials that diminish the 

disadvantages of bare TiO2. In particular, in this work we will: 

 Follow simple and cost-effective TiO2 synthetic methods, targeting the 

development of photocatalytic materials that can be prepared in an industrial 

scale.  

 Synthesize TiO2-based hybrid photocatalysts by combining TiO2 and low-cost 

organic materials, such as non-conductive polymers or graphitic materials.  

 Modify TiO2 with inorganic materials. These materials can be either a different 

semiconducting metal oxide with a suitable energy difference such as ZnO or 

noble metal nanoparticles. 

 Investigate combinational approaches between the aforementioned synthetic 

routes and materials to achieve synergetic properties, such as TiO2 modified with 

both graphitic materials and noble metal nanoparticles. 

 Fully characterize the obtained photocatalysts in terms of their morphological and 

physicochemical properties.  
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 Investigate the photocatalytic activity of the prepared photocatalysts for the 

degradation of organic dyes (methylene blue) under UV or visible light irradiation.  
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2.1 Introduction  

                                                           

The main drawbacks for the maximization of the photocatalytic performance of TiO2 

are its wide band gap (~3.0-3.2 eV), which limits its activity only in the UV light 

range and excludes the utilization of the whole solar spectrum, and its high electron-

hole recombination rate. Different approaches have been considered for the 

development of visible-light driven photocatalysis, such as the doping of TiO2 with 

noble metals and its coupling with graphitic materials. In addition, hybrid 

photocatalysts based on the modification of TiO2 with metals nanoparticles and rGO 

are expected to exhibit synergistic features and multifunctional properties compared 

to bare TiO2. In particular, great efforts have been made to develop effective visible-

light photocatalysts by various methods, i.e., noble metal nanoparticles deposited on 

TiO2, such as TiO2/Ag [1-3], or TiO2 modified with GO or rGO [4-6] and even 

Ag/TiO2/GO [1, 7]. However, limited studies have focused on combining both 

approaches in a hybrid photocatalyst comprising TiO2, Ag and rGO for the 

photocatalytic degradation of a pollutant. 

Zhang et al., [6] first reported the photocatalytic activity of TiO2/rGO nanocomposites 

for hydrogen evolution under UV-Vis light irradiation. The results showed that the 

photocatalytic performance of the TiO2/rGO nanocomposites with 5 wt% rGO was 

much higher than that of bare TiO2. In addition, the activities were higher for the 

samples calcined under a N2 atmosphere than those under air. Fan et al. [4] studied the 

influence of different reduction approaches on the efficiency of TiO2/rGO 

nanocomposites. Their photocatalytic results showed that the application of the 

hydrothermal method leads to the best performance concerning hydrogen evolution 

from an aqueous solution of methanol under UV-Vis light irradiation, followed by 

TiO2/rGO via photoreduction and TiO2/rGO by hydrazine reduction. The effects of a 

uniform coating and strong coupling between TiO2 and rGO on the degradation of 

Rhodamine B (RhB) have been studied by Liang and co-workers [8].  

Moreover, several studies have reported the synthesis of composite materials 

consisting of TiO2, rGO and metal nanoparticles, i.e. Au, Pt or Ag, but focus mainly 

on the synthetic approach employed to prepare the composite materials and do not 

examine their efficiency for the photocatalytic removal of any pollutant  [9]. Reports 

on the photocatalytic degradation of a pollutant by a composite catalyst comprised of 
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TiO2, Ag and rGO are scarce in the literature. In a representative study, Wen et al. [10] 

prepared a nanocomposite powder by anchoring anatase TiO2 on rGO, followed by 

loading with Ag nanoparticles. The assumption that the silver nanoparticles were 

loaded on TiO2 instead of rGO was made. The synthesized powder exhibited 

significantly increased absorption within the visible-light region and improved 

photocatalytic activity compared with bare TiO2 and TiO2/rGO, however, the 

photocatalytic performance of the TiO2/Ag composite was not evaluated.  

In the present study, a simple, step-by-step strategy towards the synthesis of a hybrid 

photocatalyst comprising TiO2/Ag hydrothermally deposited on rGO is proposed. 

First, Ag nanoparticles were deposited by chemical reduction on the surface of 

commercially available TiO2 particles (P25) and their photocatalytic performance 

with respect to the metal loading, ranging from 1 to 4 wt%, was investigated, in order 

to evaluate their optimum loading ratio. Next, the TiO2 particles (P25) were dispersed 

on reduced graphene oxide sheets of variable mass ratio, by a one-step hydrothermal 

reaction along with the simultaneous reduction of GO to rGO. Finally, the two 

aforementioned approaches were combined for the synthesis of Ag modified TiO2 

particles that were hydrothermally deposited on rGO sheets. The photocatalytic 

performance of the obtained hybrid photocatalysts was compared to that of the bare 

TiO2 nanoparticles (P25), in the decoloration of aqueous solutions of methylene 

blue (MB) under visible-light irradiation.  

 

2.2 Experimental 

 

2.2.1 Materials 

 

Silver nitrate (AgNO3, 99.9%) was supplied by Alfa Aesar and used as 

received. Dimethylamine borane complex (CH3)2NH·BH3, 97%), methylene blue 

(MB, 82%) and absolute ethanol were obtained from Sigma–Aldrich. Aeroxide 

TiO2 P25 (a non-porous 75:25 (wt/wt) mixture of anatase:rutile) was supplied by 

Degussa AG. In addition, an aqueous solution of graphene oxide at 0.5 mg/ml 

concentration was obtained from Graphene Supermarket.  Finally, Milli-Q water with 

a resistivity of 18.2 MΩ at 298 K was obtained from a Millipore apparatus and was 

used for the preparation of all samples.  
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2.2.2 Synthesis of the Ag modified P25 TiO2 nanoparticles. 

 

AgNO3 was used as the source for the silver nanoparticles and deposition was 

achieved by the chemical reduction of metal ions into metallic nanoparticles on the 

surface of the P25 TiO2 nanoparticles (in the following denoted as TiO2 P25) [11]. 

TiO2 P25 is synthesized via the hydrolysis of TiCl4 and is thereafter calcined at 

temperatures above 1200 
o
C in the presence of O2 and H2. The acquired product is a 

mixture of anatase and rutile, with an average particle size of 21 nm and a surface 

area of 50 ± 15 m
2
/g.  

For the modification with the metallic nanoparticles, TiO2 P25 was ultrasonically 

dispersed in H2O, the necessary quantity of AgNO3 was added in order to achieve 

different Ag loadings and the dispersion was left under stirring in the dark overnight. 

Afterwards, the dispersion was filtered, redispersed in a mixture of EtOH:H2O (1:4) 

and dimethylamine borane complex, at a molar ratio 10 times higher than that of 

AgNO3, was added. Upon the addition of the reducing agent, the metal cations were 

instantly reduced and a colour change was observed (see Figure 2.1) as Ag 

nanoparticles formed on the surface of TiO2 P25. The metal-loaded photocatalyst was 

then collected by filtration, washed repeatedly with water to remove non-attached 

metal nanoparticles and dried under vacuum.  

 

Figure 2.1 Colour of the photocatalyst before (left) and after (right) the reduction of 

the Ag cations to Ag nanoparticles (3 wt%) on the surface of TiO2 P25. 
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2.2.3 Synthesis of the TiO2 P25-rGO hybrid photocatalyst. 

 

For the modification of the TiO2 P25 nanoparticles with rGO sheets a hydrothermal 

reaction was employed, along with the simultaneous reduction of GO to rGO [12]. 

Briefly, an appropriate volume of an aqueous GO solution (0.5 mg/ml concentration) 

was poured into a mixture of H2O/EtOH (2:1), followed by the addition of the TiO2 

P25 nanoparticles. The obtained suspension was stirred for 2 hr to ensure 

homogeneity and to achieve the binding of the inorganic nanoparticles on the GO 

layers. It was then placed in a 100 mL Pyrex glass bottle with a polypropylene 

autoclavable screw cap and the hydrothermal reaction took place at 120 °C for 24 hr, 

resulting in the reduction of GO to rGO, which could be evidenced by a colour change 

of the suspension from light brown to dark grey (Figure 2.2). The final composite 

material was recovered by filtration, washed repeatedly with water and dried under 

vacuum. For comparison, the hydrothermal reduction of GO to rGO was also 

performed in the absence of the inorganic nanoparticles. 

 
Figure 2.2 Colour of the TiO2 P25 dispersion in the presence of GO sheets (left) and 

after the hydrothermal reduction of GO to rGO (right). 

 

 2.2.4 Synthesis of the Ag-TiO2 P25-rGO hybrid photocatalyst. 

 

Ag modified TiO2 P25 nanoparticles (3 wt%) were hydrothermally dispersed on rGO 

sheets (1 wt%) by the same synthetic route as described above. Briefly, after 

dispersion of the TiO2 P25 in H2O by ultrasonication, AgNO3 was added in order to 

achieve a 3 wt% Ag loading. The dispersion was left under stirring in the dark 

overnight, was filtered and redispersed in a mixture of EtOH:H2O (1:4) and 
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dimethylamine borane complex was used for the reduction of Ag
+
 to Ag

0
.  After 

purification and drying, the Ag modified TiO2 P25 nanoparticles were added in an 

appropriate volume of a GO solution in H2O/EtOH (2:1) to achieve a 1 wt% content 

of GO. The obtained suspension was stirred for 2 hr and was then hydrothermally 

treated in a 100 mL Pyrex glass bottle with a polypropylene autoclavable screw cap at 

120 °C for 24 hr. After filtration and washing with water the Ag-TiO2 P25-rGO hybrid 

photocatalyst was acquired. 

 

2.2.5 Characterization 

 

X-ray diffraction (XRD) patterns were collected on a Panalytical Expert Pro X-ray 

diffractometer, using a Cu Kα radiation (45 kv and 40 mA) at a scan step size of 0.02
o
 

with a 1 sec time per step. The samples were also characterized by Raman 

spectroscopy at room temperature on a Nicolet Almega XR Raman spectrometer 

(Thermo Scientific) with a 473 nm blue laser as an excitation source. Fourier 

transform infrared (FT-IR) spectra were measured on an IRPRESTIGE-21, Shimadzu 

spectrometer and diffuse reflectance UV-Vis spectra were obtained in the wavelength 

range of 300-800 nm, on a Shimadzu UV-2401 PC spectrophotometer using an ISR-

240A integrating sphere. BaSO4 powder was used as a 100% reflectance standard and 

measurements were conducted by coating the powder sample on top of the BaSO4 

base material. The morphology of the catalysts was examined by field emission 

scanning electron microscopy (FE-SEM, JEOLJSM-7000F) and further analysis was 

carried out using transmission electron microscopy (TEM, JEOL JEM-2100). The 

samples were prepared by dispersing the powders in ethanol via sonication, followed 

by the deposition of a drop of the dispersion onto a glass substrate for SEM, or on a 

holey, carbon-coated Cu grid for the TEM measurements. 

 

2.2.6 Photocatalytic study 

 

The evaluation of the photoactivity of the as-prepared samples was conducted via the 

quantification of MB dye removal under visible-light irradiation. A 20 mg/L aqueous 

solution of MB was first prepared and used as the target pollutant. The photocatalyst 

loading in the MB aqueous suspensions was kept at 200 ppm. Prior to irradiation, the 
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suspension was first stirred in the dark for ca. 40 min, to ensure establishment of 

adsorption/desorption equilibrium. In the case of photolysis, no catalyst was added to 

the solution. The photocatalytic/photolytic removal of MB was carried out in a 

commercial photoreactor provided by Heraeus (Noblelight GmbH, Hanau - 

Germany). A medium pressure mercury lamp (TQ 150) at a constant power of 150 W, 

with an emission spectrum of 200-600 nm and λmax at 365 nm was axially placed in a 

double-walled M380 glass jacket which filtered out the UV lines at λexc< 390nm and 

was used as the irradiation source. The reactor that was used for the photocatalytic 

experiments as well as the emission spectrum and the intensity of the lamp are 

presented in detail in the Appendix of this thesis. The experiments were carried out at 

pH ca. 5 (not adjusted), under a constant stirring speed (600 rpm) ensured by a 

magnetic stirrer at the reactor basis, while a constant temperature was maintained by 

water circulation in the double-walled lamp jacket. 

Changes in the concentration (decoloration) of MB were monitored using a UV-Vis 

spectrophotometer (UV-2401 PC, Shimadzu). In order to estimate the rate of 

decoloration, aliquots of the suspension were withdrawn periodically from the 

photoreactor, the photocatalyst was removed by centrifugation and the absorbance 

spectrum of the sample was recorded. MB presents a characteristic absorbance peak at 

664 nm and thus, the dye removal was quantified by the calculation of the area below 

the peak from 540 to 700 nm and normalization to the corresponding MB peak area 

prior to the irradiation.  

 

2.3 Results and Discussion 

2.3.1 Ag modified TiO2 P25 nanoparticles. 

 

The XRD patterns of the bare and Ag modified TiO2 P25 are shown in Figure 2.3. The 

XRD profile of TiO2 P25 verifies that it comprises both anatase and rutile. In 

particular, diffraction peaks at 2θ values of 25.4, 36.9, 37.8, 48.1, 54.0 and 55.1º, can 

be indexed to the (101), (103), (004), (200), (105) and (211) crystal planes of anatase, 

while the characteristic peaks at 27.6, 36.1, 41.0 and 56.7º are attributed to the (110), 

(101), (111) and (220) rutile phase [12]. No Ag diffraction peaks were observed in the 

case of the Ag modified TiO2 P25, indicating that either the Ag loading is beyond the 
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detection limit of the diffractometer, or the silver nanoparticles were very small and 

finely deposited on the surface of the TiO2 P25 particles [13, 14]. 

 

Figure 2.3 XRD patterns of bare TiO2 P25 (black line) and TiO2 P25 modified with 

Ag nanoparticles at a 1 wt% Ag loading (red line), 1.5 wt% Ag loading (blue line), 2 

wt% Ag loading (green line), 3 wt% Ag loading (pink line) and 4 wt% Ag loading 

(olive line). 

 

Figure 2.4 depicts the UV-Vis diffuse reflectance spectra for the synthesized samples. 

When Ag nanoparticles were loaded on TiO2 P25, a broad absorption band between 

400 to 700 nm appeared due to the SPR effect of the silver nanoparticles, which 

became more pronounced as the Ag loading increased [15]. In addition, a red shift to 

higher wavelengths in the absorption edge of TiO2 P25 was observed [16-18].  
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Figure 2.4 UV-Vis diffuse reflectrance spectra of the bare TiO2 P25 particles (black 

line) and TiO2 P25 modified with Ag nanoparticles at a 1 wt% Ag loading (red line), 

1.5 wt% Ag loading (blue line), 2 wt% Ag loading (green line), 3 wt% Ag loading 

(pink line) and 4 wt% Ag loading (olive line). 

 

The successful formation of Ag nanoparticles on the surface of the TiO2 P25 

nanoparticles was further confirmed by TEM analysis, presented in Figure 2.5. TEM 

images indicate that in all cases, the silver nanoparticles synthesized by chemical 

reduction of the silver precursor salt were spherical, uniform and monodisperse, while 

no aggregation or free Ag nanoparticles were observed. In addition, no significant 

discrepancies in the Ag nanoparticles size were observed for all modified samples. 

For example, the Ag nanoparticles for the TiO2 P25 particles with at a 3 wt% Ag 

loading were calculated to have an average diameter of ~4.2 nm and a standard 

deviation of 1.4 nm (Figure 2.6), while the respective size for the titania sample with 

the maximum Ag loading, i.e. 4 wt%, was 4.5 ± 2.5 nm. In general, chemical 

reduction proceeds rapidly and in order to reduce all Ag ions, a few seconds are 

required. Consequently, small spherical nanoparticles can be obtained, since fast 

reduction methods produce a larger number of metal atoms and limit their nucleation, 

thus leading to smaller particles [11, 19].   
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Figure 2.5 TEM images of (a) bare TiO2 P25 nanoparticles and TiO2 P25 modified 

with Ag nanoparticles at a 2 wt% Ag loading (b), 3 wt% Ag loading (c) and 4 wt% Ag 

loading. The metallic nanoparticles are indicated in each photo with red arrows. 

 

Figure 2.6 Size distribution for the Ag nanoparticles deposited on the surface of TiO2 

P25 nanoparticles at a 3 wt% loading. 

 

Moreover, the photocatalytic activity of TiO2 P25, modified with Ag nanoparticles 

embedded on its surface by chemical reduction, was studied via the decoloration of 
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MB aqueous solutions under visible-light irradiation, and the respective results are 

shown in Figure 2.7.  

 

Figure 2.7 Decoloration efficiency of MB, in the absence of a photocatalyst (), in 

the presence of bare TiO2 P25 nanoparticles () and TiO2 P25 modified with Ag 

nanoparticles at a 1 wt% Ag loading (▲), 1.5 wt% Ag loading (▼), 2 wt% Ag loading 

(), 3 wt% Ag loading (◄) and 4 wt% Ag loading (■).  

 

The kinetics for the decoloration process of MB can be accounted to be pseudo-first-

order, under the assumptions that the Langmuir model is strictly followed, the 

adsorption-desorption process reaches equilibrium, the surface of the catalyst is 

homogeneous and the active adsorption sites on the surface are equivalent. The 

kinetic rate constants, k, were calculated from the first order equation: 

 
  

 

  
         

The regression coefficient of the linear fits, R
2
, was greater than 0.99 in all cases. 

Time zero in Figure 2.7 indicates the time at which irradiation starts, while negative 

time corresponds to the time allowed for the adsorption/desorption equilibrium. 

Finally, C/Co is the ratio of MB concentration in the solution during irradiation over 

the initial MB concentration. The irradiation of the dye in the absence of any 

semiconductor (photolysis) resulted in negligible decoloration rates, highlighting the 
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indispensability of the catalyst. Bare TiO2 P25 resulted in ~90% dye decoloration 

(rate constant k = 0.034 min
-1

) after 75 min of irradiation, while the loading of silver 

nanoparticles on the titania surface increased the photocatalytic performance of the 

hybrid photocatalysts up to a threshold value of 3 wt% Ag, above which the rate of 

decoloration dropped. In specific, 100% dye decoloration was observed for 3 wt% Ag 

loading on the TiO2 P25 nanoparticles (k = 0.060 min
-1

) after 75 min of irradiation, 

while the decoloration results for the photocatalysts with 1 wt%, 1.5 wt%, 2 wt% and 

4 wt% Ag loading on TiO2 P25 were ~12%, 6%, 3% and 5% respectively. The 

respective kinetic rate constants for all samples are presented in Table 2.1. 

Table 2.1 Kinetic rate constants, k for the bare TiO2 P25 and the Ag modified TiO2 

P25 particles. 

Photocatalyst k (min
-1

) 

TiO2 P25 0.034 

TiO2 P25/Ag 1 wt% 0.027 

TiO2 P25/Ag 1.5 wt% 0.037 

TiO2 P25/Ag 2 wt% 0.047 

TiO2 P25/Ag 3 wt% 0.060 

TiO2 P25/Ag 4 wt% 0.038 

 

It is generally accepted in the literature that the enhanced photocatalytic properties of 

the Ag modified TiO2 particles compared to bare TiO2, can be ascribed to the 

favourable electronic interactions between the semiconductor and the Ag 

nanoparticles. Under visible irradiation, TiO2 particles are not expected to present any 

photocatalytic activity due to their high band gap value (~3.15 eV). However, in our 

case the bare TiO2 P25 particles were found to exhibit photoactivity in the visible light 

range (see Figure 2.7). The observed photocatalytic performance could be possible 

ascribed to two mechanisms: the photoactivation of rutile TiO2 and the dye 

photosensitization of the inorganic nanoparticles [20-25]. As already mentioned, TiO2 

P25 is a mixture of anatase and rutile crystallites with the former having a lower 

energy gap value compared to the latter (3.0 eV versus 3.2 eV). Therefore, the rutile 

crystallites can be activated by the irradiation wavelengths (390-415 nm) used in the 

photocatalytic experiments. In addition, photosensitization can be also taking place 
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simultaneously. The photosensitization of a semiconductor was described as early as 

in 1977 for the N-deethylation of rhodamine B dye adsorbed on CdS [26]. The 

general principle behind this phenomenon is that electrons of the dye molecules that 

are adsorbed on the semiconductor’s surface are excited by visible light absorption, 

and thereafter these electrons are injected into the conduction band of the 

semiconductor [24]. In addition, the effective photosensitization of TiO2 by MB 

molecules in specific, has been previously suggested in the literature [22, 23, 27, 28].  

In our case, the photosensitization of the TiO2 P25 particles is possible, as the visible 

light emission lines of the lamp used in the photocatalytic setup (Appendix) coincide 

with the absorbance spectrum of MB dye molecules (see Figure 2.8). Therefore, the 

dye molecules can be excited, followed by an electron transfer into the conduction 

band of TiO2, resulting in the reduction of molecular oxygen and oxidative 

decomposition of the electron-deficient MB.  

 

Figure 2.8 Visible light absorbance spectrum of MB dye. 

 

For the Ag modified TiO2 P25 particles the photocatalytic decoloration of the dye 

molecules is even more pronounced and this enhanced performance can be ascribed to 

various synergetic mechanisms. First, the Ag nanoparticles deposited on the surface of 

TiO2 P25 can act as electron traps due to the favorable energy differences between the 

excited MB molecules, the TiO2 P25 and the Ag nanoparticles. According to the 

literature, the work functions of Ag and the excited MB molecules are -4.26 [29, 30] 

and -3.60 eV [31, 32] respectively, while the conduction band of TiO2 is ~-4.2 eV [7, 

29]. Therefore, electrons from the photoexcited dye can migrate to the conduction 
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band of TiO2 and can thereafter be trapped by the Ag nanoparticles, further facilitating 

the subsequent charge transfer to the adsorbed O2 and promoting the overall 

decoloration rates [20, 25, 33, 34]. In addition, the response of the Ag modified TiO2 

P25 was extended towards the visible light due to the strong absorbance of the noble 

metal nanoparticles in the visible light, providing more photogenerated charge carrier 

pairs that are necessary for the photocatalytic decoloration of the dye [35]. The SPR 

of the Ag nanoparticles results in the photoexcitation of electrons, that can then 

migrate through the TiO2/Ag interface [36] contributing to the enhancement in the 

photocatalytic activity under visible light irradiation. 

What is more, it is well-known in the literature that, apart from the size and 

morphology of the metal nanoparticles, the photocatalytic properties are closely 

related to the electronic interactions between the metal nanoparticles and the inorganic 

support [11]. Therefore, a critical parameter for the photocatalytic activity of the 

metal-nanocomposite materials was shown to be the metal load, as was presented in 

Figure 2.7. Sufficient amount of metal loaded on the catalyst surface will expand the 

photocatalytic response down to the visible-light region resulting in high 

photocatalytic rates. However, an excessive metal loading leads to the limitation of 

the amount of light reaching  the surface of the catalyst, and therefore to a reduction 

of the number of photogenerated charge carriers [37]. More importantly, excess noble 

metal nanoparticles can act as recombination centers for the photogenerated charge 

carriers, resulting eventually in the reduction of the photocatalytic activity of the Ag 

modified TiO2 P25 [38]. 

 

2.3.2 TiO2 P25/rGO hybrid photocatalysts. 

 

Τhe XRD pattern of GO showed a strong and sharp diffraction peak at ~12º attributed 

to the (001) crystal plane of graphene oxide, which disappeared after the 

hydrothermal reduction and was replaced by a very weak and broad peak at 24.5º 

corresponding to (002) plane of rGO, as presented in the inset of Figure 2.9 [39-41]. 

This observation points to the successful reduction of GO to rGO [4]. Furthermore, 

only peaks attributed to the TiO2 P25 particles were observed and no diffraction peaks 

for graphitic species were found for the TiO2 P25/rGO hybrids (Figure 2.9), which 
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can be attributed to the overlap of the main peak of rGO at 24.5º with the strong 

anatase peak at 25.4º for TiO2 P25. 

 

Figure 2.9 XRD patterns of bare TiO2 P25 (black line) and TiO2 P25 modified with 

rGO at a 0.5 wt% loading (red line), 1 wt% loading (blue line) and 5 wt% loading 

(green line). In the inset the XRD patterns of GO (black line) and hydrothermally 

reduced rGO (red line) are presented. 

 

FT-IR measurements for GO and rGO samples are illustrated in Figure 2.10a. The 

presence of oxygen functional groups in GO was confirmed by a number of 

characteristic bands at ~3400 cm
-1

 (O-H stretching vibrations), 1728 cm
-1

 (stretching 

vibrations from C=O), 1620 cm
-1 

(skeletal vibrations from unoxidized graphitic 

domains), 1420 cm
-1 

(C-OH) and at 1075 cm
-1 

(C-O stretching vibrations) [42, 43]. A 

significant decrease in the intensities of those bands was observed for rGO, but the 

elimination of these bands was not complete, implying that a little fraction of oxygen 

functionalities still remained in the rGO sample. Additionally, two new peaks 

emerged: at ~1580 cm
-1

, which can be attributed to the skeletal vibration (C=C) of 

rGO, as well as a second peak at 1240 cm
-1

 due to the C-O-C stretching vibration of 

rGO [44, 45]. These results point out to the successful reduction of GO to rGO during 

the hydrothermal reaction. As presented in Figure 2.10b, a broad band below 1000 

cm
-1

 was observed for the bare TiO2 P25 sample which is related to the bending and 

stretching vibrational modes of the Ti-O-Ti bonds [46]. Moreover, for the TiO2 P25 
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nanoparticles modified with rGO the skeletal vibration of rGO at∼1580 cm
-1

 was 

observed, as well the C-O-C stretching vibration of rGO at 1240 cm
-1

. Last but not 

least, an additional peak at 792 cm
-1 

emerged, assigned to Ti-O-C vibrations [47], 

verifying that during the hydrothermal reduction, the carboxylic acid groups of 

graphene oxide interacted with the surface hydroxyl groups of TiO2 nanoparticles and 

finally formed chemically bonded TiO2/rGO hybrids [48].  

 

Figure 2.10 FT-IR spectra of (a) GO (black line) and rGO (red line) and (b), bare 

TiO2 P25 (black line) and TiO2 P25 modified with rGO at a 0.5 wt% loading (red 

line), 1 wt% loading (blue line) and 5 wt% loading (green line).  

 

Diffuse reflectance UV-Vis spectra were used to determine the optical band gap 

energy values, Eg, of the bare and rGO modified TiO2 P25 via the Tauc equation: 
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 α ν     ν  g         

Where hν is the photon energy, A is the energy-independent constant, and the value of 

the exponent n is determined by the electronic transition type in the semiconductor. 

The transformed Kubelka-Munk plots as a function of light energy and the respective 

calculated Eg values are presented in Figure 2.11 and Table 2.2. The dispersion of the 

TiO2 P25 nanoparticles on the rGO layers resulted in a narrowing of the band gap 

value, which can be attributed to the chemical bonding linking of TiO2 with rGO and 

the formation of Ti–C and Ti–O–C bonds at the organic-inorganic interface [47, 49, 

50]. 

 

Table 2.2 Calculated optical band gap values, Eg, for bare TiO2 P25 and the rGO 

modified TiO2 P25 particles. 

Sample Optical band gap Eg (eV) 

TiO2 P25 3.15 

TiO2 P25/rGO 0.5 wt% 3.01 

TiO2 P25/rGO 1 wt% 2.95 

TiO2 P25/rGO 5 wt% 2.85 

 

 

Figure 2.11 Transformed Kubelka–Munk function versus light energy for the bare 

TiO2 P25 particles (black line) and the TiO2 P25 modified with rGO at a 0.5 wt% 

loading (red line), 1 wt% loading (blue line) and 5 wt% loading (green line). 
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SEM and TEM analysis was also employed to verify the successful dispersion of the 

TiO2 P25 nanoparticles on the rGO layers and to investigate the morphology of the 

hybrid materials, as presented in Figure 2.12. Typical sheet structures with 

micrometer-long wrinkles were observed for rGO (Figure 2.12a and b), while TiO2 

P25 nanoparticles were successfully deposited on the rGO sheets, via the formation 

of chemical bonds between the COOH groups of GO with the surface OH groups of 

the inorganic nanoparticles [51, 52]. TiO2 P25 nanoparticles covered the rGO sheets 

densely and tended to accumulate along the wrinkles and edges of the rGO sheets, 

because the majority of the carboxylic acid groups is most likely situated at the edges 

[53]. 

 

Figure 2.12 SEM (left) and TEM (right) images of (a) and (b) rGO sheets and TiO2 

P25 modified with rGO at a (c) and (d) 0.5 wt% loading, (e) and (f) 1 wt% loading, 

and (g) and (h) 5 wt% loading. 
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Next, the photocatalytic activity of the hybrid TiO2 P25/rGO photocatalysts was 

studied for the decoloration of MB under visible-light irradiation and the respective 

results are presented below.  

 

Figure 2.13 Decoloration efficiency of MB, in the absence of a photocatalyst (■), in 

the presence of bare TiO2 P25 nanoparticles () and TiO2 P25 nanoparticles modified 

with rGO at a 0.5 wt% rGO loading (▲), 1 wt% rGO loading (▼) and 5 wt% rGO 

loading (◄). 

 

The TiO2/rGO catalysts showed increased photocatalytic rates for the removal of MB 

in comparison with the bare TiO2 P25 nanoparticles and an activity that depended on 

the rGO content, in good agreement with the results reported in the literature [54]. 

More specifically, the photocatalytic activity of the TiO2 P25/rGO photocatalysts was 

optimum at a 1 wt% rGO loading and was reduced for higher graphene loadings (5 

wt%). The decoloration of MB in the presence of bare TiO2 P25 nanoparticles was 

found ~90% (rate constant k = 0.034 min
-1

) after 75 min of irradiation, while upon 

modification of the titania particles with 0.5 wt% rGO only ~3% of the dye remained 

(k = 0.047 min
-1

) at the same time. Moreover, the decoloration of MB in the presence 

of TiO2 P25 nanoparticles dispersed on 1 wt% rGO sheets reached ~100% within 60 

min of irradiation with a two-fold increase in the k value (k = 0.071 min
-1

). The 

photocatalytic performance of the rGO modified TiO2 was adversely affected by a 

further increase of the rGO content up to 5 wt%, as the decoloration of MB after 75 

min of irradiation was reduced to 93% (k = 0.035 min
-1

). 
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Finally, the superior performance of the rGO composite materials in comparison to 

bare TiO2 could be attributed to two different phenomena: the red shift of the 

absorption edge (see Figure 2.11), as well as to an enhanced migration efficiency of 

the photoinduced electrons. In particular, the rGO sheets can result in the 

enhancement of the visible light absorption of TiO2 due to the narrowing of its band 

gap to the visible-light region [55, 56]. This band gap value decrease can be assigned 

to the chemical bonding between rGO and TiO2, resulting from the direct interaction 

between C and Ti atoms during the hydrothermal treatment and subsequently, higher 

absorption of visible light can be achieved [12, 50]. The second key role of the rGO 

sheets, having a work function of -4.42 eV [7, 32, 33], is the ability to trap and shuttle 

electrons photogenerated in TiO2 or those transferred to the conduction band of TiO2 

(-4.2 eV) from the photoexcited MB molecules (work function of -3.60 eV)  [33, 54, 

57]. Therefore, with rGO sheets acting as electron sinks, the effective inhibition of the 

electron-hole pair recombination and the prolongation of the charge carrier pairs’ 

lifetime is effectively achieved [56]. Last but not least, a rGO content above the 

optimum value of 1 wt% resulted in the reduction of the photoactivity of the hybrid 

photocatalyst, as in this case the contact of the surface of TiO2 P25 nanoparticles with 

the incident irradiation is reduced [12, 58]. 

 

2.3.3 Ag-TiO2 P25-rGO hybrid photocatalyst. 

 

The XRD pattern (Figure 2.14) of the Ag-TiO2 P25-rGO hybrid photocatalyst did not 

show any peaks attributed to Ag or rGO, in accordance with the previous results for 

the Ag and rGO modified TiO2 P25 nanoparticles. 
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Figure 2.14 XRD pattern of the Ag-TiO2 P25-rGO hybrid photocatalyst. 

 

In order to analyze the structure of the Ag-TiO2 P25-rGO hybrid sample and to verify 

the presence of Ag and rGO in the hybrid photocatalyst, the corresponding Raman 

spectra were collected and are presented in Figure 2.15. The Raman spectra for GO 

and the hydrothermally reduced GO sheets present two bands at ~1350 cm
-1

 and 1600 

cm
-1

, attributed to the D and G bands of the graphitic materials, respectively. The D 

band is due to the modes of the sp
2 

atoms in the rings, while the G band is derived 

from the stretching of the sp
2
-hybridized carbon-carbon bonds [59]. The ratio of the 

intensity of the D band to the G band is proposed to be an indication of the disorder in 

GO or rGO [42]. An increase in D/G ratio from 0.78 for GO to 0.97 for rGO was 

observed in the Raman spectra, suggesting a decrease in the average size of the sp
2
 

domains. This phenomenon is expected, since reduction of GO causes fragmentation 

along the reactive sites, leading to numerous rGO layers which are smaller in size. In 

addition, the small size of the rGO layers would result in a large quantity of edges that 

act as defects, leading to an increase of the D peak. Furthermore, the narrow G peak 

indicates that the D peak originates from edges rather than structural defects [42].  

For the bare TiO2 P25 particles, signals assigned to the Eg, B1g, A1g and Eg modes of 

anatase phase were detected at 145, 391, 514, and 635 cm
−1

, while for the TiO2/rGO 

(1 wt%) photocatalyst, apart from the anatase TiO2 signals, two additional low and 

broad peaks are observed at 1349 cm
-1

 and 1594 cm
-1

 due to the D and G bands of 
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rGO respectively [60, 61]. In the case of Ag-TiO2 P25-rGO, there is no discrepancy of 

the spectra as compared to TiO2/rGO (1 wt%). However, the intensity of the Raman 

peaks of TiO2 P25 significantly increased compared to those of TiO2/rGO, which 

could be associated to the SPR effect of the Ag nanoparticles in the Ag-TiO2 P25 Ag-

rGO hybrid photocatalyst [10]. This phenomenon can be attributed to the plasmon 

resonance of Ag which is located at ~440 nm and is very close to the laser wavelength 

applied in the Raman experiments [62]. Since the increase of the intensity of the 

Raman peaks was observed only for TiO2 P25 and not for the rGO peaks, this is an 

indication that Ag nanoparticles were indeed present in the final hybrid photocatalyst 

and were also deposited on the surface of TiO2 and not on the rGO layers, as expected 

from the experimental process followed [10].  

  

 

Figure 2.15 Raman spectra of GO (pink line), rGO (red line), TiO2 P25 (blue line), 

TiO2/rGO 1 wt% (green line) and Ag-TiO2 P25-rGO (black line).  

 

Moreover, when TiO2 P25/Ag (3 wt%) was loaded on rGO (1 wt%), a decrease in the 

hybrid photocatalyst’s band gap value from 3.15 eV to ~2.78 eV was observed, as can 

be seen in Figure 2.16. 
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Figure 2.16 Transformed Kubelka–Munk function versus light energy of the bare 

TiO2 P25 particles (black line) and the Ag-TiO2 P25-rGO hybrid photocatalyst (red 

line). 

 

As far as the photocatalytic performance of the Ag-TiO2 P25-rGO photocatalyst is 

concerned, the enhancement observed above for Ag-TiO2 P25 and TiO2 P25/ rGO (see 

Figures 2.6 and 2.13) was boosted even further (see Figure 2.17). In particular, the 

Ag-TiO2 P25-rGO hybrid photocatalyst exhibited superior performance in the 

decoloration of MB over conventional TiO2 P25 photocatalyst, TiO2/Ag (3 wt%) and 

TiO2/rGO (1 wt%). In the first five minutes of visible-light irradiation, almost 50% of 

the initial dye was removed, while after 45 minutes dye decoloration reached 

approximately 100% (k = 0.095 min
-1

). The remaining dye after 45 min of irradiation 

for the bare TiO2 P25, TiO2 P25/Ag (3 wt%) and TiO2 P25/rGO (1 wt%) was ~22%, 

8% and 9%, respectively. 
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Figure 2.17 Decoloration efficiency of MB, in the absence of a photocatalyst (■), in 

the presence of bare TiO2 P25 nanoparticles () and Ag-TiO2 P25 modified with rGO 

(▲). 

 

This superior photoactivity can be ascribed to the enhanced photocatalytic properties 

of the hybrid catalyst due to synergistic interactions between TiO2 P25, the rGO sheets 

and the Ag nanoparticles. As presented in detail in sections 2.3.1 and 2.3.2, the energy 

level differences between rGO, TiO2 P25 and Ag nanoparticles are in favorable 

positions to promote an effective charge separation, retarding charge recombination. 

In the case of the Ag-TiO2 P25-rGO photocatalyst, this charge separation is even more 

pronounced, as the available pathways for the electron transport are increased and 

thus the recombination of electrons-holes is significantly hindered.  
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2.4 Conclusions 

 

In this work, we investigated different synthetic approaches for the enhancement of 

the photocatalytic activity of commercially available TiO2 P25 nanoparticles in the 

visible-light range. First, Ag nanoparticles were chemically reduced on the surface of 

the inorganic nanoparticles at different loadings.  The successful deposition of the Ag 

nanoparticles on the titania surface was verified by TEM, according to which, metallic 

nanoparticles, approximately ~4.5 nm in diameter, were synthesized. A red shift in the 

absorbance of the modified TiO2 P25 nanoparticles was observed due to the SPR 

effect of the Ag nanoparticles. In the second part of this chapter, the TiO2 P25 

nanoparticles were hydrothermally dispersed on GO sheets, along with the 

simultaneous reduction of GO to rGO. FT-IR, SEM and TEM measurements were 

employed to investigate the reduction of GO and the formation of the final rGO-TiO2 

P25 hybrid materials and an overall band-gap narrowing compared to bare TiO2 P25 

was observed due to the formation of Ti-O-C bonds. In both cases, the photocatalytic 

performance of the synthesized photocatalysts was evaluated in the decoloration of a 

MB aqueous solution. While an enhancement of the photoactivity of the modified 

samples was observed, the decoloration rates were found to be depended on the Ag 

or/and rGO content of the hybrid materials. 

Finally, the above two approaches were combined for the synthesis of Ag modified 

TiO2 P25 nanoparticles dispersed on rGO sheets. The proposed step by step strategy is 

simple and provides good control over the material’s properties, i.e. via the utilization 

of the optimum loadings of every component, while it exploits the individual merits as 

well as the synergetic properties of the catalyst’s counterparts. The as-prepared hybrid 

semiconductor demonstrated a superior photocatalytic response when exposed to 

visible-light irradiation, compared to conventional TiO2 P25 or the other hybrid titania 

photocatalysts, such as TiO2/Ag and TiO2/rGO. The enhancement in the 

photocatalytic activity of the Ag-TiO2 P25-rGO nanocomposites can be attributed to 

the synergetic effects of the rGO and TiO2 P25/Ag counterparts, leading to the 

suppression of electron-hole recombination. 
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3.1 Introduction 

 

The modification of a photocatalyst with a polymeric material has recently 

attracted particular attention. The two main approaches used, employ either 

conjugated polymers to extend the light absorption spectrum of TiO2 to the 

visible region, or polymers that act as templates to acquire porous structures, 

with enhanced surface area and thus photoactivity, following calcination. 

However, one of the most important shortcomings of TiO2 is its high degree of 

agglomeration, which is even more pronounced for particles in the nanometer 

range. This phenomenon affects adversely its photocatalytic efficiency, as it 

results in a decrease of the active centers available for the adsorption of organic 

pollutants and for the redox reactions to take place.  

The use of a non-conjugated polymer as a surface modifier of TiO2 has been 

proposed as an effective method to reduce its aggregation, but has attracted 

extremely limited attention in photocatalysis. In a representative work, TiO2 

nanowires were modified with a hyperbranched polyester and their 

photocatalytic activity was investigated [1]. The authors reported a higher 

photocatalytic activity for the nanocomposites compared to that of bare TiO2 

nanowires in the mineralization of wastewater, attributed to the reduction of the 

crystallite size during the modification reaction. Moreover, polymer-

functionalized TiO2 nanoparticles have been prepared by surface-initiated 

photopolymerization using 2-(tert-butylamino)ethyl methacrylate and ethylene 

glycol dimethacrylate as the monomers and cross-linker, respectively [2]. An 

enhanced photocatalytic decoloration of methylene blue (MB) in aqueous 

media was reported for the core-shell nanoparticles compared to the bare TiO2 

nanoparticles, as well as a high antimicrobial activity for the composite 

material.  

In this chapter, the enhancement of the photocatalytic performance of TiO2 

nanoparticles was investigated, via their surface modification with well-

defined, random copolymers synthesized by RAFT polymerization via the 

“grafting to” approach. First, random copolymers of poly(ethylene glycol) 

methyl ether acrylate-co-methacrylic acid (PEGA-co-MAA) or poly(ethylene 

glycol) methyl ether acrylate-co-dopamine methacrylamide (PEGA-co-DMA) 
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were synthesized by RAFT polymerization. To elucidate the effect of the 

polymerization method on the photocatalytic performance of the hybrid 

materials, a random copolymer of poly(ethylene glycol) methyl ether acrylate-

co-dopamine methacrylamide (PEGA-co-DMA) was also synthesized by free 

radical polymerization. Next, two different synthetic strategies were evaluated: 

the binding of the preformed polymer chains on commercially available TiO2 

P25 nanoparticles (ex-situ), as well as the in-situ synthesis of the TiO2 

nanoparticles in the presence of the polymer chains. The binding efficiency of 

the RAFT copolymers bearing different functional groups, carboxylic acid or 

catechol, onto the surface of TiO2 was evaluated. Finally, the photocatalytic 

performance of the hybrid photocatalysts was evaluated in the decoloration of 

MB  in aqueous media under UV-Vis light irradiation.  

 

3.2 Experimental 

 

3.2.1 Materials 

 

4,4’-azobis-4-cyanopentanoic acid (ACVA, 98%, Aldrich), methacrylic acid 

(MAA, 99%, Aldrich), poly(ethylene glycol) methyl ether acrylate (PEGA, Mn 

= 480 gmol
-1

, Aldrich), sodium hydroxide pellets (Panreac), sodium hydrogen 

carbonate (NaHCO3, 99.7%, Merck), sodium tetraborate (Na2B4O7, 99%, 

Aldrich), dopamine hydrochloride (Sigma), Aliquot 336 (Aldrich), 1-

Dodecanethiol (98%, Aldrich) and methacrylic anhydride (94%, Aldrich) were 

used without further purification. Moreover, carbon disulfide (99.9%), titanium 

isopropoxide (Ti[OCH(CH3)2]4, 97%), methylene blue (MB, 82%) and 

hydrochloric acid (HCl, 37%) were supplied by Sigma Aldrich, while 1,4-

Dioxane (99%, Sigma-Aldrich) was dried over CaH2 overnight prior to use. 

Finally, chloroform was received by Fischer Scientific, while hexane, acetone, 

2-propanol, tetrahydrofuran (THF) and ethyl acetate were all supplied by Sigma 

Aldrich. Milli-Q water with a resistivity of 18.2 MΩ at 298 K was obtained 

from a Millipore apparatus and was used for the preparation of all samples. 
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3.2.2 Synthesis of 2-(dodecylthiocarbonothioylthio)-2-methylpropanoic acid 

(CTA). 

 

The chain transfer agent, 2 (dodecylthiocarbonothioylthio)-2-methylpropanoic 

acid, was synthesized according to the procedure reported by Lai et al. [3] 

Acetone (20 gr), 1-Dodecanethiol (8 gr) and Aliquot 336 (0.65 gr) were mixed 

in a round bottom flask and were cooled to 10 °C under nitrogen before the 

dropwise addition of sodium hydroxide (50% solution, 3.5 gr). The reaction 

was stirred for an additional 15 min before the addition of 3.1 gr carbon 

disulfide in 4 mL acetone over 20 min. During this step a change of the colour 

of the reaction was observed from white to orange. Next, chloroform (7 mL) 

was added in one portion, followed by the dropwise addition of sodium 

hydroxide (50% solution, 16 gr) over 30 min. The reaction was stirred 

overnight at room temperature. Finally, 60 mL H2O were added, followed by 

the addition of 10 mL concentrated HCl (37 wt%) and the precipitated solid 

was collected and dissolved in 100 mL 2-propanol. The remaining solids were 

filtered off and next, the 2-propanol solution was evaporated to dryness and the 

solid product was recrystallized from hexane. The final product was dried under 

vacuum and was characterized by 
1
H NMR spectroscopy (Figure 3.1). 

1
H-NMR 

(500MHz, CDCl3, δ) 0.91 (t, 3H), 1.22-1.45 (m, 18H), 1.70 (m, 2H), 1.76 (s, 

6H) 3.31 (t, 2H). 

 

3.2.3 Synthesis of dopamine methacrylamide (DMA). 

 

Dopamine methacrylamide was synthesized using dopamine hydrochloride as 

the precursor [4]. In the first step, an aqueous solution of sodium tetraborate (5 

gr) and sodium bicarbonate (2 gr) in 50 mL water was prepared and degassed 

under nitrogen for 20 minutes. Next, 2.5 gr dopamine hydrochloride were 

added, followed by the dropwise addition of 2.3 mL methacrylic anhydride in 

12.5 mL THF. The pH of the solution was adjusted to pH 8 using 1 M NaOH 

and the reaction mixture was stirred overnight at room temperature. Next, the 

slurry-like solution was washed twice with ethyl acetate, while the remaining 

solids were filtered off. The obtained aqueous solution was acidified to pH 2 

using 6 M HCl, was extracted three times with ethyl acetate and was dried over 
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MgSO4. Finally, the product was acquired as a brownish solid via precipitation 

in hexane, while the successful synthesis and the purity of the final product was 

verified by 
1
H NMR spectroscopy, as presented in Figure 3.2. 

1
H-NMR 

(500MHz, CD3OD, δ) 1.91 (s, 3H), 2.66 (t, 2H), 3,39 (m, 2H) 5.53 (s, 1H), 5.63 

(s, 1H), 6.54 (m, 1H), 6.66 (m, 2H), 7.95 (s, 1H). 

 

3.2.4 Synthesis of PEGA-co-MAA and PEGA-co-DMA random copolymers by 

RAFT polymerization. 

 

First, the inhibitors were removed by passing the two monomers, poly(ethylene 

glycol) methyl ether acrylate and methacrylic acid, through a neutral Al2O3 column. In 

a typical synthesis, the copolymerization was conducted in a septum-sealed round-

bottom flask with a side-arm, at a CTA:PEGA:MAA or CTA:PEGA:DMA molar ratio 

of 1:8:3, using dry 1,4-dioxane as the solvent. In detail, an appropriate amount of the 

CTA was dissolved in 1,4-dioxane, followed by the addition of the purified monomers 

and the initiator. 4,4′-Azobis(4-cyanovaleric acid) (ACVA) was used as the initiator at 

a ACVA:CTA molar ratio of 1:7 for RAFT PEGA-co-MAA and 1:5 for RAFT PEGA-

co-DMA, respectively. The solution was stirred for approximately 5 min until it 

became homogeneous and was then degassed by three freeze-pump-thaw cycles. The 

polymerizations were carried out at 70 
o
C for 24 hr. The resulting viscous solution 

was diluted with THF and was added dropwise into cold hexane under vigorous 

stirring to precipitate the synthesized PEGA-co-MAA copolymer. In the case of 

PEGA-co-DMA the reaction mixture was purified by dialysis against H2O and then 

THF. Finally, the two copolymers were dried overnight in a vacuum oven at room 

temperature in order to be further characterized by GPC and 
1
H NMR spectroscopy. 

 

3.2.5 Synthesis of a PEGA-co-DMA random copolymer by free radical 

copolymerization. 

 

The experimental procedure followed for the synthesis of PEGA-co-DMA by free-

radical polymerization was similar to the one employed for its analogue by RAFT. In 

detail, the copolymerization was performed without the addition of the CTA, using 

2,2′-Azobis(2-methylpropionitrile) (AIBN) as the initiator at 0.9 wt% with respect to 

the monomers. Dry 1,4-dioxane was used as the solvent and after homogenization of 
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the solution by stirring, O2 was removed from the solution by purging with N2. The 

polymerization was carried out at 70 
o
C overnight and the synthesized free radical 

PEGA-co-DMA copolymer was purified by dialysis against H2O and then THF. 

Finally, the copolymer was further characterized by GPC and 
1
H NMR spectroscopy. 

 

3.2.6 Ex-situ surface modification of commercial TiO2 particles with the random 

RAFT copolymers. 

 

Commercial TiO2 P25 particles, whose properties were presented in Chapter 2 of this 

thesis, were chosen for their surface modification with the pre-synthesized polymer 

chains, as they are known to be characterized by a high degree of agglomeration [5]. 

In order to graft the polymer chains on the surface of TiO2 P25, a number of different 

synthetic strategies were evaluated and the experimental conditions used are presented 

in detail in Tables 3.1 and 3.2. First, the inorganic particles were dispersed in an 

appropriate solvent by sonication for 1 hr. Then a specific amount of the random 

copolymer was added to the TiO2 P25 suspension, which was then stirred for 24 hr in 

a thermostated oil bath. Finally, the non-bound polymer was removed by successive 

washing via several centrifugation/redispersion cycles in the reaction solvent and the 

hybrid photocatalysts were dried under vacuum overnight. The fraction of polymer 

grafted on the surface of the TiO2 P25 particles was evaluated by thermogravimetric 

analysis.  

 

3.2.7 In-situ surface modification of the TiO2 particles with the random 

copolymers. 

 

TiO2 nanoparticles were synthesized by the hydrolysis of Ti[OCH(CH3)2]4 

followed by a hydrothermal treatment [14]. In a typical synthesis, the precursor 

solution, comprising 1 mL (960 mg) titanium isopropoxide and 1 mL 2-

propanol, was added dropwise and under vigorous stirring to 10 mL H2O. A 

high H2O:alkoxide molar ratio (~150) was required to ensure complete 

hydrolysis and favor nucleation versus particle growth [14]. Upon hydrolysis of 

the titanium isopropoxide a turbid solution was obtained which was stirred for 

another 4 hr, before being transferred to a Pyrex bottle sealed with an 
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autoclavable cap. The reaction was treated hydrothermally in an oven 

thermostated at 95 
o
C for 24 hr to induce crystallization of the amorphous 

material. 

The polymer modified TiO2 nanoparticles were prepared following a similar 

synthetic procedure. The in-situ attachment of the preformed polymer chains on 

the surface of the inorganic nanoparticles was achieved by the dissolution of an 

appropriate amount of polymer in the reaction mixture (100 mg for RAFT 

PEGA-co-MAA and 100 mg or 300 mg for RAFT PEGA-co-DMA), prior to 

the hydrolysis of the alkoxide. Finally, the polymer coated nanoparticles were 

purified from the non-bound polymer chains via several centrifugation/ 

redispersion cycles in H2O and were dried under vacuum overnight. 

In order to elucidate whether the polymerization method, and thus the control over the 

polymer characteristics, has an effect on the performance of the polymer modified 

TiO2, a free radical PEGA-co-DMA copolymer was synthesized. The in-situ 

modification of titania with the preformed free radical polymer chains was performed 

under similar conditions as those used for the RAFT copolymers presented above.  

 

3.2.8 Characterization 
 

The copolymers were characterized by 
1
H NMR spectroscopy

 
using a Bruker 

AMX-500 NMR spectrometer and CDCl3 or CD3OD as the solvent. The 

molecular weights and the molecular weight distributions of the random 

copolymers were determined by gel permeation chromatography (GPC), using 

a Waters 515 isocratic pump equipped with two Polymer Laboratory 

columns, PL-Mixed-D and PL-Mixed-E, a Waters 2487 Dual 

Absorbance detector and a Waters 410 refractive index detector. THF was used 

as the eluent at a flow rate of 1 mL/min. The molecular weights of the 

copolymers were determined by the universal calibration method using 

poly(methyl methacrylate) standards.  

A potentiometric titration was performed in order to determine the MAA 

content of the RAFT PEGA-co-MAA copolymer by monitoring the increase of 

the solution pH upon the addition of 0.1 M NaOH with a Thermo Russell 
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RL150 pH-meter. A 0.03 wt% RAFT PEGA-co-MAA copolymer solution in 

H2O was first adjusted to pH 2.1 using a 0.1 M standard HCl solution to ensure 

the complete protonation of the MAA groups and was then titrated against a 

standard 0.1 M NaOH solution until pH 11.7.  

Next, the binding efficiency of the RAFT copolymers bearing different 

functional groups (carboxylic acid or catechol), onto the surface of TiO2 was 

evaluated by thermogravimetric analysis (TGA) (Perkin Elmer Diamond 

TG/DTA) under a N2 atmosphere, over a temperature range of 25–600 
o
C, at a 

heating rate of 10 
o
C/min. X-ray diffraction (XRD) patterns of the hybrid 

nanoparticles were collected on a PANalytical Xpert Pro X-ray diffractometer, 

using Cu Kα radiation (45 kV and 40 mA) at a scan step size of 0.02
o
 with a 1 

sec time per step. Attenuated total reflectance-fourier transform infrared (ATR-

FTIR) spectra were measured on a Thermo Scientific Nicolet 6700 

spectrometer in the range 400-4000 cm
-1

 with 128 scans and a resolution of 4 

cm
-1

. 

The isoelectric points (pHiep), that is the pH value at which the net charge is 

equal to zero) of the nanoparticles were determined by zeta potential 

measurements as a function of the pH of the particle dispersion at 25° C on a 

Malvern Zetasizer Nano ZS. Aqueous dispersions of the nanocatalysts (0.1 

mg/mL) at 25 mM NaCl were prepared and their pH was adjusted to the 

appropriate value using 0.1 M HCl and NaOH standard solutions. The 

dispersions were sonicated for 15 min before measurement and the average zeta 

potential value from four measurements was recorded for each sample. In 

addition, the morphology of the bare and polymer modified particles was 

examined by transmission electron microscopy (TEM, JEOL JEM-2100), by 

depositing a drop of an aqueous dispersion of the nanoparticles onto a carbon 

coated Cu grid.  

 

3.2.9 Photocatalytic study 

 

An aqueous solution of 20 mg/L MB was prepared as the target pollutant and 

the semiconductor loading in the MB aqueous suspensions was 160 ppm, while 

the experiments were carried out at pH ca. 5. The experimental setup and the 
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procedure followed were analytically described in Chapter 2, but in this study 

the lamp was axially placed in a double-walled quartz jacket that does not filter 

out any UV lines. Moreover, for the reusability tests the catalysts were 

recovered by centrifugation and were washed with H2O twice before the next 

photocatalytic cycle. 

 

3.3 Results and discussion 

 

3.3.1 CTA and DMA synthesis. 

 

The 
1
H NMR spectra of the CTA in deuterated chloroform and the DMA monomer in 

deuterated methanol are presented in Figures 3.1 and 3.2, respectively. Peak 

assigment and the peak integrals in the spectra correspond well to the chemical 

structures of the CTA and DMA and verify the successful synthesis and the purity of 

the products. 

 

Figure 3.1 
1
H NMR spectra of (2-(dodecylthiocarbonothioylthio)-2-methylpropanoic 

acid). 
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Figure 3.2 

1
H NMR spectra of dopamine methacrylamide. 

 

3.3.2 Random copolymers synthesized by RAFT polymerization.  

 

The GPC curves of the synthesized copolymers (Figure 3.3) were narrow and 

unimodal, reflecting the homogeneity of the polymer chains. The calculated molecular 

weights were determined Mn = 4500 g/mol and Mn = 3250 g/mol for RAFT PEGA-co-

MAA and RAFT PEGA-co-DMA, respectively with a polydispersity index Mw/Mn = 

1.1 for both copolymers, indicating good control over the polymerization reaction. 

 

Figure 3.3 GPC curves of (a) the RAFT PEGA-co-MAA copolymer and (b) 

the RAFT PEGA-co-DMA copolymer. 
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The 
1
H NMR spectrum for RAFT PEGA-co-MAA is shown in Figure 3.4. The 

absence of the vinyl protons at 5.5 and 6.5 ppm verified the quantitative 

polymerization of the comonomers. Additionally, the CTA:PEGA molar ratio 

in the copolymer was calculated by ratioing the integrals of the peaks a and d 

and was found 1:8, which is in good agreement with the CTA:PEGA feed ratio. 

The molecular weight of the copolymer calculated by 
1
H NMR was found 4428 

g/mol, which is in good agreement with the GPC results. 

 

 

Figure 3.4 
1
H NMR spectrum of the RAFT PEGA-co-MAA copolymer. 

 

A potentiometric titration was performed in order to determine the MAA 

content of the RAFT PEGA-co-MAA copolymer (Figure 3.5). Two inflection 

points were observed, the first one accounting for the neutralization of the 

excess of HCl added in the solution prior to the titration with NaOH and the 

second for the neutralization of the MAA units of the copolymer. The volume 

of NaOH added between those two points is required to neutralize the MAA 

groups that are present in the copolymer. Based on the CTA:PEGA (1:8) molar 

ratio calculated by 
1
H NMR and the titration data, the CTA:PEGA:MAA molar 
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ratio in the copolymer was found 1:8:2.6, close to the theoretical composition 

dictated by the monomer feed ratio (1:8:3).  

 

Figure 3.5. Titration curve for a 0.03 wt% RAFT PEGA-co-MAA aqueous solution. 

 

Next, the 
1
H NMR spectrum of RAFT PEGA-co-DMA was acquired in 

deuterated chloroform and is presented in Figure 3.6. The copolymer 

composition was determined by rationing the integrals of peaks a, e and h and a 

CTA:PEGA:DMA molar ratio of 1:6:2.5 was found, in good agreement with 

the theoretical composition of 1:8:3. Moreover, the molecular weight of the 

copolymer was calculated 3209 g/mol by NMR in good agreement with the 

GPC results, signifying the controlled copolymer synthesis. 
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Figure 3.6 

1
H NMR spectrum of the RAFT PEGA-co-DMA copolymer. 

 

3.3.3 PEGA-co-DMA copolymer synthesized by free-radical polymerization.  

 

In the case of the PEGA-co-DMA copolymer synthesized by free-radical 

polymerization, the copolymer composition cannot be determined by rationing the 

integrals of the 
1
H NMR spectrum (Figure 3.7) but GPC analysis can be used instead. 

The GPC curve of the free radical PEGA-co-DMA (Figure 3.8) was broad and the 

polydisperisty index was high, due to the non-controlled nature of free-radical 

polymerization. The calculated molecular weight was determined Mn = 9770 g/mol 

and Mn= 15929 g/mol, with a polydispersity index Mw/Mn = 1.6, typical for polymers 

synthesized by free-radical polymerization.  
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Figure 3.7 

1
H NMR spectrum of the free radical PEGA-co-DMA copolymer. 

 

 
Figure 3.8 GPC curve of the free radical PEGA-co-DMA copolymer. 
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3.3.4 Ex-situ surface modification of commercial TiO2 particles with the random 

RAFT copolymers. 

 

For the modification of the commercial TiO2 P25 nanoparticles with the random 

RAFT copolymers, various parameters than can possibly affect the binding efficiency 

were varied, such as the polymer to TiO2 P25 feed ratio, the type of solvent, the 

reaction temperature and the pH value of the reaction medium. Moreover, the effect of 

the pretreatment of the surface of TiO2 P25 with a Piranha solution or a strong acid 

was investigated, as such a pretreatment is expected to generate more surface 

hydroxyl groups [6, 7] that act as the polymer binding sites on the particle surface and 

thus enhance the polymer grafting efficiency. The experimental conditions used and 

the respective grafted polymer in each case are presented in Table 3.1. 

Table 3.1 Experimental conditions employed and grafted polymer for the surface 

modification of TiO2 P25 with RAFT PEGA-co-MAA. 

Sample Polymer:TiO2 

weight feed ratio 

Solvent Reaction 

conditions 

Τ 

(
o
C) 

Grafted 

polymer (%) 

S1 1:1 THF Natural pH (pH 6) 80 2 

S2 10:1 THF Natural pH (pH 6) 80 3 

S3 1:1 H2O Natural pH (pH 6) 25 4 

S4 10:1 H2O Natural pH (pH 6) 25 4.5 

S5 1:1 H2O pH 3 25 4 

S6 1:1 H2O pH 5 25 4.5 

S7 1:1 H2O pH 8 25 3 

S8 1:1 H2O Natural pH (pH 6) 50 5 

S9 1:1 H2O Natural pH (pH 6) 80 5.5 

S10 1:1 H2O pH 5 50 5 

S11 1:1 H2O pretreatment with 

H2SO4:H2O2 

(3:1), 80 
o
C,1 hr 

25 3.5 

S12 1:1 H2O pretreatment with 

H2SO4 1 M, 2 hr 

25 4 
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The thermogravimetric analysis results for the TiO2 sample with the highest polymer 

loading (S9) are presented in Figure 3.9. 

 

Figure 3.9 TGA curves for the bare TiO2 P25 (black line,), the RAFT PEGA-co-MAA 

copolymer (golden line), and the RAFT PEGA-co-MAA modified TiO2 P25 with a 

~5.5 wt% polymer loading (S9) (pink line). 

 

Moreover, the ATR-FTIR spectra of the RAFT PEGA-co-MAA modified TiO2 P25 

particles were recorded, to further verify the presence of the polymer on the surface of 

the titania nanoparticles and the results for sample S9 are presented in Figure 3.10. 

For the bare and the polymer modified TiO2 sample, the broad band at ~3500 cm
-1

 is 

assigned to O–H stretching modes, the band at ~1630 cm
-1

 is associated with the 

deformation vibration of the H-O-H bonds of the physisorbed water, while the broad 

band below ~900 cm
-1

 is related to the bending and stretching vibrational modes of 

the Ti-O-Ti bonds [8-10]. The RAFT PEGA-co-MAA modified TiO2 sample 

presented additional peaks at 2920, 2860, 1731, and 1110 cm
-1

 which correspond to 

the signals of the methylene (C-H), carbonyl (C=O) and ether bonds (C-O-C) of the 

copolymer. 
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Figure 3.10 ATR-FTIR spectra of the RAFT PEGA-co-MAA copolymer (golden 

line), the bare TiO2 P25 (black line) and the RAFT PEGA-co-MAA modified TiO2 

P25 with a ~5.5 wt% polymer loading (S9) (pink line). 

 

It is clear from Table 3.1 that in all cases the fraction of bound polymer is low, 

ranging between ~2 and 5.5 wt%. This can be assigned to the large aggregation of the 

inorganic particles which prevents the diffusion of the polymer chains towards their 

surface. Moreover, steric hindrance between the already bound and free polymeric 

chains  can further suppress the grafting efficiency of the polymer chains on the 

inorganic surface.  

In an effort to enhance the interactions between the binding groups of the polymer and 

the titania surface, RAFT PEGA-co-DMA was used in the next step, since catechols 

are known to be better binding groups for the TiO2 surface compared to carboxylic 

acids [11-13]. The experimental conditions used and the respective results are 

presented in Table 3.2. 
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Table 3.2 Results and experimental conditions used for the surface modification of 

TiO2 P25 with RAFT PEGA-co-DMA. 

 

 

Figure 3.11 TGA curves for the bare TiO2 P25 (blue line,), the RAFT PEGA-co-DMA 

copolymer (black line), and the PEGA-co-DMA modified TiO2 P25 with a ~8 wt% 

polymer loading (S18) (red line). 

 

As expected, the binding efficiency of the catechol bearing copolymer on the surface 

of TiO2 P25 was higher than in the case of RAFT PEGA-co-MAA. The ATR-FTIR 

spectra of the bare and the RAFT PEGA-co-DMA modified TiO2 sample (S18) which 

exhibited the higher polymer loading, were recorded in order to qualitatively confirm 

the presence of the polymer on the surface of the nanoparticles (see Figure 3.12).  

Sample Polymer:TiO2 

weight feed 

ratio 

Solvent Pretreatment Τ (
o
C) Grafted 

polymer (%) 

S13 1:1 H2O Natural pH (pH 6) 25 7 

S14 10:1 H2O Natural pH (pH 6) 25 7.5 

S15 1:1 H2O pH 3 25 6 

S16 1:1 H2O pH 5 25 6.5 

S17 1:1 H2O pH 8 25 7 

S18 1:1 H2O Natural pH (pH 6) 50 8 
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As discussed above (Figure 3.10), in the bare TiO2 P25 nanoparticles the broad band 

at ~3500 cm
-1

 is assigned to O–H stretching mode, the second peak at 1632 cm
-1

 is 

attributed to the deformation vibration of the H-O-H bonds of the physisorbed water, 

while the broad band below ~900 cm
-1

 is related to the bending and stretching 

vibrational modes of the Ti-O-Ti bonds. The RAFT PEGA-co-DMA modified TiO2 

P25 sample presented additional peaks attributed of the presence of the polymer on 

the surface of the nanoparticles. In particular the peaks at 2860 and 1730 cm
-1 

correspond to the signals of the methylene (C-H) and carbonyl (C=O) bonds, while 

the bands at 1640 and 1520 cm
-1

 to the amide I and II bands of the copolymer. 

Moreover, the peaks at 1445 and 1350 cm
-1 

are ascribed to the scissor vibration modes 

of -CH2 and -CH, respectively and finally the peak at 1100 cm
-1

 is attributed to the 

ether bond (C-O-C) of the copolymer. 

 

Figure 3.12 ATR-FTIR spectra of the RAFT PEGA-co-DMA copolymer (black line), 

the bare TiO2 P25 (blue line) and the RAFT PEGA-co-DMA modified TiO2 P25 with 

a 8 wt% polymer loading (S18), (red line). 

 

Next, the photoactivity of the bare TiO2 P25 particles and the TiO2 P25 sample 

with the higher polymer loading (S18), was investigated via the quantification 

of MB decoloration under UV-Vis light and the results are presented in Figure 

3.13. No significant photocatalytic improvement was observed for the RAFT 

PEGA-co-DMA modified TiO2 P25 catalyst in comparison with the bare TiO2 
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P25, as the polymer shell was not sufficient to suppress the aggregation of the 

inorganic particles (see Figure 3.14).  

 

Figure 3.13 Decoloration efficiency of MB, in the presence of the bare TiO2 P25 (●) 

and the TiO2 P25 nanoparticles modified with RAFT PEGA-co-DMA with a 8 wt% 

polymer loading (S18) (). 

 

 

Figure 3.14. TEM images of (a) the bare TiO2 P25 and (b) TiO2 P25 nanoparticles 

modified with RAFT PEGA-co-DMA at a ~8 wt% polymer loading (S18). 

 

Therefore, it can be concluded that a higher grafted polymer loading is 

required, and this was investigated by the in-situ synthesis of the TiO2 particles 

in the presence of the preformed polymer chains.  
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3.3.5 In-situ surface modification of the TiO2 particles with the random RAFT 

copolymers. 

 

The TGA curves for the bare and the RAFT PEGA-co-MAA modified TiO2 

nanoparticles are shown in Figure 3.15. The bare TiO2 nanoparticles exhibited a 

small weight loss (~4.5 wt%) up to 300 
o
C, due to the removal of the remaining 

water [15]. On the other hand, the polymer modified nanoparticles exhibited a 

higher weight loss of ~12 wt% at temperatures up to 500 
o
C.  

 

Figure 3.15 TGA curves for the bare TiO2 (black line), the RAFT PEGA-co-

MAA copolymer (red line) and the RAFT PEGA-co-MAA modified TiO2 at a 

titanium isopropoxide to polymer weight feed ratio of 9.6/1 (blue line). 

 

The weight loss for the RAFT PEGA-co-DMA modified nanoparticles was 15 

wt%, 3% higher than the 12 wt% obtained for the RAFT PEGA-co-MAA 

modified TiO2 nanoparticles for the same polymer to titanium  isopropoxide 

weight feed ratio (Figure 3.16). This was attributed to the higher affinity of the 

catechols for the TiO2 surface compared to the carboxylic acid groups [13]. 

Moreover, a three-fold increase of the RAFT PEGA-co-DMA:titanium 

isopropoxide weight feed ratio during the synthesis of the nanoparticles, 

increased further the polymer content to 27 wt% (Figure 3.16).  
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Figure 3.16 TGA curves for the bare TiO2 (black line,), the RAFT PEGA-co-

DMA copolymer (red line), and the RAFT PEGA-co-DMA modified TiO2 at a 

titanium isopropoxide to polymer weight feed ratio of 9.6/1 (blue line) and 

3.2/1 (green line). 

 

The surface chemistry of the hybrid nanoparticles was analyzed by ATR-FTIR 

and the acquired spectra are presented in Figure 3.17. For the bare TiO2 

nanoparticles, the broad band at ~3500 cm
-1

 is assigned to O-H stretching 

vibration mode, while the second peak at 1632 cm
-1

 is associated with the 

deformation vibration of the H-O-H bonds of the physisorbed water (Figure 

3.17a) . Finally, the broad band below ~900 cm
-1

 is related to the bending and 

stretching vibrational modes of the Ti-O-Ti bonds. The polymer modified TiO2 

nanoparticles, exhibited additional peaks at approximately 2860, 1731, and 

1110 cm
-1

 ascribed to the signals of the methylene (C-H), carbonyl (C=O) and 

ether bond (C-O-C) vibrations of the copolymers, which confirm the presence 

of the polymer on the surface of the inorganic nanoparticles (Figure 3.17a and 

3.17b). Additionally, for the RAFT PEGA-co-DMA modified TiO2 

nanoparticles (Figure 3.17b) the stretching vibrations of the phenolic group (C-

OH) of the catechol unit observed at 1280 and 1246 cm
-1

 for the bare 

copolymer, merged into one prominent peak and lost their hyperfine structure 

(see Figure 3.17b, inset). According to the literature, this result suggests that the 

polymer was grafted on the TiO2 surface via the formation of a bidentate 
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mononuclear chelating linkage and/or a bidentate binuclear bridging linkage  as 

shown in Figure 3.18 [16-18]. 

 

 

Figure 3.17. (a) ATR-FTIR spectra of the bare TiO2 (black line),  the RAFT PEGA-

co-MAA copolymer (red line) and the TiO2 nanoparticles modified with the RAFT 

PEGA-co-MAA (blue line). (b) ATR-FTIR spectra of the bare TiO2 (black line),  the 

RAFT PEGA-co-DMA copolymer (red line) and the TiO2 nanoparticles modified with 

the RAFT PEGA-co-DMA polymer at a 15 wt% (blue line) and a 27 wt% loading 

(green line). Inset: magnified area between 1340 and 1200 cm
-1

. 
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Figure 3.18. Bidentate binding modes of the RAFT PEGA-co-DMA polymer 

on TiO2: mononuclear chelating (left) and binuclear bridging linkage (right). 

 

The XRD patterns of the bare and polymer modified TiO2 particles are 

presented in Figure 3.19. The diffraction peaks at 2θ values of 25.4, 37.8, 48.1, 

54.0, 62.8, 69.7 and 75.6º, are indexed to the (101), (004), (200), (105), (204), 

(116) and (215) crystal planes of anatase, while the peak at 34º is assigned to 

the (211) crystal plane of brookite, respectively [14, 19-21]. As deduced from 

the XRD analysis, the presence of the polymer during the synthesis of the 

inorganic colloids did not affect the crystallization of the TiO2 nanoparticles.  

 
Figure 3.19 XRD patterns of the bare TiO2 (black line) the RAFT PEGA-co-

MAA modified TiO2 nanoparticles (red line) and the RAFT PEGA-co-DMA 

polymer modified TiO2 nanoparticles at a 15 wt% (blue line) and a 27 wt% 

(green line) polymer loading. 
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The surface charge of the synthesized nanocatalysts was investigated via zeta 

potential analysis as a function of the pH of the nanoparticle disperison, and the 

results are shown in Figure 3.20. The pHiep of the bare TiO2 particles was 

calculated at 6.3 in good agreement with previous reports on TiO2 nanoparticles 

of comparable size [22, 23]. For the RAFT PEGA-co-MAA modified TiO2 

particles a decrease of the positive surface charge at the low pH range was 

found and the pHiep decreased to 4.5 signifying the presence of the negatively 

charged COO
−
 groups of the polymer on the surface of the nanoparticles [24, 

25]. Moreover, the pHiep values for the RAFT PEGA-co-DMA modified TiO2 

particles were found at 4.1 and 3.5 for the 15% and 27% polymer loading, 

respectively. The decrease of the pHiep for the catechol-TiO2 complexes 

compared to bare TiO2 has been reported in the literature and was attributed to 

the inner-sphere complex formation between the metal atoms on the inorganic 

surface and the alcohol moities of catechol, leading to a negative contribution 

to the surface charge and thus shifting the isoelectric point to lower pH values 

with increasing catechol content [26, 27]. 

 

Figure 3.20 Zeta potential as a function of pH for the bare TiO2 (●), the TiO2 

modified with the RAFT PEGA-co-MAA copolymer (▲) and the TiO2 nanoparticles 

modified with the RAFT PEGA-co-DMA polymer at two loadings (15% ▼ and 27% 

◄). 
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Next, the morphology of the synthesized nanoparticles was investigated by 

TEM (see Figure 3.21). The pristine nanoparticles were highly agglomerated, 

while the aggregation of polymer modified nanoparticles was significantly 

suppressed. This can be ascribed to the excluded volume repulsive forces 

between the particles induced by the polymer grafted chains on the surface of 

the TiO2 nanoparticles, resulting in the suppression of aggregation.  

 

Figure 3.21 TEM images of the bare TiO2 (a) and the RAFT PEGA-co-DMA 

modified TiO2 at a 27 wt% polymer loading (b). 

 

The photocatalytic decoloration rate of MB under UV-Vis light irradiation was 

quantified in order to determine the efficiency of the bare and the polymer 

modified TiO2 nanocatalysts. The data for the RAFT PEGA-co-MAA modified 

TiO2 nanoparticles compared to those of the bare TiO2, the bare polymer and 

photolysis are shown in Figure 3.22, while the respective data for the RAFT 

PEGA-co-DMA modified TiO2 catalyst are shown in Figure 3.23. 

The irradiation of the dye in the absence of any semiconductor (photolysis) 

resulted in lower decoloration rates, underlining the indispensability of the 

catalysts. Moreover, the decoloration of MB in the presence of the bare 

copolymers followed a similar pattern, suggesting that the bare polymers do not 

exhibit any photocatalytic properties. On the other hand, the polymer modified 

TiO2 nanocatalysts exhibited an overall improved performance compared to the 

unmodified titania nanoparticles, regardless of the polymer type and its loading 

on the TiO2 surface. In particular, after 40 minutes irradiation time, the RAFT 

PEGA-co-MAA modified TiO2 nanocatalyst exhibited a 74% decrease in the 

dye concentration versus 53% for the bare TiO2. 
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Figure 3.22 Decoloration efficiency of MB, in the absence of a photocatalyst (■) and 

in the presence of RAFT PEGA-co-MAA () the bare TiO2 (●) and the RAFT 

PEGA-co-MAA modified TiO2 nanoparticles (▲). 

Similarly, a 66% and 68% decoloration was found for the RAFT PEGA-co-DMA 

modified nanocatalysts with 15 wt% and 27 wt% polymer loading, respectively. 

 

Figure 3.23 Decoloration efficiency of MB in the absence of a photocatalyst (■) and 

in the presence of the RAFT PEGA-co-DMA copolymer (), the bare TiO2 particles 

(●) and the TiO2 nanoparticles modified with the RAFT PEGA-co-DMA polymer at 

two loadings (15% ▼ and 27% ◄). 
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The kinetics for the decoloration of MB can be accounted to be pseudo-first 

order and the kinetic rate constants, k, for the first 40 minutes of each 

photocatalytic experiment were calculated from the first order equation: 

    

  
         

The regression coefficient of the linear fits, R
2
, was greater than 0.99 in all cases. 

The kinetic results are presented in Table 3.3 and indicate that the degradation 

of MB follows a first order kinetic rate for all photocatalysts, while the polymer 

modified TiO2 nanoparticles were in all cases more photoactive compared to 

bare TiO2. 

 

Table 3.3 Kinetic rate constants, k for the bare TiO2 and the RAFT copolymer 

modified TiO2 nanoparticles after 40 min of irradiation. 

Photocatalyst k (min
-1

) 

No catalyst (photolysis) 0.0095 

TiO2 0.0178 

PEGA-co-MAA modified TiO2 0.0325 

PEGA-co-DMA modified TiO2 (15%) 0.0259 

PEGA-co-DMA modified TiO2 (27%) 0.0242 

 

In addition, the reusability of the bare TiO2 and the RAFT PEGA-co-MAA 

modified TiO2, which exhibited the superior performance compared to the other 

polymer modified nanocatalysts, was investigated for three photocatalytic 

cycles. Figure 3.24 shows that the RAFT PEGA-co-MAA modified TiO2 

nanocatalyst displayed remarkable reusability and was more active and more 

stable during the photocatalytic cycles compared to bare TiO2. In particular, the 

performance of bare TiO2 decreased by 8%, while the activity of the RAFT 

PEGA-co-MAA decreased only by 2% during the third photocatalytic cycle. 
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Figure 3.24 Decoloration efficiency of MB in the presence of bare TiO2 (●) and TiO2 

modified with RAFT PEGA-co-MAA (▲) for three catalytic cycles. 

 

The enhanced photocatalytic performance of the hybrid nanoparticles can be 

attributed to the presence of the polymeric layer on the surface of the TiO2 

nanoparticles, which improves their dispersibility in the aqueous medium and 

increases the colloidal stability of the particle dispersion (Figure 3.25). The 

suppression of the aggregation of the TiO2 particles leads to a larger surface 

area available for adsorption and photocatalytic reactions, enhancing the overall 

photocatalytic efficiency [28, 29].  

 

Figure 3.25 Schematic representation of the suppression of the aggregation of the 

TiO2 nanoparticles upon polymer grafting. 

 

Moreover, the higher decoloration efficiency of the polymer modified 

nanocatalysts could be ascribed to the higher dye adsorption capacity of the 
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organic shell [30-32]. This phenomenon is verified, by the increase in the 

adsorption of the dye (observed as a decrease in the dye concentration in the 

solution before irradiation, at negative time values) which becomes more 

pronounced as the polymer content of the hybrid particles increases from 15 to 

27 wt% (see Figure 3.23). The results are also supported by the pHiep of the 

nanocatalysts discussed above. At pH 5 where the photocatalytic experiments 

were carried out, the bare TiO2 particles possess a positive surface charge 

(Figure 3.20) and thus the adsorption efficiency of the dye is low due to the 

electrostatic repulsion between the positively charged inorganic surface and the 

cationic dye molecules. On the other hand, the isoelectric points of the polymer 

modified TiO2 nanoparticles are all below pH 5 and the particles are negatively 

charged at this pH value (Figure 3.20) resulting in the electrostatic attraction of 

the dye onto the particle surface which leads to the increased adsorption 

efficiency [33]. As mentioned earlier, the photocatalytic degradation process is 

mainly a surficial phenomenon which occurs on the surface of the catalyst. 

Therefore, the initial adsorption of pollutants on the catalyst’s surface is 

essential for their highly efficient removal process [34-37].  

Finally, the observed decrease in the decoloration rate at longer irradiation 

times can be attributed to the formation of intermediate products which 

compete with the dye in their adsorption on the surface of the nanoparticles and 

the photocatalytic removal process [1].  

 

3.3.6 In-situ surface modification of the TiO2 particles with the random free 

radical PEGA-co-DMA. 

 

In order to elucidate whether the photoactivity of the polymer modified TiO2 is 

affected by the uniformity of the polymer chain length, in-situ modified TiO2 

particles with the free-radical PEGA-co-DMA copolymer were synthesized. 

According to the TGA results (Figure 3.26), the polymer modified 

nanoparticles exhibited a weight loss between 16 and 29%, indicating that the 

control over the polymer molecular weight and molecular weight distribution 

does not infuence the efficiency of the polymer binding on the TiO2 surface.  
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Figure 3.26 TGA curves for the bare TiO2 (black line,), the free radical PEGA-

co-DMA copolymer (red line), and the free radical PEGA-co-DMA modified 

TiO2 at a titanium isopropoxide to polymer weight feed ratio of 9.6/1 (blue line) 

and 3.2/1 (green line). 

 

The presence of the polymer and its binding mode on the surface of the TiO2 

nanoparticles were also verified by ATR-FTIR measurements (see Figure 3.27). The 

results are similar to those obtained for the RAFT PEGA-co-DMA polymer (Figure 

3.17b). The polymer modified nanoparticles exhibited additional peaks assigned to the 

characteristic signals of the methylene (C-H), carbonyl (C=O) and ether bond (C-O-

C) vibrations of the copolymer. Additionally, similar to the RAFT PEGA-co-DMA 

modified TiO2, the crystallinity of the inorganic particles was not influenced by the 

presence of the polymer in the reaction medium (Figure 3.28). 
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Figure 3.27. ATR-FTIR spectra of the bare TiO2 (black line), the free radical PEGA-

co-DMA copolymer (red line) and the free radical PEGA-co-DMA modified TiO2 

nanoparticles with a 16 wt% (blue line) and a 29 wt% (green line) polymer loading. 

 

Figure 3.28 XRD patterns of the bare TiO2 (black line) and the free radical 

PEGA-co-DMA modified TiO2 nanoparticles at a 16 wt% (blue line) and a 29 

wt% (green line) polymer loading. 
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Finally, the photocatalytic efficiency of the free radical PEGA-co-DMA modified 

TiO2 nanoparticles towards the decoloration of MB was compared to that of the 

unmodified titania. As seen in Figure 3.29, the photocatalytic activity of the free 

radical PEGA-co-DMA modified TiO2 is higher than that found for bare TiO2. These 

results indicate that even less well-defined polymer chains which can be easily and 

cost-efficiently synthesized in large industrial scale, act as effective modifiers of TiO2 

towards the enhancement of its photocatalytic performance. 

 

Figure 3.29 Decoloration efficiency of MB, in the presence of bare TiO2 () and free 

radical PEGA-co-DMA modified TiO2 nanoparticles at two polymer loadings (16% 

▼ and 29% ). 
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3.4 Conclusions 

 

In summary, hybrid TiO2 photocatalysts were prepared both ex-situ by the 

surface modification of commercially available TiO2 P25 particles and in-situ 

by modifying hydrothermally synthesized TiO2 with PEGA-co-MAA and 

PEGA-co-DMA copolymers synthesized by RAFT polymerization. The first 

synthetic approach resulted in low polymer grafting densities, which were 

significantly increased upon the in-situ modification of the titania surface 

reaching polymer loadings up to 27 wt%. ATR-FTIR spectroscopy verified the 

presence of the polymers on the surface of both the TiO2 P25 and the in-situ 

modified TiO2 nanoparticles, while for the latter the results further suggested 

that the PEGA-co-DMA copolymer was bound onto the inorganic particles via 

a bidentate binding mode. The crystallinity of the catalyst was maintained in 

the polymer grafted TiO2 and aggregation was suppressed following the in-situ 

surface modification of TiO2 with the RAFT copolymers. Moreover, zeta 

potential measurements suggested that the in-situ modification of TiO2 shifted 

the isoelectric point of the nanoparticles to lower values compared to the bare 

TiO2. 

The photocatalytic performance of the polymer modified TiO2 catalysts, was 

assessed by the decoloration rate of aqueous solutions of MB under UV-Vis 

irradiation. The in-situ polymer modified nanocatalysts exhibited a higher 

photocatalytic activity compared to the bare TiO2 nanoparticles, which was 

attributed to the reduced aggregation and the enhanced adsorption of the dye in 

the organic shell of the hybrid nanoparticles. Moreover, the PEGA-co-MAA 

modified TiO2 exhibited superior reusability compared to the bare TiO2 

nanoparticles. On the other hand, the difference of the photocatalytic 

performance of the bare and the polymer modified commercial TiO2 P25 

particles was not significant. Finally, TiO2 modified with PEGA-co-DMA 

polymer chains synthesized by free radical polymerization exhibited polymer 

grafting efficiencies and photocatalytic performance which were similar those 

found for the RAFT PEGA-co-DMA modified TiO2 nanoparticles. 
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4.1 Introduction 

                                                                                                                                                                          

The most extensively studied photocatalysts in the literature, are the wide band gap 

semiconductors, TiO2 (Eg~3.2 eV for anatase) [1] and ZnO (Eg~3.37 eV) [2]. 

However, as discussed in the introduction section of this thesis, their photocatalytic 

performance is suppressed by a number of drawbacks, including a high degree of 

recombination of the photogenerated electrons and holes and in the case of ZnO, its 

susceptibility to photochemical corrosion [3]. In order to address these issues the 

rational engineering of core-shell TiO2-ZnO structures with desired properties has 

been proposed [4].  

So far, the majority of the scientific work has focused on surface immobilized core-

shell rods which are synthesized using expensive and/or complex methods (CVD, 

ALD etc) [5-7]. Alternatively, more cost-efficient chemical routes (sol-gel, 

hydrothermal methods) can be also employed, however they are not preferred because 

they do not allow control over the particle morphology, the targeted shell thickness 

and the uniformity of contact between the two semiconductors [8-12]. On the other 

hand, it is well-known, that the properties of the core-shell semiconductors are 

strongly affected by the morphology of their structures, the amount of deposited TiO2 

and the accessibility of the pollutant to the ZnO/TiO2 heterojunction [8]. Therefore, 

control over the kinetics of the shell synthesis and the morphology of the final 

structures is of great importance for their practical applications and requires further 

investigation. 

Interestingly, ZnO-TiO2 core-shell photocatalysts in a powder form are scarce in the 

literature and, to the best of our knowledge, only spherical core-shell particles have 

been investigated [13-17]. However, ZnO is a semiconductor which exhibits the 

richest range of morphologies and therefore properties [18-22] therefore, control over 

the morphology of ZnO will allow to attain complex core-shell architectures, by 

simple, efficient and scalable methods in solution, for use in various fields.  

Recently, multi-functional surfaces than simultaneously present photocatalytic and 

superhydrophilic or superhydrophobic properties are widely desired for self-cleaning 

applications ranging from fabrics and paints to cement, roof tiles and solar panels, 

since the contaminants on such surfaces can be either decomposed, following light 
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activation, or simply be washed away by water, which in turn reduces their 

maintenance costs. [23-31].  

In this chapter, ZnO-TiO2 core-shell photocatalysts with a complex flower-like 

architecture were synthesized and their photocatalytic activity was compared to that 

of the respective individual components. In the first step, ZnO flower-like structures 

were synthesized and used as the core, for the formation of the TiO2 shell by a well-

controlled sol-gel coating reaction. Well-defined, core-shell flowers with a wurtzite 

ZnO core and an anatase TiO2 shell, with variable shell thickness, were acquired by 

appropriately adjusting the Zn/Ti precursor mass feed ratio in the reaction. Thereafter, 

hollow TiO2 flowers that retained their morphology intact were obtained, following 

the etching of the ZnO core in an acidic solution. The significance of the core-shell 

architecture was evaluated by comparing the photocatalytic performance of the 

hollow TiO2 flowers to that of the ZnO-TiO2 core-shell flower-like structures in the 

decoloration of methylene blue (MB) dye under UV-Vis light irradiation. Finally, the 

wettability of the core-shell flowers, when deposited on a glass substrate, was 

investigated without light irradiation to evaluate their self-cleaning properties. 

 

 

4.2 Experimental 

 

4.2.1 Materials 

 

Zinc acetate dihydrate (Zn(CH3COO)2∙2H2O, 99%) and hydrochloric acid (HCl, 37 

wt%) were supplied by Sigma Aldrich, while methylene blue (MB, 82%)  and 

titanium isopropoxide (Ti[OCH(CH3)2]4, TIP, 97%) were received from Aldrich. 

Sodium hydroxide (NaOH) pellets were obtained from Panreac and all reagents were 

used as received. Ethanol (98%) was received from Honeywell and was dried 

overnight over CaH2 prior to use. Finally, Milli-Q water, obtained from a Millipore 

apparatus, with a resistivity of 18.2 MΩ cm at 298 K, was used for the preparation of 

all samples.  
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4.2.2 Synthesis of the ZnO flower-like structures. 

 

The growth of the ZnO flower-like structures was performed via a hydrothermal 

method, using aqueous solutions of Zn(CH3COO)2∙2H2O and NaOH as the precursors 

[32]. In a typical synthesis, 40 mL of a 0.035 M Zn(CH3COO)2∙2H2O and 0.055 M 

NaOH aqueous solution was transferred to a 100 mL Pyrex bottle sealed with an 

autoclavable cap and was hydrothermally treated in an oven, thermostated at 70 °C, 

for 24 h. The synthesized catalyst was isolated via vacuum filtration, purified via 

extensive washing with H2O, until pH 7 was reached, and was finally dried under 

vacuum. 

 

4.2.3 Synthesis of the ZnO-TiO2 core-shell structures. 
 

For the synthesis of the ZnO-TiO2 core-shell flower-like architectures a carefully-

controlled sol-gel process was used and the reaction conditions were optimized to 

obtain a uniform and reproducible coating on the ZnO core, while diminishing side 

nucleation and TiO2 homogeneous precipitation. In particular, ZnO-TiO2 core-shell 

flowers with different shell thickness were prepared, in the following denoted as ZT, 

using a modification of the protocol reported by Li et al. [33]. Specifically, different 

mass loadings of the synthesized ZnO flowers (see Table 4.1) were dispersed in 35 

mL ethanol by ultrasonication for 1 hr. In a second step, the ZnO dispersion was 

transferred in an ice bath and 0.25 mL Ti[OCH(CH3)2]4 in 5 mL of ethanol were 

rapidly injected into the suspension under vigorous stirring. The suspension was 

stirred for 20 min, before immersion in a preheated water bath at 80 °C. Subsequently, 

a 10 mL mixture of water in ethanol (50 mL/L) was added dropwisely and the 

reaction was allowed to proceed for 2 hr at 350 rpm. The as-prepared ZnO-TiO2 core-

shell catalyst was collected by vacuum filtration, washed three times with ethanol, and 

then dried in a vacuum oven overnight. Finally, the crystallization of the amorphous 

titania shell was induced by annealing the photocatalysts in a tube furnace at 500 °C 

for 2 hr, at a heating and cooling rate of ~5 °C/min, under air. For comparison, bare 

TiO2 particles, in the absence of the ZnO core, were also synthesized following the 

aforementioned protocol. 
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4.2.4 Synthesis of the hollow TiO2 flower-like structures 

 

The hollow TiO2 flowers were acquired following the removal of the ZnO core from 

the core-shell structures, by etching in an acidic solution. The annealed ZnO-TiO2 

flower-like architectures were stirred slowly in 1 M HCl for ~10 min and were then 

collected and rinsed with water until the supernatant reached pH 7.  

 

4.2.5 Characterization 

 

The successful synthesis of the hollow and core-shell structures and their properties 

were investigated by various characterization techniques. X-ray diffraction (XRD) 

patterns were collected on a PANalytical Xpert Pro X-ray diffractometer, using Cu Kα 

radiation (45 kv and 40 mA) at a scan step size of 0.02
o
 with a 1 sec time per step. 

Photoluminescence (PL) spectra were recorded on a Jobin-Yvon/Horiba Fluoromax-P 

scanning spectrofluorometer equipped with a 150 W xenon lamp. All measurements 

were conducted at room temperature, using a 0.3 mg/mL aqueous dispersion of the 

powder samples, at an excitation wavelength of 325 nm. UV-Vis diffuse reflectance 

spectra were obtained in the wavelength range of 300-900 nm, on a Shimadzu UV-

2401 PC spectrophotometer using an ISR-240A integrating sphere. BaSO4 powder 

was used as a 100% reflectance standard and measurements were conducted by 

coating the powder sample on top of the BaSO4 base material. Nitrogen adsorption-

desorption isotherms were measured on a Quantachrome NOVA 3200e sorption 

analyzer at −196 °C and all samples were outgassed at 80 °C under vacuum (<10
-5

 

Torr) for 12 h prior to the measurement. The specific surface areas were calculated 

using the Brunauer-Emmett-Teller (BET) method, while the pore size distributions 

were obtained using the NLDFT method. The morphology of the samples and the 

atomic ratio of Ti and Zn were determined by field emission scanning electron 

microscopy (FE-SEM, JEOL JSM-7000F) and energy-dispersive x-ray spectroscopy 

(EDX) measurements. Further analysis was carried out using transmission electron 

microscopy (TEM, JEOL JEM-2100) operating at an accelerated voltage of 200 kV. 

The samples were prepared by dispersing the powders in ethanol via sonication, 

followed by the deposition of a drop of the solution onto a glass substrate for SEM, or 



Chapter 4: ZnO-TiO2 core-shell flower-like structures 

 

141 

 

on a holey, carbon-coated Cu grid for the TEM measurements. The EDX analysis was 

performed by directly depositing the powder sample on carbon tape. 

 

4.2.6 Photocatalytic and wettability study. 

 

The photocatalytic performance of the core-shell and hollow semiconductors was 

evaluated via the decoloration of a MB dye solution under UV-Vis irradiation. An 

aqueous solution of 20 mg/L MB was used as the target pollutant and the 

photocatalytic reaction proceeded with a semiconductor loading of 160 ppm. The 

experiments were carried out at pH ca. 5 and the experimental setup and the 

procedure followed were analytically described in Chapter 2. Finally, a wettability 

study was conducted for the most photoactive sample to investigate its possible 

applicability for self cleaning applications. In detail, the powder sample was dispersed 

in ethanol and was spin-coated on a glass substrate, followed by drying under 

vacuum. This process was repeated 4 times in order to ensure complete coverage of 

the substrate, which was thereafter kept at 100 
o
C for 8 hours, in order to enhance the 

adhesion of the powders on the glass substrate. Static contact angle measurements 

were performed by an automated tensiometer, using the sessile drop method. A 5 L 

Milli-Q water droplet was positioned on the surface using a micropipette in order to 

evaluate the wettability of the samples without irradiation. Three repeated 

measurements were performed by depositing droplets on different parts of the 

substrate. 

 

4.3 Results and Discussion 

 

4.3.1 ZnO flower-like structures 

 

Figure 4.1 shows the SEM and TEM images for the ZnO flower-like architectures. 

Well-defined structures were obtained, which comprised hexagonal rods (see Figure 

4.1b, inset) with an average length of ~1 μm and a diameter (measured in the middle 

of the rods) of ~300 nm growing from the center of the flower.  
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Figure 4.1 SEM images (a) and (b) and TEM images (c) and (d) of the ZnO flower-

like structures.  

 

Moreover, the respective XRD pattern of the ZnO flower-like structures (Figure 4.2) 

shows nine characteristic diffraction peaks at 2θ of 32
o
, 34.6

o
, 36.4

o
, 47.6

o
, 56.6

o
, 63

o
, 

66.5
o
, 68.1

o 
and 69.2

o
, which correspond to Miller indices (100), (002), (101), (102), 

(110), (103), (200), (112) and (201), assigned to the hexagonal wurtzite ZnO, whereas 

no characteristic peaks of other impurities were detected. 
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Figure 4.2 XRD pattern of the ZnO flower-like structures.  

 

The mechanism behind the synthesis of the ZnO flowers is based on the anisotropic 

growth of the ZnO crystal. Briefly, ZnO is a polar crystal with a positive polar (0001) 

plane rich in Zn, and an O rich negative polar (000  ) plane, respectively (see Figure 

4.3). These planes are thermodynamically unstable and in order to reduce the total 

surface energy, the ZnO crystal tends to exhibit higher growth rates towards the 

(0001) direction compared to the other facets. In the first step of the hydrothermal 

reaction, the Zn
2+ 

ions react with OH
-
 to form Zn(OH)4

2-
, which constitutes the growth 

unit and can thereafter be dehydrated to form small ZnO nuclei. These nuclei will 

initially aggregate, followed by the crystal growth step, which will preferentially 

proceed in the (0001) direction to minimize the total surface energy as mentioned 

above. In the reaction conditions used in this synthetic approach, both the nucleation 

and growth proceed slowly, and therefore well-defined ZnO flower-like structures are 

acquired [32]. 



Chapter 4: ZnO-TiO2 core-shell flower-like structures 

 

144 

 

 

Figure 4.3. Schematic representation of the wurtzite ZnO unit cell. 

 

4.3.2 ZnO-TiO2 core-shell structures. 

 

The concentrations of the TiO2 precursor and H2O, as well as the hydrolysis kinetics 

are the crucial parameters which affect the coating reaction. In this study, optimization 

of the above parameters (low precursor concentrations, slow addition of the 

H2O/ethanol mixture) ensured a homogenous coating of the core and diminished 

homogeneous precipitation. The latter was evidenced by the lack of the Tyndall effect 

in the filtrate solution [33]. The TiO2 shell thickness was tuned by varying the ZnO 

mass loading in the reaction feed, as presented in Table 4.1, while maintaining the 

other experimental parameters constant. 

Table 4.1 ZnO mass loadings and TiO2 shell thickness for bare ZnO and the ZnO-

TiO2 core-shell structures. 

Sample ZnO mass (gr) TiO2 shell thickness (nm) 

ZnO - - 

ZT1 0.125 35 ± 3 

ZT2 0.1 59 ± 7 

ZT3 0.05 85 ± 8 

ZT4 0.035 Side nucleation and 

agglomeration 
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SEM and TEM images of the synthesized core-shell samples are presented in Figures 

4.4 and 4.5, respectively. The average shell thickness of the ZnO-TiO2 core-shell 

flower-like structures was determined from the TEM images. Sample ZT1, with an 

average shell thickness of ~35 ± 3 nm, exhibited well-defined, non-agglomerated 

structures, as seen in Figures 4.4a and 4.4b. The rods of the flowers lost their 

hexagonal structure (see Figure 4.4b, inset), however the TiO2 coating was not 

uniform for all petals and the tips of the ZnO petals remained exposed (see Figure 

4.5a). A thicker TiO2 coating of ~59 ± 7 nm was obtained for sample ZT2 and resulted 

in well-defined, non-aggregated flowers (see Figures 4.4c and 4.4d), with a uniform 

TiO2 coating for all petals, as presented in Figure 4.5b. By further decreasing the ZnO 

loading in the reaction, the mean thickness of the coating increased to ~85 ± 8 nm 

(sample ZT3) and the structures became bulkier, whereas TiO2 was also accumulated 

and filled the base of the flowers (see Figures 4.4e and 4.4f). Finally, for an even 

lower ZnO mass loading (sample ZT4), side nucleation and agglomeration occurred 

(indicated with the red arrows in Figure 4.4h). The flower-like architectures lost their 

fine structure and became interconnected by the TiO2 coating (see Figures 4.4g and 

4.4h), and therefore the structural and photocatalytic properties of this sample were no 

longer investigated. 
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Figure 4.4 SEM images of the core-shell samples ZT1 (a) and (b), ZT2 (c) and (d), 

ZT3 (e) and (f) and ZT4 (g) and (h). The scale bar is in all cases 1 μm. 
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Figure 4.5 TEM images of the core-shell samples ZT1 (a), ZT2 (b) and ZT3 (c).  

 

The XRD patterns of the ZnO-TiO2 core-shell flower-like samples after annealing at 

500 
o
C are presented in Figure 4.6. All samples displayed the characteristic peaks 

attributed to the wurtzite ZnO crystal discussed above, while new peaks also emerged 

at 2θ values of 25.4º, 37.9º, 53.9º and 54.3º with Miller indices (101), (004), (105) and 

(211), respectively, indexed to TiO2 in the anatase phase. Moreover, no impurities or 

mixed phase oxides were detected. As expected, the intensity of the titania peaks 

decreased with the decrease of the shell thickness, and was undetectable for sample 

ZT1 due to its low TiO2 content [34].  

 

Figure 4.6 XRD patterns of the bare ZnO flowers (a, black line) and the core-shell 

samples ZT1 (b, green line), ZT2 (c, blue line) and ZT3 (d, red line). The TiO2 peaks 

are indicated with an asterisk, whereas the rest of the peaks are assigned to the ZnO 

core. 
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To elucidate the effect of the annealing temperature on the crystallization behavior of 

the ZnO-TiO2 core-shell flower-like photocatalysts, sample ZT2 was annealed further 

at a higher temperature (700 
o
C). As seen in Figure 4.7, mixed phase zinc titanate 

(ZnTiO3) was acquired [35, 36], which is widely used in the literature as adsorbent but 

does not exhibit significant photocatalytic performance [37]. Therefore the samples 

annealed at 500 
o
C were used for further characterization and evaluation of their 

photocatalytic properties. 

 

Figure 4.7 XRD pattern of the core-shell sample ZT2 following annealing at 700 
o
C. 

The anatase TiO2 peaks are indicated with the circles, the wurtzite ZnO peaks with the 

rhombi, while the ZnTiO3 peaks are marked with the stars. 

 

The results on the specific surface area and the porosity of the core-shell 

photocatalysts are presented in Table 4.2 and Figure 4.8. The samples exhibited low 

specific surface area values which are in good agreement with those reported for TiO2 

and ZnO structures synthesized by similar synthetic routes [38-40]. The BET surface 

area increased after coating the ZnO core with the TiO2 shell, due to the formation of 

small TiO2 nanocrystals. Moreover, the pore size distribution was found between 3 

and 15 nm, with an average diameter of ~4 nm indicating the presence of mesopores 

and did not exhibit significant variations for all synthesized samples. 
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Table 4.2 Specific surface area (SBET) and average pore diameter of the bare ZnO and 

the ZnO-TiO2 core-shell structures. 

Sample SBET (m
2
/g) Average pore diameter (nm) 

ZnO 5 4 

ZT1 18.5 4.3 

ZT2 10.5 4.5 

ZT3 7 4.3 

 

 

Figure 4.8 N2 adsorption-desorption isotherms and pore size distribution plots (insets) 

of the ZnO flowers (a) and the core-shell samples ZT1 (b), ZT2 (c) and ZT3 (d). 

 

As mentioned above, bare TiO2 particles were also synthesized following a similar 

protocol to that used for the synthesis of the core-shell photocatalysts, but in the 

absence of the ZnO core, to compare their photocatalytic activity. The SEM results 

(Figure 4.9a) indicate the formation of agglomerated sphere-like structures with a 

diameter of ~1 μm. Additionally, Figure 4.9b shows the XRD pattern of bare TiO2 

which exhibits diffraction peaks at 2θ values of 25.4º, 37.9º, 48.2º, 53.9º, 54.3º and 
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62.6º with Miller indices (101), (004), (200), (105), (211) and (204) respectively, 

attributed to pure TiO2 in the anatase phase. 

 

Figure 4.9 SEM image (a) and XRD pattern (b) of the TiO2 particles.  

 

Diffuse reflectance UV-Vis spectra were used to determine the optical band gap 

energy values, Eg, of the synthesized samples via the Tauc equation: 

 α ν     ν  g         

Where hν is the photon energy, A is the energy-independent constant, and the value of 

the exponent n is determined by the electronic transition type in the semiconductor, 

i.e., n=½ for direct allowed and n=2 for indirect allowed transitions. For the 

calculation of the optical band gap value of bare ZnO we assumed n=½, as ZnO is an 

n-type direct band gap semiconductor, while anatase TiO2 is an indirect band gap 

semiconductor and therefore its band gap was calculated using n=2 [9, 41, 42].
 
In the 

case of the core-shell samples, it was assumed that n=2, since TiO2 is the external 

layer [9]. The transformed Kubelka–Munk plots as a function of light energy are 

shown in Figure 4.10 and the calculated Eg values are presented in Table 4.3. From 

these values it can be concluded that the core-shell catalysts exhibit a lower optical 

band gap in comparison with the two bare semiconductors, which has been previously 

reported in the literature for ZnO/TiO2 heterojunctions [43-45]. In these cases, the 

observed red shift in the band gap values was attributed to the emergence of new 

energy states at the ZnO/TiO2 interfaces, but their nature has not been elucidated so 

far [8, 11, 46]. 
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Table 4.3 Calculated optical band gap values, Eg, for bare ZnO, TiO2 and the ZnO-

TiO2 core-shell structures. 

Sample Optical band gap Eg (eV) 

ZnO 3.30 

TiO2 3.16 

ZT1 3.04 

ZT2 3.08 

ZT3 3.11 

 

 

Figure 4.10 Transformed Kubelka–Munk function versus light energy for (a) the ZnO 

flowers and (b) the bare TiO2 particles (black line), the core-shell samples ZT1 (red 

line), ZT2 (blue line) and ZT3 (green line). 

  

The photocatalytic decoloration rate of an aqueous solution of MB under UV-Vis light 

irradiation was quantified in order to determine the activity of the bare and the core-

shell photocatalysts. The efficiency of the ZnO-TiO2 flower-like architectures was 

compared to that of the bare TiO2 and ZnO catalysts and to photolysis (irradiation in 

the absence of a catalyst) and the results are shown in Figure 4.11.  
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Figure 4.11 Decoloration efficiency of MB, in the absence of a photocatalyst () and 

in the presence of the TiO2 particles (), the ZnO flowers () and the ZnO-TiO2 core-

shell samples ZT1 (), ZT2 (▼) and ZT3 (▲). 

 

The kinetics for the decoloration process of MB can be accounted to be pseudo-first-

order and the kinetic rate constants, k, were calculated from the first order equation: 

 
  

 

  
         

The regression coefficient of the linear fits, R
2
, was greater than 0.99 in all cases. 

The irradiation of the dye in the absence of any semiconductor (photolysis) resulted in 

low decoloration rates, highlighting the indispensability of the catalysts. On the 

contrary, the ZnO-TiO2 core-shell flower-like catalysts exhibited a superior 

photocatalytic performance compared to that of bare TiO2 and ZnO, whereas their 

photocatalytic activity increased upon increasing the shell thickness up to the 

threshold value of ~59 nm. Above this threshold value, the photocatalytic efficiency 

of the core-shell flowers decreased. In detail, after 60 minutes irradiation time, the 

bare ZnO flowers exhibited an 81% decrease in the dye concentration (rate constant k 

= 0.027 min
-1

) versus 74% found for bare TiO2 (k = 0.020 min
-1

). For the ZnO-TiO2 

core-shell samples after 60 minutes, an 89% decoloration (k = 0.036 min
-1

) was found 

for sample ZT1 with shell thickness ~35 nm, and a 100% dye decoloration (k = 0.064 

min
-1

) for sample ZT2 (~59 nm shell thickness). Finally, for an even higher shell 
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thickness of ~85 nm (sample ZT3), a decrease in the photocatalytic performance to 

94% dye removal was measured, with a k value equal to 0.045 min
-1

.  

It is noted at this point, that the most photoactive core-shell sample (sample ZT2) 

does not possess the highest surface area (see Table 4.2). Therefore, it can be 

concluded that the specific surface area is not the dominating factor behind the 

photocatalytic activity of our synthesized core-shell samples [47-49]. A plausible 

explanation for the superior photocatalytic performance of the core-shell catalysts, 

compared to bare TiO2 and ZnO, is the more efficient charge separation of the 

photogenerated charged species, due to the suitable alignment of the energy levels of 

the two semiconductors. Specifically, despite the similar band gap energies of ZnO 

and TiO2 (~3.3 eV for ZnO and ~3.16 eV for anatase TiO2), the conduction and 

valence bands of ZnO are more negatively charged (~0.48 eV) and are located above 

those of TiO2 [9, 43, 50]. Therefore, TiO2 can act as an effective electron trap for the 

photogenerated electrons. These electrons can be transferred into the conduction band 

of TiO2 and simultaneously the TiO2 holes can be injected into the valence band of 

ZnO, promoting an efficient charge separation. The accumulated electrons in the 

conduction band of TiO2 can be consequently transferred to O2, adsorbed on the 

surface of the catalyst, and generate •OH radicals. Moreover, the h
+
 in the valence 

band of ZnO can thereafter create more •OH radicals and thus enhance the overall 

performance of the core-shell catalyst.  Furthermore, the decrease of the optical band 

gaps for the core-shell semiconductors suggests an increase of the absorbance in the 

visible range for these samples. As discussed above, this can be due to the emergence 

of new energy levels at the heterojunction between the two semiconductors. It has 

been proposed that the lifetime of the charge carriers in these energy states is 

increased, and therefore the charge recombination is suppressed [51]. 

It has been well established in the literature, that a PL emission of a semiconductor 

results from the recombination of the photogenerated electrons and holes [55]. 

Therefore, to further elucidate the differences in the photocatalytic performance of the 

ZnO-TiO2 core-shell flower-like structures, their PL emission spectra were recorded 

and are presented in Figure 4.12. The PL spectra of the synthesized sample showed a 

UV peak near band-edge emission around 390 nm, which is generated by the free-

exciton recombination [56], while a decrease in the PL intensity is observed for the 

core-shell catalysts compared to bare ZnO and TiO2. This verifies the reduced 
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recombination rate of the electrons and holes for the core-shell catalysts, whereas the 

reduction of the PL intensity for each core-shell sample is in good agreement with its 

quantified photocatalytic efficiency.  

 

Figure 4.12 Photoluminescence spectra of the bare TiO2 (black line), ZnO flowers 

(red line) and the core-shell samples ZT1 (pink line), ZT2 (green line) and ZT3 (blue 

line). 

 

The increase of the photocatalytic performance of the core-shell catalysts with the 

increase of the shell thickness is in good agreement with the literature [7, 34, 52]. It 

has been reported, that the heterojunction formed between the two semiconductors is 

an important factor which strongly affects their photocatalytic activity, because it 

facilitates an efficient charge transfer, and thus separation of the photogenerated 

electrons and holes [53, 54]. In the case of a very thin or incomplete TiO2 coating 

(sample ZT1), the contact between ZnO and TiO2 is poor and this results in a decrease 

of the charge separation efficiency. At an optimum TiO2 coating (sample ZT2), the 

heterojunction formed between the two semiconductors is highly efficient and charge 

recombination is suppressed, resulting in an enhanced photocatalytic performance. 

Upon further increasing the thickness of the TiO2 layer (sample ZT3), the charge 

transfer across the heterojunction is hindered and the photocatalytic activity is 

decreased [34]. Moreover, the core-shell catalyst with the thickest shell (sample ZT3) 

comprises flower-like structures which are interconnected by the TiO2 layer, thus 
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lowering the number of available sites for dye adsorption and therefore the 

photocatalytic reactions [52]. From the above, it is clear that there is an optimum TiO2 

shell thickness which results in the formation of an efficient heterojunction between 

the two components and facilitates the successful charge carrier separation.  

Finally, the reusability of the core-shell catalyst ZT2, which exhibited the optimum 

photocatalytic performance, was investigated for three photocatalytic cycles. As 

shown in Figure 4.13, the core-shell, flower-like catalyst displayed remarkable 

reusability and stability. In particular, the photocatalytic performance of ZT2 

decreased only by 3%, for the third photocatalytic cycle. 

 

Figure 4.13 Decoloration efficiency of MB in the presence of the ZnO-TiO2 core-

shell sample ZT2 for three catalytic cycles. 
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4.3.3 Hollow TiO2 flowers. 

 

To further highlight the importance of the efficient charge separation taking place at 

the heterojunction between the two semiconductors, the ZnO core of sample ZT2, 

which exhibited the highest photoactivity, was etched in an acidic solution. According 

to the EDX analysis of the acquired structures (Figure 4.14), no Zn peaks were 

detected, while the C signal is attributed to the carbon tape used for the deposition of 

the powder sample. The atomic percentage ratio of Ti over Zn in the hollow, flower-

like architectures was 99%, suggesting the quantitative etching of the ZnO core. In 

addition, as depicted in Figure 4.15, the flower-like morphology remained intact after 

etching and hollow TiO2 flowers were obtained, with an average shell thickness of 56 

± 7 nm (calculated from the TEM images), which is in good agreement with the shell 

thickness of the core-shell sample (59 nm). It is noted that up to date, the synthesis of 

such hollow TiO2 flower-like structures has been reported only via a one-pot reaction 

involving the deposition of TiO2 on the surface of a ZnO sacrificial template, while 

dissolving ZnO simultaneously [57]. However, in the aforementioned synthetic 

strategy, extremely hazardous hydrofluoric acid (HF) is formed as a by-product in the 

reaction medium. More importantly, it was reported that an incomplete removal of the 

ZnO core was obtained even for prolonged reaction times.  

 

Figure 4.14 EDX results for the hollow TiO2 flowers. 
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Figure 4.15 SEM (a), (b) and TEM (c), (d) images of the hollow TiO2 flowers. 

  

The photocatalytic performance of the hollow TiO2 flowers was compared to that of 

the corresponding ZnO-TiO2 core-shell sample (ZT2, see Figure 4.16). The hollow 

TiO2 flowers exhibited a 88% dye decoloration and a k constant equal to 0.030 min
-1

 

after 60 minutes of irradiation, compared to
 
~100% dye decoloration (k = 0.064 min

-1
) 

for the ZnO-TiO2 core-shell flower-like catalyst. These results are in good agreement 

with the literature and highlight the important role of the ZnO/TiO2 heterojunction in 

the photocatalytic process [8]. In addition, the hollow TiO2 flowers were more 

photoactive compared to the spherical TiO2 particles (k = 0.020 min
-1

) due to their 

unique architecture and morphology. More specifically, it is well established in the 

literature that photocatalysis is a morphology-dependent process, [58, 59] and hollow 

TiO2 structures, such as the ones presented in this work, are expected to exhibit an 

enhanced photocatalytic performance compared to the respective bulk spherical 

counterpart [60-62].
 

This superior behavior can be attributed to the higher 

accessibility of the dye molecules to the photocatalyst’s surface and the more active 

reaction sites for the redox reactions to proceed, as well as the reduced diffusion 

distance of the photogenerated charge carriers and the superior light harvesting ability 

of the photocatalyst [62-64]. 
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Figure 4.16 Decoloration efficiency of MB in the presence of the ZnO-TiO2 core-

shell sample ZT2 (▼) and the hollow TiO2 flower-like structures (). 

 

 

4.3.4 Wettability of the flower-like core-shell ZnO-TiO2 structures. 

 

Finally, the most photoactive catalyst, ZT2, was immobilized on a glass substrate to 

assess the wettability of the core-shell flower-like particles and investigate the 

possible applicability of our core-shell photocatalysts in self-cleaning applications. 

The development of self-cleaning materials was first inspired by nature 

(lotus leaves, etc, Figure 4.17), and the self-cleaning mechanism of such surfaces can 

be based on their high photocatalytic performance as well as their superhydrophilic or 

superhydrophobic properties.  
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Figure 4.17 Different types of hydrophilic, superhydrophilic and superhydrophobic 

surfaces found in nature and the corresponding properties of bio-inspired surfaces 

[65]. 

 

It is generally known in the literature, that the self-cleaning properties of metal 

oxides, such as ZnO and TiO2, are derived from two mechanisms: their photocatalytic 

activity and their photo-induced superhydrophilicity. The latter phenomenon refers to 

the reversible switching of their wetting properties from superhydrophobic to 

superhydrophilic, upon UV irradiation [66-68]. When the surface of ZnO and TiO2 is 

irradiated by UV light, the photogenerated holes oxidize the lattice oxygen resulting 

in the formation of surface oxygen vacancies, on which water and oxygen compete for 

adsorption. Hydroxyl adsorption is kinetically favored over oxygen adsorption, 

resulting in the increase of hydrophilicity of the metal oxide. However, the surface 

eventually becomes energetically unstable following the hydroxyl adsorption and the 

hydroxyl groups are gradually replaced by oxygen atoms since the adsorption of the 

latter is thermodynamically favored [66, 69]. Therefore, when the UV-irradiated 

samples are stored in the dark, the wettability of the surface is restored with time to its 

original hydrophobic state. 
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However, the indispensability of UV irradiation in order to tune the wettability limits 

the range of possible applications of these materials and increases the overall costs. In 

addition, since the photoinduced hydrophilicity is not permanent and hydrophobicity 

is quickly restored after keeping the catalyst in the dark, the self-cleaning efficiency is 

affected adversely. Therefore, the development of photocatalytically active ZnO or 

TiO2 structures that are also innately superhydrophilic without the requirement of light 

irradiation constitutes a major scientific challenge. The combination of the 

hydrophilic and photocatalytic properties of such metal oxide surfaces will result in 

the overall enhancement of their self-cleaning performance. In this case, a water film 

will be generated on the surface of the metal oxide upon wetting, due to its 

hydrophilicity, and thereafter, the adsorbed organic contaminants will be decomposed 

by photooxidation and photoreduction reactions under light exposure.  

In our case, the most photoactive core-shell sample, ZT2, exhibited excellent 

superhydrophility without UV illumination, and the water droplet wetted completely 

the surface upon contact, rendering the measurement of the contact angle impossible 

by the experimental setup (see Figure 4.18a). 

 

Figure 4.18 (a) Water contact angle without UV irradiation and (b) high 

magnification SEM image of the ZnO-TiO2 core-shell sample ZT2. In the inset a low 

magnification SEM image of sample ZT2 is shown. 

 

Several reports in the literature have shown the switching of the wettability of ZnO 

and TiO2 surfaces from hydrophobic to hydrophilic, upon UV irradiation, due to the 

generation of oxygen defects on the metal oxide surface as discussed above [66-68, 

70]. However, the ZnO-TiO2 core-shell flowers synthesized in this work show 
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complete wettability by water, even without UV irradiation, a phenomenon which has 

been scarcely reported before for metal oxides and was attributed to the presence of 

oxygen defects combined with an increased roughness of the inorganic surface [71-

75].
 
It is known that a moderate temperature annealing, such as the one employed 

herein for the crystallization of the ZnO-TiO2 core-shell flowers at 500 °C, can 

generate surface oxygen vacancies similar to those formed upon UV irradiation of the 

sample, resulting in a hydrophilic surface [74, 76-79]. The hydrophilicity of the 

sample is further enhanced by the increased roughness of the metal oxide surface that 

was reported previously for bare TiO2 and ZnO flower-like microstructures, among 

others [75, 80, 81]. It is therefore believed, that these oxygen defects combined with 

the hierarchical micro- and nano-scale roughness of the ZnO-TiO2 samples, derived 

from the 3D flower-like architecture and the TiO2 nanoparticles deposited on the ZnO 

surface, respectively (see Figure 4.18b and inset), lead to the superhydrophilicity and 

self-cleaning properties of the flower-like core-shell ZnO-TiO2 structures. 
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4.4 Conclusions  

 

In summary, core-shell photocatalysts with a complex, flower-like morphology 

comprising a wurtzite ZnO core and an anatase TiO2 shell were prepared by a simple, 

controlled and reproducible process. In the first step, the monodisperse flower-like 

ZnO cores were synthesized, that were thereafter coated with a TiO2 shell of a tunable 

thickness by a well-controlled sol-gel reaction. The flower-like architecture was 

maintained up to a titania shell thickness of ~85 nm, after which the structures started 

to aggregate and side nucleation was observed. In addition, hollow TiO2 flowers, 

which retained their morphology intact, as verified by TEM analysis, were obtained 

after etching the ZnO core. Based on the BET measurements of the core-shell 

samples, the specific surface area values increased after coating the ZnO core with the 

TiO2 shell, while the pore size distribution indicated the presence of mesopores with 

an average diameter of ~4 nm. Additionally, a red shift of the band gap values was 

found for the core-shell catalysts in comparison with the two bare semiconductors. 

The photocatalytic performance of the bare and core-shell catalysts was assessed by 

the decoloration rate of aqueous solutions of MB under UV-Vis irradiation. The ZnO-

TiO2 core-shell photocatalysts exhibited a superior photoactivity compared to that of 

the bare TiO2 particles, the ZnO flowers and the hollow TiO2 flowers. The enhanced 

photoactivity of the core-shell samples was attributed to the effective separation of the 

photogenerated holes and electrons at the heterojunction between the two 

semiconductors, a phenomenon that was also verified by PL measurements. 

Moreover, the photocatalytic performance was influenced strongly by the TiO2 shell 

thickness, exhibiting an optimum at a thickness of ~59 nm. Finally, the most 

photoactive ZnO-TiO2 core-shell catalyst exhibited excellent reusability and stability 

for at least three photocatalytic cycles, as well as outstanding superhydrophilicity 

without UV irradiation. The simple and cost-effective synthetic strategy proposed 

herein can be utilized in the preparation of materials for a large number of self-

cleaning applications which require metal oxides with complex architectures and 

synergistic properties.   
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5.1 Introduction 

 

As mentioned in the previous Chapters of this thesis, the photocatalytic performance 

of TiO2 in suppressed by its inadequate absorption in the visible light range, as well as 

the high degree of recombination of the photogenerated charge carrier pairs. The 

synthesis of TiO2-ZnO core-shell heterostructures was presented in Chapter 4 and 

they were evaluated as effective structures to diminish charge recombination due to 

the favorable energy differences between the two semiconductors. Accordingly, the 

modification of TiO2 with rGO sheets in Chapter 2 was shown to exhibit synergistic 

merits, such as enhanced separation of the photogenerated electrons and holes, as well 

as an extension of its photocatalytic response towards the visible light range. 

However, the combination of these two aforementioned approaches towards the 

synthesis of a ternary photocatalyst comprising TiO2, ZnO and rGO has been scarcely 

reported in the literature [1-4]. In a representative study, Johra et al., synthesized a 

photocatalyst comprising spherical TiO2 and rod-like ZnO mixed particles, 

hydrothermally modified with GO [1]. The composite photocatalyst exhibited a 

higher photocatalytic activity towards the degradation of Cr(VI) under UV irradiation, 

compared to the bare TiO2–ZnO analogues, which was attributed to an increased light 

absorption and the suppression of electron-hole recombination. 

However, the previous studies on ternary TiO2, ZnO and rGO photocatalysts refer 

only to nanocomposites of mixed TiO2 and ZnO particles, while more complex 

architectures have not been examined yet. However, control over the morphology of 

the rGO-ZnO-TiO2 heterostructures is very important, as it significantly affects 

important properties of the composite material such as the surface area, interfacial 

contact and chemical bonding [5]. What is more, the degree of contact between the 

rGO sheets and the inorganic nanoparticles in the final ternary photocatalyst in studies 

presented so far is poor. This contact has been reported to heavily influence the 

photocatalytic performance of TiO2 [6-9]. 

Therefore, the tailored synthesis of well-defined, complex core-shell ZnO-TiO2 with 

visible light activity is expected to be of great scientific interest. In this work, we 

investigate the extension of the photocatalytic response of the complex core-shell 

ZnO-TiO2 flower-like structures prepared in Chapter 4, towards the visible light 

range. First, core-shell flowers with a wurtzite ZnO core and an anatase TiO2 shell of 
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a 59 ± 7 nm shell thickness were synthesized, followed by their surface 

functionalization with 3-aminopropyl-trimethoxysilane (APTMS). Next, the ZnO-

TiO2 heterostructures were hydrothermally wrapped with rGO sheets of tunable mass 

ratio based on the electrostatic interactions between the negatively charged GO sheets 

and the positively charged inorganic surface resulting in strong rGO-inorganic surface 

contact. Finally, the photocatalytic performance of the obtained hybrid photocatalysts 

was compared to that of the bare core-shell ZnO-TiO2 structures (see Chapter 4) in the 

decoloration of aqueous solutions of MB under visible light irradiation.  

 

5.2 Experimental 

 

5.2.1 Materials 

 

Zinc acetate dihydrate (Zn(CH3COO)2∙2H2O, 99%), hydrochloric acid (HCl, 37 wt%), 

3-aminopropyl-trimethoxysilane (H2N(CH2)3Si(OCH3)3),  sodium nitrate (NaNO3) 

and graphite were supplied by Sigma Aldrich, while methylene blue (MB, 82%)  and 

titanium isopropoxide (Ti[OCH(CH3)2]4, TIP, 97%) were received from Aldrich. 

KMnO4 was supplied by Scharlau. Sulfuric acid (H2SO4) was supplied by PENTA, 

while hydrogen peroxide (H2O2) 30% solution in H2O was provided by Chem-Lab. 

Ethanol (98%) was received from Honeywell and was dried overnight 

over CaH2 prior to use. Finally, Milli-Q water, obtained from a Millipore apparatus, 

with a resistivity of 18.2 MΩ cm at 298 K, was used for the preparation of all 

samples.  

 

5.2.2 Synthesis of the ZnO flower-like structures and the ZnO-TiO2 core-shell 

heterostructures. 

 

The synthesis of the bare ZnO flower-like structures, as well as the flower-like ZnO-

TiO2 core-shell structures, was presented in detail in the previous Chapter of this 

thesis. For the experiments carried out in this work, the ZnO-TiO2 core-shell sample 

which exhibited the highest photoactivity, i.e. with a TiO2 coating of 59 ± 7 nm, was 

used. Briefly, for the preparation of the aforementioned sample, 0.1 gr ZnO flowers 

were dispersed in 35 mL ethanol by ultrasonication for 1 hr. In a second step, the ZnO 
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dispersion was transferred in an ice bath and 0.25 mL Ti[OCH(CH3)2]4 in 5 mL  

ethanol were rapidly injected into the suspension under vigorous stirring. The 

suspension was stirred for 20 min, before immersion in a preheated water bath at 80 

°C. Subsequently, a 10 mL mixture of water in ethanol (50 mL/L) was added 

dropwisely and the reaction was allowed to proceed for 2 hr at 350 rpm. The as-

prepared ZnO-TiO2 core-shell catalyst was collected by vacuum filtration, washed 

three times with ethanol, and then dried in a vacuum oven overnight. 

 

5.2.3 Synthesis of graphene oxide (GO). 

 

GO was synthesized by a modified Hummers’ method from graphite powder [10]. For 

this, graphite powder (1.0 g) was added into a mixture of H2SO4 (23 mL, 98%) and 

NaNO3 (0.5 g). The mixture was stirred and cooled in an ice bath. While maintaining 

vigorous stirring, KMnO4 (3 g) was added in portions over a period of 2 hr. The 

reaction mixture was allowed to reach room temperature in 4 hr, before being heated 

to 35 °C for 30 min. It was then added into a flask containing nanopure H2O (50 mL) 

and was further heated to 70 °C for 15 min. The mixture was thereafter poured into 

250 mL of H2O and the unreacted KMnO4 was removed by the addition of 3% H2O2. 

The final material was purified by successive washing via several 

centrifugation/redispersion cycles in H2O and was finally dried in a vacuum oven. An 

aqueous GO suspension was prepared by the ultrasonication of an appropriate amount 

of GO in water (0.5 mg GO/ml H2O) for 1 hr.  

 

5.2.4 Synthesis of rGO modified ZnO-TiO2 core-shell structures. 

 

For the preparation of the rGO wrapped ZnO-TiO2 core-shell structures, the inorganic 

core-shell particles were first modified with APTMS. Typically, 400 mg of the ZnO-

TiO2 core-shell structures were dispersed in 200 mL of ethanol by ultrasonication. 

Then, 3 mL of APTMS were added and the dispersion was refluxed at 90 °C 

overnight. Then, the APTMS-treated ZnO-TiO2 flowers were rinsed with ethanol to 

remove the non-bound APTMS and were dried under vacuum overnight. 

Next, an appropriate amount of the GO suspension was added to the APTMS-treated 

ZnO-TiO2 dispersion in H2O under vigorous stirring, to obtain hybrid photocatalysts 

with 0.5, 2 and 5 wt% GO content. After stirring for 1 hr, the dispersion was 
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centrifuged, washed with H2O and dried under vacuum overnight. To evaluate the 

effect of APTMS on the interaction between the GO layers and the ZnO-TiO2 core-

shell structures, the aforementioned process was repeated for the hybrid photocatalyst 

with 2 wt% GO content, using flower-like ZnO-TiO2 core-shell particles without the 

APTMS pretreatment. 

The GO modified heterostructures were then dispersed into a mixture of H2O/EtOH 

(2:1) and were hydrothermally treated in a Teflon-lined stainless steel autoclave at 

120 °C for 24 hr. After the hydrothermal reduction of GO to rGO which could be 

observed visually by a colour change from light to dark grey (see Figure 5.1), the 

photocatalysts were calcined in a tube furnace at 500 °C for 2 hr under N2, at a 

heating and cooling rate of ~5 °C/min, to remove any remaining organic impurities 

and to obtain highly crystalline rGO wrapped flower-like ZnO-TiO2 core-shell 

structures (in the following denoted as ZT-rGO). 

 

Figure 5.1 rGO modified ZnO-TiO2 core-shell material before (upper row) and after 

(bottom row) the hydrothermal reduction of GO to rGO. 

 

 

5.2.5 Characterization 

 

The rGO modified core-shell structures were characterized by Raman spectroscopy at 

room temperature on a Nicolet Almega XR Raman spectrometer (Thermo Scientific) 

with a 473 nm blue laser as an excitation source at a high resolution mode. Attenuated 

total reflectance-fourier transform infrared (ATR-FTIR) spectra were measured on a 

Thermo Scientific Nicolet 6700 spectrometer in the range 400-4000 cm
-1

 with 64 

scans and a resolution of 4 cm
-1

. UV-Vis diffuse reflectance spectra were obtained in 
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the 300-800 nm wavelength range, on a Shimadzu UV-2401 PC spectrophotometer 

using an ISR-240A integrating sphere. BaSO4 powder was used as a 100% reflectance 

standard and measurements were conducted by coating the powder sample on top of 

the BaSO4 base material. Finally, the morphology of the samples was investigated by 

field emission scanning electron microscopy (FE-SEM, JEOL JSM-7000F). The 

samples were prepared by dispersing the powders in ethanol via sonication, followed 

by the deposition of a drop of the solution onto a glass substrate and overnight drying 

under air. 

 

5.2.6 Photocatalytic study 

 

The photocatalytic performance of the bare and rGO modified core-shell 

semiconductors, was evaluated via the decoloration of a methylene blue dye solution 

under visible light irradiation at pH ca. 5. An aqueous solution of 20 mg/L MB was 

used as the target pollutant and the photocatalytic reaction proceeded at a 

semiconductor loading of 160 ppm. The experimental setup and the procedure 

followed were analytically described in Chapter 2.  

 

5.3 Results and Discussion 

 

5.3.1 Graphene oxide  

 

The prepared GO was characterized by XRD and by Raman and FTIR spectroscopy. 

The XRD pattern of the as synthesized GO exhibited a single peak at ~10
o
. This peak 

is ascribed to the (001) crystalline plane of GO and indicates the successful oxidation 

of graphite [11-13].  
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Figure 5.2 XRD pattern of GO. 

 

The Raman spectrum of GO exhibited two peaks at ~1355 cm
-1

 and 1600 cm
-1

, 

assigned to the D and G band respectively, which are both typical for graphitic 

materials [14, 15]. As mentioned in Chapter 2, the D band is assigned to the modes of 

the sp
2 

atoms in rings, while the G band is due to the stretching vibration of the sp
2
-

hybridized carbon-carbon bonds [16]. 

 

Figure 5.3 Raman spectrum of GO. 
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The ATR-FTIR pattern of GO presents a number of characteristic peaks associated 

with the oxygen functional groups introduced onto the graphitic sheets via the 

oxidation of graphite. Specifically, the broad band at ~3400 cm
-1

 is ascribed to the O-

H stretching vibrations, while the peaks at ~1040 and 1720 cm
-1

 arise due to the C-O 

and C=O stretching vibrations, respectively. Last but not least, the peak at 1615 cm
-1 

is assigned to the skeletal vibrations of the remaining unoxidized graphitic domains 

[17, 18].   

 
Figure 5.4 ATR-FTIR spectrum of GO. 

 

5.3.2 rGO modified ZnO-TiO2 core-shell structures. 

 

First, the synthesis of the ZT-rGO structures with a 2 wt% GO content was performed 

with and without APTMS pretreatment to evaluate whether the APTMS pretreatment 

affects the morphology of the hybrid photocatalysts. As seen in Figure 5.5, when the 

surface of the ZnO-TiO2 flower-like structures was not functionalized with the amine 

groups prior to the introduction of the GO, some graphitic sheets were not fully 

wrapped around the inorganic surface. On the contrary, in the case of the APTMS 

pretreated inorganic material, the graphitic sheets attached well on with the ZnO-TiO2 

flower-like structures (Figure 5.5b).  
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Figure 5.5 SEM images of ZT-rGO with a 2 wt% rGO loading without (left) and with 

(right) APTMS pretreatment.  

 

The reason for the observed increase of the attachment of the rGO sheets on the 

inorganic surface are the enhanced electrostatic interactions between the APTMS 

modified surface and the GO sheets. The APTMS treatment of the ZnO-TiO2 core-

shell flower-like structures resulted in the formation of a positively charged inorganic 

surface, onto which the negatively charged GO sheets can spontaneously attach [19-

22]. A high degree of contact between a semiconductor and the graphitic layers is 

known to be highly desirable, as it results in a more effective charge separation during 

the photocatalytic process [6-9]. Therefore, in the following experiments, the amine 

pretreated flower-like ZnO-TiO2 core-shell structures were employed. 

Next, GO sheets were wrapped around the APTMS modified flower-like ZnO-TiO2 

core-shell structures at different GO loadings, and the respective results are presented 

in Figure 5.6. The coverage of the flower-like structures with the graphitic sheets was 

significantly affected by the graphitic content of the composite. The graphitic sheets 

wrapped completely the inorganic structures up to 2 wt% loading (Figures 5.6a to d), 

above which, free, non-attached sheets were also observed (Figures 5.6e to f). 
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Figure 5.6 SEM images of ZT-rGO with 0.5 wt% (a) and (b), 2 wt% (c) and (d) and 5 

wt% (e) and (f)  rGO content. 

 

The rGO modified core-shell samples were also characterized by ATR-FTIR 

spectroscopy and the results are shown in Figure 5.7. New peaks were observed for 

the ZT-rGO structures, verifying the presence of rGO on the inorganic surface. In 

particular, a peak at ∼1560 cm
-1

 was observed which was attributed to the skeletal 

vibration mode of rGO, while the C-O-C stretching vibration of rGO emerged at 1230 

cm
-1

 [23, 24]. Moreover, the peaks at 1400 and 1070 cm
-1 

were assigned to the C-OH 

and C-O vibration modes of the graphitic material, respectively. 
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Figure 5.7 ATR-FTIR spectra of bare ZnO-TiO2 core-shell flowers (black line) and 

ZT-rGO with 0.5 wt% (red line), 2 wt% (green line) and 5 wt% (blue line) rGO 

loading. 

 

The presence of the graphitic sheets on the surface of the flower-like ZnO-TiO2 core-

shell structures was further verified by Raman spectroscopy (Figure 5.8). For bare 

TiO2, the peaks at 142, 391, 517 and 630 cm
-1

 were assigned to the Eg, B1g, A1g+ B1g 

and Eg modes of the anatase phase, respectively [25]. In addition, the Raman spectrum 

for the ZnO flowers exhibits two low peaks at approximately 435 and 1145 cm
−1

, 

which correspond to the E2
high

 and 2LO modes of wurtzite, respectively [26, 27]. 

These peaks were also observed for the flower-like ZnO-TiO2 core-shell structures 

(Figure 5.8a, the TiO2 peaks are indicated with a rhombus and the ZnO peaks with a 

circle). Moreover, the rGO modified ZnO-TiO2 core-shell presented additional Raman 

lines at 1355 cm
-1

 and 1590 cm
-1

, that are assigned to the D and G peaks of rGO, 

respectively (see discussion above in section 5.3.1). 
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Figure 5.8 Raman spectra of (a) anatase TiO2 (black line), ZnO flowers (red line) and 

ZnO-TiO2 core-shell flowers (blue line) and (b) ZT-rGO with 0.5 wt% (red line), 2 

wt% (green line) and 5 wt% (blue line) rGO loading. 

 

The band gap energy values, Eg, of the synthesized ZT-rGO samples were determined 

by UV-Vis diffuse reflectance measurements, via the Tauc equation: 

 α ν     ν  g         

Where hν is the photon energy, A is an energy-independent constant and the exponent 

n is determined by the electronic transition type in the semiconductor. In this case, the 



Chapter 5: Flower-like ZnO-TiO2- rGO core-shell structures 

180 

 

band gap values were calculated using n=2, as  the indirect band gap semiconductor 

TiO2 is the external layer of the cores-shell flowers [28].  

The normalized transformed Kubelka–Munk plots as a function of light energy are 

shown in Figure 5.9, while the calculated Eg values are presented in Table 5.1. A 

decrease in the band gap values and an enhanced absorbance in the visible region was 

observed for the rGO modified ZnO-TiO2 core-shell structures compared to their 

precursor analogue, in good agreement with the literature [29-31].   

 

 

Figure 5.9 Normalized transformed Kubelka–Munk function versus the light energy 

for the bare ZnO-TiO2 core-shell flowers (black line) and ZT-rGO with 0.5 wt% (red 

line), 2 wt% (green line) and 5 wt% (blue line) rGO loading. 

 

Table 5.1 Calculated optical band gap values, Eg, for the bare and the rGO modified 

ZnO-TiO2 core-shell structures. 

Sample Eg (eV) 

ZnO-TiO2 3.08 

ZT-rGO 0.5 wt% 2.97 

ZT-rGO 2 wt% 2.84 

ZT-rGO 5 wt% 2.72 
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Next, the photocatalytic activity of the bare and the rGO modified ZnO-TiO2 core-

shell structures was evaluated for the decoloration of an aqueous solution of MB 

under visible light irradiation, and the results are shown in Figure 5.10.  

 

 

Figure 5.10 Decoloration efficiency of MB in the absence of a photocatalyst () and 

in the presence of bare ZnO-TiO2 core-shell flowers () and ZT-rGO with 0.5 wt% 

(), 2 wt% (◄) and 5 wt% (▲) rGO loading. 

 

The kinetic rate constants, k, for the decoloration process of MB were calculated from 

the first order equation: 

 
  

 

  
         

The regression coefficient of the linear fits, R
2
, was greater than 0.99 in all cases. 

The irradiation of the dye in the presence of the rGO modified flower-like ZnO-TiO2 

core-shell photocatalyst exhibited, in all cases, a superior photocatalytic performance 

compared to that of the bare ZnO-TiO2 photocatalyst. In addition, their photocatalytic 

activity was depended on the rGO content and was optimum for the ZT-rGO sample 

with a 2 wt% rGO loading. Upon further increase of the rGO loading to 5 wt% the 

performance of the ternary photocatalyst was reduced. 
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In detail, after 120 minutes irradiation time, the bare ZnO-TiO2 photocatalyst 

exhibited ~51% decrease in the dye concentration (rate constant k = 0.0056 min
-1

). 

The respective dye decoloration for the ZT-rGO sample with a 0.5 wt% rGO loading 

after 120 minutes of irradiation was 76% (k = 0.011 min
-1

), while the ZT-rGO 

photocatalyst with a 2 wt% rGO content exhibited the highest photoactivity among 

the studied samples with a 86% dye removal (k=0.015). Finally, a further increase of 

the rGO loading to 5 wt% resulted in a decrease of the performance of the rGO 

modified ZnO-TiO2 photocatalyst to a 60% dye decoloration, with a rate constant 

k=0.007 min
-1

. 

The unmodified ZnO-TiO2 core-shell photocatalyst exhibited a low photoactivity in 

the visible light range when the UV lines below 390 nm were filtered out. This was 

attributed to its photonic activation in the 390-400 nm range, given the band gap value 

of the material at 3.08 eV. On the other hand, the photocatalytic performance of the 

rGO modified ZnO-TiO2 photocatalysts was significantly higher compared to that of 

the unmodified core-shell analogue. This enhanced photoactivity was assigned to the 

band gap narrowing and the red shift in the absorption edge of the ZT-rGO 

photocatalysts, as the rGO sheets act as sensitizers in the visible light range [32, 33]. 

A second plausible mechanism behind the superior photocatalytic performance of the 

ZT-rGO core-shell architectures is the suppression of recombination of the 

photogenerated electrons and holes and the enhanced charge separation and migration, 

due to the favorable energy differences between ZnO, TiO2 and rGO. In particular, 

rGO can act as a trap for the electrons transferred to the conduction band of TiO2 from 

ZnO and as a result, the charge recombination is significantly inhibited and the overall 

performance of the ternary core-shell photocatalyst is enhanced [33]. Last but not 

least, an excessive rGO content (above the optimum value of 2 wt%) resulted in the 

reduction of the photoactivity of the hybrid photocatalyst. This can be attributed to a 

less efficient electron transfer due to the presence of non-attached rGO sheets and a 

decrease of the photocatalyst’s surface active sites that could get disadvantageously 

blocked by rGO. In addition excess rGO contents could absorb the visible light, thus 

shielding the incident irradiation from reaching the photocatalyst’s surface [34, 35]. 
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5.4 Conclusions 

 

In summary, we investigated the enhancement of the photocatalytic performance and 

the extension of the absorption of complex flower-like ZnO-TiO2 core-shell structures 

towards the visible light range. In the first step, core-shell flowers with a wurtzite 

ZnO core and an anatase TiO2 shell with a 59 ± 7 nm shell thickness were prepared 

and their surface was functionalized using APTMS. In addition, GO was successfully 

synthesized by the oxidation of graphite flakes, as verified by XRD, Raman and ATR-

FTIR measurements. The ZnO-TiO2 core-shell structures were then hydrothermally 

wrapped with rGO sheets of tunable mass loadings. The morphology of the rGO 

modified inorganic structures was investigated by SEM and it was observed that the 

amine functionalization resulted in stronger interactions between the rGO sheets and 

the TiO2 shell due to favorable electrostatic attraction. In addition, the coverage of the 

flower-like structures with the graphitic sheets was significantly affected by the rGO 

content. A red shift in the absorbance edge towards the visible light region was 

observed for the rGO modified ZnO-TiO2 core-shell structures compared to the bare 

ZnO-TiO2. 

Finally, the photocatalytic performance of the obtained hybrid photocatalysts was 

assessed and compared to that of the bare core-shell ZnO-TiO2 for the decoloration of 

aqueous solutions of MB under visible light irradiation. The rGO modified ZnO-TiO2 

photocatalyst exhibited a superior photoactivity compared to that of the bare ZnO-

TiO2 core-shell structures, which was attributed to their enhanced absorption in the 

visible light range, as well as the promoted electron and hole separation due to the 

appropriate energy differences between ZnO, TiO2 and rGO. Last but not least, the 

photocatalytic performance of the rGO modified ZnO-TiO2 hybrid structures was 

strongly dependent on the rGO content, exhibiting an optimum decoloration rate at a 2 

wt% rGO loading. 
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The worldwide intensification of the industrial activities during the last decades has 

resulted in a dramatic increase of pollutants which are introduced into the 

environment. Among them, dyes are considered as one of the most commonly 

detected and hazardous class of pollutants of the industrial effluents. Their adverse 

environmental impact is undisputed among the scientific community, and is attributed 

to the aesthetically unpleasant appearance, as well as the low sunlight penetration and 

oxygen solubility of colored wastewaters that hinder photosynthesis. More 

importantly, dyes have been linked to allergenic, carcinogenic, mutagenic, and 

teratogenic effects.  

Conventional treatment methods have been proven inadequate for the efficient 

removal of dyes from the aquatic matrices. Towards this direction, more effective and 

low-cost methods for water and wastewater purification, Advanced Oxidation 

Processes (AOPs), and in specific heterogeneous photocatalysis, have attracted 

significant scientific attention. TiO2 is the catalyst of choice when it comes to 

photocatalytic applications, but the maximization of its performance is hindered by a 

number of drawbacks, such as its low absorbance in the visible light range, its 

significant particle agglomeration and its high degree of charge recombination. 

This PhD thesis investigates the enhancement of the efficiency of TiO2 via the 

development of novel complex materials presenting multi functional behavior. 

Various facile synthetic approaches were examined aiming towards the extension of 

its absorption edge towards the visible light, the suppression of its aggregation, and/or 

the promotion of the separation of the photogenerated electrons and holes. The 

photocatalytic performance of the modified TiO2 materials was investigated for the 

decoloration of aqueous solutions of MB which were considered to simulate the 

colored industrial wastewaters. 

First, we investigated the enhancement of the visible light photocatalytic activity of 

commercially available TiO2 P25 nanoparticles, via their modification with noble 

metal nanoparticles or rGO sheets. These two approaches were then combined 

towards the synthesis of Ag modified TiO2 deposited on rGO. Up to this work, the 

modification of TiO2 with Ag nanoparticles and rGO had been well studied, but their 

combination had been far less investigated. In addition, when the synthesis of such a 
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ternary photocatalyst was reported, the study was not systematic and important 

characteristics (i.e. optimum loadings) were not optimized.  

In the first step, Ag nanoparticles, approximately ~4.5 nm in diameter, were 

immobilized on the surface of the inorganic nanoparticles at different loadings via in 

situ chemical reduction. The absorbance of the modified TiO2 P25 nanoparticles was 

red shifted due to the SPR effect of the Ag nanoparticles. Bare TiO2 P25 exhibited a 

visible light photocatalytic activity, which was assigned to a dye sensitization 

mechanism however the Ag modified samples exhibited a higher photoactivity, which 

was found to be depended on the Ag content. Next, bare TiO2 P25 nanoparticles were 

hydrothermally dispersed on rGO sheets. A band-gap narrowing was observed for the 

rGO TiO2 P25 nanoparticles compared to bare TiO2 P25 due to the formation of Ti-O-

C bonds. A superior photocatalytic performance, that was dependent on the rGO 

content, was observed for the modified nanoparticles compared to the bare TiO2 P25 

nanoparticles. Finally, the two approaches above were combined for the synthesis of 

Ag modified TiO2 P25 nanoparticles dispersed on rGO sheets. The as-prepared 

ternary semiconductor demonstrated the highest photocatalytic activity when exposed 

to visible light irradiation, compared to the conventional TiO2 P25, the TiO2/Ag and 

the TiO2/rGO photocatalysts. This enhancement in the photocatalytic performance of 

the Ag-TiO2 P25-rGO nanocomposites was attributed to the favorable energy 

differences between the rGO sheets, Ag and TiO2, resulting in a promoted electron-

hole separation. 

In the third chapter of this thesis, we investigated the suppression of the aggregation 

of TiO2 particles, via their surface grafting with pre-synthesized hydrophilic random 

copolymers. The surface modification of TiO2 with non-conductive polymers for the 

enhancement of its photocatalytic response has been scarcely reported in the literature 

so far. First, PEGA-co-MAA and PEGA-co-DMA copolymers were synthesized by 

RAFT copolymerization and different grafting strategies were evaluated for their 

binding onto the surface of the TiO2 particles. The ex-situ surface modification of 

commercially available TiO2 P25 and the in-situ modification of hydrothermally 

synthesized TiO2 nanoparticles were evaluated. A low polymer grafting efficiency was 

acquired via the ex-situ synthetic approach, which was enhanced for the in-situ 

modified TiO2. The crystallization behavior of the in-situ modified TiO2 was not 

affected by the presence of the polymeric chains on the surface of the nanoparticles, 
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while suppressed aggregation was observed for the polymer modified TiO2 compared 

to the bare TiO2 nanoparticles. In addition, the isoelectric point of the nanoparticles 

was shifted to lower values after the in-situ polymer modification, when compared to 

bare TiO2.  

The in-situ polymer modified nanocatalysts exhibited a higher photocatalytic activity 

compared to that of the bare TiO2 nanoparticles under UV-Vis irradiation, due to 

reduced aggregation and the enhanced adsorption of the dye in the organic shell of the 

hybrid nanoparticles. We also determined that less well-defined polymeric chains that 

can be easily and cost-efficiently synthesized in an industrial scale can also promote 

the photoactivity of the polymer modified TiO2. In this case, TiO2 modified with 

PEGA-co-DMA that was synthesized by free radical polymerization, was found to 

exhibit higher photocatalytic performance compared to the unmodified TiO2. Finally, 

the polymer modified photocatalysts exhibited excellent reusability for at least three 

photocatalytic cycles.  

In Chapter 4 we presented for the first time the synthesis of core-shell photocatalysts 

with a complex, flower-like morphology, comprising a wurtzite ZnO core and an 

anatase TiO2 shell of tunable shell thickness. The vast majority of ZnO-TiO2 

heterostructures reported in the literature so far refer mainly to rods immobilized on 

substrates, while in solution only spherical structures have been examined. In 

addition, our simple, controlled and reproducible process allowed us to prepare 

hollow TiO2 flowers that retained their morphology intact, after etching the ZnO core. 

The synthesis of such hollow titania flowers is unprecedented, as only the incomplete 

removal of the ZnO core even for prolonged reaction times had been reported so far.  

The ZnO-TiO2 core-shell photocatalysts exhibited a superior MB photocatalytic 

decoloration under UV-Vis irradiation compared to that of spherical TiO2 particles, 

ZnO flowers and hollow TiO2 flowers. The enhanced photoactivity of the core-shell 

samples was attributed to the effective separation of the photogenerated holes and 

electrons at the heterojunction between the two semiconductors due to the favorable 

energy differences between the two individual semiconductors. Moreover, the 

photocatalytic performance was influenced strongly by the TiO2 shell thickness, 

exhibiting an optimum at a threshold value of ~59 nm, while the most photoactive 

ZnO-TiO2 core-shell catalyst exhibited excellent reusability and stability for at least 
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three photocatalytic cycles. Last but not least, outstanding superhydrophilicity without 

UV irradiation was observed for the flower-like ZnO-TiO2 core-shell structures, 

rendering them promising materials for a large number of self-cleaning applications.   

In the last Chapter of this thesis (Chapter 5), we investigated the enhancement of the 

photocatalytic performance and the extension of the absorption of the complex 

flower-like ZnO-TiO2 core-shell structures presented in Chapter 4, towards the visible 

light range. So far, the reported ternary photocatalysts comprising rGO, ZnO and TiO2 

refer to mixed TiO2 and ZnO particles that are then modified with rGO, while more 

complex architectures have not been examined. In addition, in these studies the degree 

of contact between the rGO sheets and the inorganic nanoparticles was poor.  

In our work, GO sheets were synthesized by the oxidation of graphite powder and 

were wrapped on the surface of APTMS functionalized flower-like ZnO-TiO2 

structures. The amine functionalization of the inorganic surface, prior to the 

introduction of the graphitic sheets, resulted in electrostatic interactions, and thus in a 

strong adhesion of the graphitic sheets on the TiO2 surface. In addition, a band gap 

narrowing was observed for the rGO modified ZnO-TiO2 core-shell structures 

compared to the bare ZnO-TiO2. The visible light photocatalytic activity of the rGO 

modified ZnO-TiO2 core-shell structures was higher compared to the bare core-shell 

analogue and was affected by the rGO content. This superior photocatalytic 

performance was attributed to the red shift of the absorption edge towards the visible 

range, as well as to a suppressed charge recombination in the ternary photocatalysts.  

In summary, we have presented novel different challenging strategies for the synthesis 

of novel TiO2-based materials, exhibiting increased photocatalytic performance and 

multi-functional properties. We evaluated modification approaches that have not been 

reported in the literature so far, such as random RAFT copolymers, Ag nanoparticles 

combined with rGO and complex heterostructures with ZnO and rGO, and obtained 

significant enhancement of the photocatalytic activity of TiO2 for the decoloration of 

MB aqueous solutions. The best results in the enhancement of the decoloration 

kinetics after the surface modification of TiO2 with the aforementioned synthetic 

approaches are presented in the following table. 
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Table 6.1 Enhancement of MB decoloration kinetics of modified TiO2 compared to 

the bare photocatalyst. 

Sample Enhancement of kinetic 

 rate constant, k (%) 

Ag 3 wt%/TiO
2
 P25/rGO 1 wt%  2.8 (Visible)  

RAFT PEGA-co-MAA modified TiO
2
  1.9 (UV-Vis)  

Flower-like ZnO-TiO
2
 core-shell structures  3.2 (UV-Vis)  

Hollow TiO2 1.5 (UV-Vis)  

2 wt% rGO/ZnO-TiO
2
 core-shell structures  2.7 (Visible)  

 

The TiO2-based photocatalysts presented in this thesis could be investigated for the 

removal of even more complex, alarming trace pollutants such as pharmaceuticals, or 

find application in the treatment of actual industrial effluents. Towards the latter, the 

photocatalytic performance of the photocatalysts proposed herein should be evaluated 

while taking into account the high complexity of the industrial wastewaters. 

Therefore, as future perspectives, the performance of the modified TiO2 needs to be 

further investigated in terms of important parameters that could heavily influence the 

photocatalytic reactions, such as the pH and the presence of salts.  
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Chemical structure of methylene blue 

 

 

 

 

 

 

 

 

 

 

 

 

Photoreactor set up by Heraeus Noblelight GmbH, Hanau-Germany. 
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Photoreactor set up by Heraeus Noblelight GmbH, Hanau-Germany, in operation. 

 

 

 

Double-walled lamp jacket Immersion lamp (TQ 150) 
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Radiation flux Φ for immersion lamp TQ 150.  

λ (nm) TQ150 lamp (Quartz jacket) Μ380 glass jacket 

 Radiation flux Φ (W) Radiation flux Φ (W) 

238/40 1,0 - 

248 0,7 - 

254 4,0 - 

265 1,4 - 

270 0,6 - 

275 0,3 - 

280 0,7 - 

289 0,5 - 

297 1,0 - 

302 1,8 - 

313 4,3 - 

334 0,5 - 

366 6,4 - 

390 0,1 0,1 

405/08 3,2 2,9 

436 4,2 3,6 

492 0,1 0,1 

546 5,1 4,6 

577/79 4,7 4,2 


