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Abstract 

 
Heterogeneous photocatalysis has been an intensively investigated in the field of 

science for decades. The band gap of TiO2 – the most commonly used 

semiconductor catalyst – is rather wide, therefore titanium dioxide can utilize only 

a small part of the sunlight’s energy. However, there is an increasing demand for 

extending the sensitivity of this catalyst towards the visible-light region.  

A visible-light active photocatalyst can be more effective in energetical sense 

and as an indoor application also self-cleaning and antibacterial surfaces could be 

realized by their use. Doping TiO2 with different elements (N, S, B, F, Fe, Mn, Co, 

etc.) is a widespread technique to create defects in the crystal lattice, thus reducing 

the minimal energy needed to generate electron-hole pairs. 

Nitrogen-doped TiO2 catalysts with hollow and non-hollow structure were 

synthesized by co-precipitation (NT-A) and sol-gel (NT-U) methods, respectively. 

Different approaches, such as dosing order of the reagents, temperature of the 

synthesis, calcination time and temperature, were tested for NT-A preparation to 

examine the optimum outcome regarding photoactivity.  

The photocatalytic performance of the catalysts were examined with coumarin 

as hydroxyl radical scavenger and 1,4-hydroquinone as a contaminant of emerging 

concern in the pharmaceutical and personal care industries. The results showed that 

surface structure, crystallinity, nitrogen content, and specific surface area were 

found to be crucial features in the photocatalytic performance of the catalysts. Due 

to its hollow structure and larger specific surface area, the photoactivity of NT-A 

was higher compared to non-hollow NT-U catalyst. 

Furthermore, various silver amounts were successfully loaded on the surface of 

these catalysts (NT-U and NT-A) by using a facile photo-deposition technique. The 

results exhibited that Ag-loading on the surface of NT-U could double the 

photocatalytic performance with an optimum Ag concentration of 10-6 mol g-1, 

while a slight but monotonous decrease was caused in this respect for the NTA 

catalyst upon increasing Ag concentration. In addition, an appreciable antibacterial 

activity against Vibrio fischeri strain was also observed for silver loading on the 

surface of NT-U, which was comparable to that of a reference material practically 

applied for disinfection in polymer coatings.  

The photocatalytic pathways showed that the degradation of coumarin through 

the reaction with electron (anaerobic) and superoxide anion radical (aerobic) was 

more efficient than with hydroxyl radical. This is in agreement with the main route 

of 1,4-hydroquinone degradation, in which the cleavage of the aromatic ring takes 

place via reactions other than hydroxylation, and needs the presence of dissolved 

oxygen. 
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1. Introduction 

A wide range of chemical and biological pollutants has been generated during 

industrial transformation up to now, leading to significant adverse impact on the 

environment. Direct release of industrial wastes into water resources makes them 

unusable for drinking and other purposes. It is found that the existing methods are 

not capable to evacuate these toxic materials as well as pathogenic microorganisms 

from water and this situation is becoming more challenging with time [1,2]. 

Therefore, there is a crucial need to design and develop an advanced, cost-effective, 

and efficient technology that could remove a wide range of toxic substances and 

generate decontaminated water without interference in the ecosystem. 

Several methods have been proposed for wastewater treatment, such as 

coagulation, filtration, adsorption, and reverse osmosis. However, these methods 

are relatively expensive and cannot eliminate organic pollutants or microbes 

entirely but just transform them from one phase to another. In recent years, 

advanced oxidation processes (AOPs) have been suggested as impressive methods 

for wastewater treatment. Common characteristic of AOPs is the production of 

oxidative radicals, predominantly hydroxyl radicals (•OH),  which oxidize a great 

variety of organic compounds [3].  

Heterogeneous photocatalysis may be one of the best approach for the 

abstraction of organic pollutants from industrial wastewaters. Photochemical 

purification methods are supported by the fact that in nature and in many cases 

contaminants are degraded in photochemical reactions. The advantage of 

heterogeneous photocatalysis is that the system can also run on solar energy, as a 

result of which not only the cost but also the emissions to the environment can also 

be reduced. On the one hand, light radiation is a pure energy, on the other hand, it 

generates pure reagents and the environmentally friendly catalyst can be recovered 

at the end of the process. Solar light containing visible light around 96 % and UV 

light around 4 %  is abundantly available and free of charge [4]. 
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Several photocatalysts (such as ZnO, TiO2, WO3, ZnS, CdS, and Fe2O3, etc.)  

have been studied for this purpose [3]. Among those transition metal oxides, TiO2 

is widely used as a photocatalyst due to its unique characteristics of low cost, good 

optical activity, high chemical stability, and non-toxic nature. In addition,  

TiO2-based photocatalysts have been applied in several areas, including wastewater 

treatment, surfaces with self-cleaning and antifogging properties, purification of 

outdoor air, and indoor air-deodorization [5–7].  

However, the wide band-gap of TiO2 (∼ 3.2 eV for anatase) limits its 

photocatalytic utilization to the UV range (λ < 400 nm). Therefore, the need for 

photocatalysts that also show a good photocatalytic activity by visible light                

(λ > 400 nm) has significantly increased [8]. Such photocatalysts will lead to the 

application of more sustainable technologies that take advantage of most of the solar 

or visible spectrum for both removal of contaminants and disinfection [8]. 
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2. Objective 

The main objective of this work is to study the material properties and 

photoactivity of TiO2 based semiconductors, which can be activated under visible 

illumination. 

 Many papers have reported different strategies in order to enhance the 

photoactivity of TiO2 in the visible range, reducing the band-gap energy by surface 

modification with dye sensitizers [9] or noble metals [10] or by doping with metal 

[11] or non-mental [12] elements.   

Doping with non-metals such as nitrogen seems to be a viable approach in order 

to extend the light absorption of TiO2 into the visible range. Hence, in this work, 

two different nitrogen-doped TiO2 (N-TiO2) catalysts will be synthesized by using 

different precursors and methods (co-precipitation and sol gel). Nitrogen has been 

proven and considered as an effective dopant to narrow the band-gap energy due to 

its atomic size comparable to that of oxygen, high electronegativity and ionization 

energy, marked thermal stability and cost-effectiveness [13,14].   

In addition, nanoparticles of a noble metal such as Ag will also be decorated on 

the surface of prepared N-TiO2 catalysts in order to enhance the visible-light 

harvesting via surface plasmon resonance (SPR) effect as well as to overcome the 

problem of fast recombination of electron-hole pairs through the formation of 

Schottky barriers [11,15–17]. Beside enhancing the photoactivity of N-TiO2, Ag 

doping is also expected to result in an antibacterial effect due to its strong 

cytotoxicity toward a wide range of bacterial spectrum [18]. 

Furthermore, the as-prepared catalysts will be assessed by using various 

techniques to investigate their material properties. 

Several organic model compounds have been previously used to study the 

photocatalytic performances of catalysts such as rhodamine B (RhB) [19,20], 

methylene blue (MB) [12,21], methyl orange (MO) [22] and eriochrome black-T 

[23]. However, those dye compounds can absorb a significant fraction of the light 

and may function as sensitizers in the visible range. Hence, to avoid both inner filter 

effect and possible sensitization, two organic model compounds which do not 
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absorb in the wavelength range of the light applied will be used for photocatalytic 

investigation. 

Coumarin will be used as a chemical probe to evaluate the formation of both 

hydroxyl radical and other reactive species (photo-generated electron or superoxide  

anion radical) under visible-light irradiation [24]. In addition, to evaluate the 

performance of photocatalytic degradation for emerging contaminants in the 

environment, 1,4-hydroquinone (1,4-HQ) will also be used as a model organic 

pollutant, which is a major benzene metabolite and commonly found in the 

wastewaters of industries manufacturing  pharmaceutical or personal care products 

[25,26]. Lastly, antibacterial effects of the catalysts will be evaluated by using a 

bioluminescence method in the presence of Vibrio fischeri strain [27]. 
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3. Literature Review 

3.1 Advanced oxidation processes  

In the past few decades, new and facile technologies, such as advanced oxidation 

processes, have been developed to solve the drawbacks of traditional water cleaning 

methods [28,29]. Since 1980s, AOPs techniques have exhibited a great attention to 

the removal of chemicals and biologicals contaminants because of their ability to 

generate non-selective and highly reactive oxygen species (ROS): hydroxyl radical 

(•OH), superoxide anion radical (•O2
¯), hydroperoxyl radical (•OOH), or alkoxyl 

radical (RO•) [30].  

Numerous AOPs have been developed and studied in the past and can be 

classified into several techniques involving photolysis, ozonation, based on the use 

of hydrogen peroxide, electrochemical, sonochemical oxidation, and photocatalysis  

(Table 3.1) [31,32].  

 

Table 3.1. Classification of advanced oxidation processes. 

Method Source of hydroxyl radicals 

Photolysis UV radiation 

O3-based processes 

O3 

O3/UV 

O3/H2O2 

O3/H2O2/UV 

H2O2-based processes 

H2O2/UV 

H2O2/Fe2+ (Fenton) 

H2O2/Fe3+ (Fenton-like) 

H2O2/Fe2+/UV (photo-Fenton) 

Electrochemical oxidation 
Electricity, 2 - 20 A 

(water electrolysis) 

Sonochemical oxidation 
Ultrasounds 20 kHz - 2 MHz 

(water sonolysis) 

Heterogeneous photocatalysis 
TiO2/UV 

TiO2/UV/H2O2 
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Photolysis method is based on the interaction of UV light with molecules to 

cause their dissociation into simpler fragments or the initiation of the oxidative 

destruction of otherwise inert molecules. UV has proven its capacity to initiate the 

cleavage of the chemical bonds of a wide variety of pharmaceuticals such as 

cefalexin, ciprofloxacin, sulfamethoxazole, etc. [32]. Ozone-based AOPs have, 

been employed as a single oxidation method (standard redox potential,  

E0 = 2.08 V) for disposal of various contaminants such as anti-inflammatory drug 

indomethacin [33], amoxicillin [34], diclofenac, carbamazepine, sulfamethoxazole, 

and trimethoprim [35]. Nevertheless, artificial generations of both UV and ozone 

are quite expensive and require remarkable energy consumption, which is 

inefficient from economical perspective.  

In addition, Fenton reaction is based on the use of a mixture of iron salts (Fe2+) 

and H2O2 under acidic conditions, and the photo-Fenton reactions can enhance the 

production of hydroxyl radicals by UV - Vis illumination. Photo-Fenton processes 

have been investigated for removal of various pharmaceutical contaminants such as 

antibiotics, anti-inflammatory, analgesic and antineoplastic drugs [36,37]. This 

technique shows important drawbacks such as excessive sludge production and 

limited range of operational pH (usually below 3). 

Therefore, among AOPs, heterogeneous photocatalysis has gained a great 

consideration due to its potential application in wastewater treatment, disinfection 

and hydrogen generation under solar light, which is a green and abundant energy 

source. It is called as a “reaction assisted by photons in the presence of 

semiconductor photocatalyst” [38].  

3.2 Heterogeneous photocatalysis 

Heterogeneous photocatalysis using semiconductors has exhibited much interest 

for wastewater treatment. The utilization of solar light makes this technology to be 

sufficiently impressive compared to other methods [39]. 

The term heterogeneous refers to the fact that the catalyst or semiconductor is in 

a solid phase and the contaminants are present in a liquid phase. Photocatalysis is 

defined as the speeding up of a photochemical reaction in the presence of 
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semiconductor activated by the absorption of light [32]. Photocatalysis was firstly 

reported by Barry and Stone from their invention of the adsorption/desorption and 

oxidation of CO on ZnO [40]. Afterward, the photo-response of TiO2 in daytime 

and oxidations of alkanes were also studied by Djeghri and co-workers [41].  

However, Fujishima and Honda gained a great momentum in the field of science 

and technology after investigating semiconductor photocatalysts (TiO2) for water 

splitting into H2 and O2 [42].  

Numerous efforts have been invested to study the photocatalytic activity of 

semiconductors under UV - Vis and solar light. Heterogeneous photocatalysis has 

gained a lot of attention because of its various applications including degradation 

of organic pollutants or harmful bacteria at room temperature and pressure, almost 

complete mineralization process without secondary pollution, and low-cost 

semiconductor nanostructures [43].  

However, a large-scale application of heterogeneous photocatalysis is still 

hindered due to mostly low quantum efficiencies, particularly in the visible light. 

In addition, the high concentration of organic pollutants in industrial wastes can 

deactivate the photocatalysts and leads to catalyst poisoning, which also limits their 

applicability. Hence, heterogeneous photocatalysis can only be applied in the last 

step of wastewater treatment processes with low concentration of organic 

pollutants. 

 Moreover, the recovery or regeneration of powdered (non-magnetic) 

photocatalysts from the reaction mixture by filtration or sedimentation is rather high 

cost and not very easy. On the other hand, immobilization of photocatalysts on 

different support materials, such as glass, ceramic, polymer, etc., reduces their 

effective surface area and, accordingly, decreases the photocatalytic performance 

[44]. 

3.3 Photocatalytic reaction 

Semiconductor is a material having a valence band (vb) and a nearly empty 

conduction band (cb) that are separated from one another by a band gap. Typically, 

in a ground-state semiconductor, all electrons can be found in the vb. 
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(i) However, once the semiconductor (S) is illuminated with light the energy of 

which is equal or greater than the band-gap energy (Eg), the electrons (ecb
-) are 

excited to the cb and leaving holes (hvb
+) in the vb (Fig. 3.1, Eq. 3.1) [45]. 

(ii) Thereafter, a large percentage of electrons in the cb recombines with the 

holes in the vb due to electrostatic force of interaction, releasing heat (Eq. 3.2). 

(iii-iv) Simultaneously, photo-generated electrons in the cb and h+ in the vb 

migrate to the surface of the semiconductor. Then, electrons reduce acceptor (A) 

species such as O2 (Eqs. 3.3 - 3.4), and holes oxidize donor (D) species (such as 

H2O or OH-) adsorbed on the surface of semiconductor (Eqs. 3.5 - 3.7). 

    (v) In addition, surface recombination also occurs due to the presence of a 

number of active surface states on the semiconductor crystal [43].  

 

Figure 3.1. Schematic of photocatalysis mechanism [43]. 

 

S + hν  →   S (hvb
+ + ecb

-)      (3.1)  

S (hvb
+ + ecb

- )  →   S + heat          (3.2) 

S (ecb
-) + Aads → S + A•¯

ads  (3.3)  

S (ecb
-) + O2ads → S + •O2

¯
ads

     (3.4) 

S (hvb
+) + Dads → S + D•+

ads
   (3.5) 
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S (hvb
+) + H2Oads → S + •OHads + H+       (3.6) 

S (hvb
+) + OH-

ads → S + •OHads  (3.7) 

The photocatalytic reaction usually involves several active species: hvb
+, ecb

-, 

hydroxyl radical, and superoxide anion radical, where hydroxyl radical is the 

primary oxidant in the photocatalytic degradation of the pollutant in the aqueous 

system. Normally, the generation of hydroxyl radical takes place via two routes:  

(i) the oxidation of electron donor (generally H2O and OH¯ in aqueous environment) 

by photo-generated hvb
+ (Eqs. 3.6 - 3.7) and (ii) reduction of acceptor (O2 dissolved 

in the aqueous solution) by photo-generated ecb
- to form superoxide anion radical 

(Eq. 3.4), followed by protonation of superoxide anion radical in a thermal reaction 

to form hydroperoxyl radical and then further reactions to produce hydroxyl 

radicals (Eqs. 3.8 - 3.11).  

•O2 ads
 ¯   + H+  •OOHads      (3.8) 

2 •OOHads → H2O2 + O2ads      (3.9) 

H2O2 + •O2 ads
 ¯   → •OH ads + OH¯ + O2    (3.10) 

H2O2 + hν →  2 •OH ads      (3.11) 

Pollutant + (hvb
+, ecb

-, •OH, •O2
¯) → Mineralization   (3.12) 

Furthermore, these active species (hvb
+, ecb

-,•OH, •O2
¯) are able to attack many 

organic pollutants and mineralize them into harmless products through multi-steps 

reactions (Eq. 3.12) [46,47].  

3.4 Fundamental semiconductor  

In all semiconductors, a forbidden energy region or gap exists between the 

energy bands. As mentioned in chapter 3.3, the lowest empty band is called the cb, 

while the highest filled band is called the vb (at 0 K). However, at certain 

temperature (e.g., room temperature), thermal ionization may occur, leading to the 

occupation of the cb by excited electrons and leaving holes in the vb. The 

electrochemical potential of electrons in a semiconductor is determined by the 
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Fermi level. In other words, Fermi level defines the occupation of the energy levels 

at thermodynamic equilibrium [48,49].  

An intrinsic semiconductor, also called as pure or undoped semiconductor, 

consists of perfect semiconductor crystals which are free of defects and impurities 

of other elements. The number of excited electrons and the number of holes in the 

intrinsic semiconductors are equal. Hence, the Fermi level is approximately 

between the valence and conduction energy levels (Fig. 3.2 a). 

However, an extrinsic semiconductor is a pure semiconductor doped with other 

elements which are able to deeply modify its electrical properties. As a consequent, 

the number of electrons and holes are not equal. For a silicon semiconductor, doping 

pentavalent impurities such as arsenic yields n-type semiconductor, where electrons 

are majority carriers. In addition, doping trivalent impurities in a silicon crystal, 

such as boron, results in p-type semiconductor, where holes are majority carriers. 

Therefore, the Fermi level for an extrinsic semiconductor lies close to the cb  

(n-type semiconductor) or vb (p-type semiconductor) as shown in Figs. 3.2 b-c [50].  

 

 

Figure 3.2. Energy band diagram of (a) intrinsic, (b) n-type, and (c) p-type 

semiconductors [50].  

black circle: electron, white circle: hole, EC: bottom of the conduction band, EF: Fermi level, 

 EV: top of the valence band, Φ: work function, χ: electron affinity 

 

Moreover, when a semiconductor comes into contact with a solution 

(redox species), to maintain electrostatic equilibrium, there will be a charge transfer 

between the semiconductor and the solution if the formal redox potential of the 
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redox species lies inside the semiconductor band gap. At thermodynamic 

equilibrium, the Fermi level of the semiconductor and the formal redox potential of 

the redox species are aligned at the interface between the semiconductor and the 

redox species. 

 

 

Figure 3.3. Energy levels of the semiconductor/electrolyte interface for (a) n-type and (b) 

p-type semiconductor before and after contact [51]. 

EVAC: vacuum level, ECB: bottom of the conduction band, EF: Fermi level, EVB: top of the valence 

band, Eredox: electrochemical redox potential Eg: band-gap energy, IE: ionization energy,  

ϕ: work function, χ: electron affinity 

Considering an n-type semiconductor, its Fermi level is typically higher than the 

electrochemical redox potential of the solution. As a result, the electrons will be 

transferred from the semiconductor to the solution. The Fermi level in the 

semiconductor moves “down” and the process stops when the Fermi level equals to 

the electrochemical redox potential. This transfer of electrons bends the bands 
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upwards and creates a layer near the semiconductor surface that is depleted of 

electrons; namely depletion layer (Fig. 3.3 a). 

On the other hand, if the Fermi level of the semiconductor is lower than the 

electrochemical redox potential, as is typical for p-type semiconductors, the holes 

flow from the semiconductor to the solution, thereby raising the Fermi level of the 

semiconductor until it equals to the electrochemical redox potential, as shown in 

Fig. 3.3 b. Similarly, a depletion layer of holes is formed [51–53]. 

3.5 TiO2 semiconductor 

Some examples of semiconductor oxides  (e.g. TiO2, ZrO2, ZnO, WO3, MoO3, 

SnO2, α-Fe2O3, etc.) and semiconductor sulfides (e.g. ZnS, CdS, CdSe, WS2, MoS2, 

etc.) have been utilized as catalysts for photoinduced chemical reactions due to their 

intrinsic electronic structure that consists of a filled vb and an empty cb. Generally, 

semiconductors with a wide band gap (Eg(TiO2) = 3.2 eV) can be excited only under 

UV illumination. Conversely, if the band-gap energy of a semiconductor is 

relatively narrow (Eg < 3.0 eV), it can absorb the vast majority of visible light  

(Fig. 3.4) [54–57]. 

 

 

Figure 3.4. Position of vb (green) and cb (red) of various semiconductors [58]. 
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From thermodynamic point of view, redox potentials and band-edge positions 

have to be taken into account when chosing a semiconductor. The redox potential 

of the vb must be more positive than that of hydroxyl radical 

(E0(H2O/•OH) = 2.8 V vs. NHE), and the cb must be sufficiently more negative than 

superoxide anion radicals (E0(O2/
•O2

¯) = -0.28 V vs. NHE) in this respects [59].  

Fig. 3.4 shows that the band-edge positions of TiO2, ZnO, and ZrO2 are relatively 

good for photocatalytic applications [58].  

In addition, another consideration of proper semiconductors in the photocatalytic 

application also depends on its resistance ability. For instance, ZnO only has a 

stable valence of +2, and can be decomposed by photo-generated hvb
+. Furthermore, 

ZnO is also prone to be deactivated due to the generation of Zn(OH)2 on its surface. 

However, TiO2 is more stable and suitable compared to other materials because the 

oxidation state of Ti in TiO2 can be reversibly changed (from +4 and +3) [58–60]. 

ZnO and TiO2 are predominant for water treatment application [61,62]. 

 

Figure 3.5. Crystal structure of anatase, rutile, and brookite [63]. 

 TiO2 has three different crystal structures including anatase, rutile, and brookite 

(Fig. 3.5). The anatase phase TiO2 (Eg = 3.2 eV) is more active for photocatalysis 

applications, even though the rutile phase TiO2 (Eg = 3.0 eV) possesses a smaller 

band-gap, revealing the possibility to absorb a longer-wavelength radiation. It can 

be attributed to the cb of anatase TiO2 that is more negative compared to rutile [64]. 
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Furthermore, the shape of anatase TiO2 crystals is divided into different facets 

and each facet possesses different surface atomic arrangements or coordination of 

Ti atoms in TiO2 facets (Fig. 3.6). The coordination environment of the surface 

atoms and the Ti-O-Ti bond angle are commonly used as criteria to predict the 

molecular adsorption performance on the crystal facet, which further affects the  

photocatalytic activity [65–67]. 

 

 

               

  

Figure 3.6. (a) Models and (b-d) atomic structure  of the facets of anatase TiO2 

nanocrystals [68].  

Moreover, different facets also have different vb and cb energy levels, which 

determine the redox potential and separation efficiency of the photo-generated 

carriers in a photocatalytic reaction. Many papers have reported the different 

electronic band structures of various TiO2 facets [69–71]. For instance, Pan and   

co-workers reported that the band-gap energy of the (010) facets (3.23 eV) and 

(101) facets (3.22 eV) were larger or higher than that of the (001) facets 

 (3.18 eV) [67], which can be attributed to the different atomic configurations on 

each surface [72,73]. 

(a) (b) 101 

(c) 001 (d) 010 
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3.6 TiO2 modification 

TiO2-based photocatalysis is one of the most effective methods for the inhibition 

and control of pollutants in water. Unmodified TiO2, which has a large band-gap, 

exhibits little visible-light absorption, which limits its photocatalytic application, 

particularly for indoors or in places where it can only be illuminated by visible light. 

To overcome such a vital deficiency, certain modifications toward TiO2 

photocatalyst have been attempted to enable them for visible-light responses with 

good efficiency such as dye sensitization, doping with metal or non-metal elements 

[46,74]. 

Dye sensitization has been reported to be one of the most promising ways to 

extend the photoresponse of TiO2 photocatalysts into the visible region, and to 

possess certain advantages over direct photocatalysis. This is a simple and 

interesting strategy for achieving effective visible-light harvesting by surface 

modification with appropriate sensitizer molecules such as a transition metal 

complex or an organic dye [46,75–77].  

 

 

Figure 3.7. Schematic illustration showing the mechanism of dye sensitization with 

functionalized TiO2 photocatalyst [78]. 

As shown in Fig. 3.7, the sensitization process involves photoexcitation of a 

sensitizer molecule to the appropriate singlet or triplet electronic excited state, 

followed by an electron injection from the excited sensitizer molecule into the cb 

of TiO2. The electron injection from the sensitizer molecule to the cb of TiO2 is 
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owing to the interfacial electronic energy alignment between the excited sensitizer 

and the cb of TiO2. In  other words, the energy difference between the two materials 

provide the necessary driving force for electron injection [79]. Subsequently, the 

holes in the sensitizer molecules are delivered to the electrolyte through a redox 

reaction. In this respect, the maximum output voltage is the difference between the 

Fermi level of the TiO2 semiconductor and the redox potential of the electrolyte 

[80].  

The resulting electron-hole pair can be converted to various ROS for 

decomposition of organic pollutants [78]. Metalloporphyrins and ruthenium 

complexes are considered as efficient sensitizers due to the presence of delocalized 

electron systems, strong absorption in the visible region, as well as high thermal 

and chemical stability [81,82]. In addition to Ru(II) complexes and 

metalloporphyrins, other metal complexes based on Os(II) [83,84], Zn(II) [9,77], 

Cu(II) [81], Ir(III) [84], and Re(I) [84,85] have also been extensively used as 

sensitizers. Murcia and co-workers modified TiO2 powder with quinizarin and zinc 

protoporphyrin. A higher MO photodegradation was achieved by using the 

quinizarin-TiO2 catalyst (1.10×10-3 mg dm-3 s-1) compared to zinc protoporphyrin-

TiO2 catalyst  (0.41×10-3 mg dm-3 s-1) under visible illumination [77].  

Noble-metal deposition: Noble metals, such as platinum, silver, gold, and 

palladium, are also abundantly applied to modify the morphological characteristics. 

These metals are loaded on the surface of photocatalyst and able to extend the light 

absorption into the visible region through surface plasmon resonance effect as 

shown in Fig. 3.8 a. SPR is described as the collective oscillation of cb electrons in 

a metal particle, driven by the electromagnetic field of incident light [78]. 

Additionally, the surface metal loading may also enhance the separation of the 

photo-generated electrons and holes, making their lifetime longer (Fig. 3.8 b) 

[14,86–92], and possibly increasing the cathodic exchange current density.  
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Figure 3.8. Processes of (a) surface plasmon resonance [78] and  

(b) charge separation enhancement [63] over Ag loading onto TiO2 photocatalyst.  

Among those noble metals, Ag is the most suitable candidate for industrial 

applications due to its relatively low cost and easy preparation. The deposition of 

Ag nanoparticles onto the surface of TiO2 can effectively increase the 

photocatalytic activity by accelerating charge separation and extending the 

absorption edge to the visible-light region  [93–96]. Bhardwaj et al. prepared 

various concentration of Ag co-catalyst over TiO2 surface via photodeposition 

method under UV illumination. A considerable red shift in the plasmon band was 

observed with a significant color change (white to light brown) with increased 

photodeposition time (30 - 90 min). The synthesized Ag-TiO2 catalysts possessed 

appreciable photocatalytic enhancement to decompose salicylic acid (80 %) 

compared to Degussa P25 TiO2 (less 20 %) under UV-light irradiation  [97].  

Rabhi and co-workers synthesized Ag-TiO2 via sol-gel method by using titanium 

isopropoxide and silver nitrate as precursors. The photodegradation of amlodipine 

besylate shows that Ag-TiO2 exhibits much higher photocatalytic activity compared 

to pure TiO2: reaching 100 % for only 100 min, while it is only 61 % for 120 min 

in the presence of pure TiO2 [98].   

Modification of band-gap energy is another strategy in order to extend light 

absorption of TiO2 into the visible region by downward shift of cb or upward shift 

(a) (b) 
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of vb. It can be achieved by doping with metal and non-metal element, respectively. 

Generally, it rebuilds the cb and vb and narrows the band-gap energy [99].  

The unoccupied cb of TiO2 consists Ti 3d, 4s, 4p orbitals whereas the occupied 

vb contains O 2p orbitals. The lower position of the cb is dominated by Ti 3d orbital. 

Metal doping is responsible for creating an impurity level on the cb in replacement 

of Ti as shown in Fig. 3.9 a. However, doping with non-metal element localizes a 

new energy level (such as C, S, or N 2p states) in the vb (Fig. 3.9 b) [14,100]. The 

resultant intermediate energy level promotes visible-light absorption by acting as 

either an electron acceptor or a donor. 

 

 

 

 

Figure 3.9. Formation of localized energy levels in the band-gap due to metal (a) and  

non-metal (b) doping into TiO2 photocatalyst [78]. 

 

Copious efforts have been devoted to modify TiO2 photocatalyst by doping with 

metal and non-metal elements. For instance, Karafas and workers used  

metal-doped TiO2 (Mn-, Co- and Mn/Co-) to degrade indoor/outdoor pollutants for 

(b) 

(a) 
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air quality improvement. The doping with metal induces a slight shift of band-gap 

energy from 3.1 eV for the undoped TiO2 to 3.0 eV for Mn-TiO2, Co-TiO2 and  

Mn/Co-TiO2. The main contribution in narrowing band-gap energy is due to the 

Co(II) 3d orbitals in the cb. The percentage of photocatalytic degradation of 

CH3CHO over Mn/Co-TiO2 is significantly higher (74 %) than with undoped TiO2 

(13 %) under visible-light irradiation, indicating that the metal doping significantly 

accelerates the photocatalytic degradation of organic pollutants [101]. In 2020, 

Elmehasseb and co-workers modified TiO2 with Zn via sol-gel method. The optical 

properties was extremely enhanced by reducing the band-gap energy from (3.2 eV) 

for TiO2 to (2.5 eV) for Zn-TiO2. The photodegradations of MB (dye) and 

ciprofloxacin (antibiotic) and toxic Cr(VI) from wastewater reveal  excellent results 

under visible illumination [102]. 

In addition, several non-metal elements, such as N, C, S, and B, have been 

incorporated into the TiO2 crystal structure in order to enhance visible-light 

absorption of TiO2 [14,103]. Zhang et al. synthesized B-TiO2 via traditional 

hydrothermal method by using titanium tetrachloride and boric acid as starting 

materials. Boron doping can increase the specific surface area and promote a clear 

red-shift phenomenon in the optical response of the TiO2. B-TiO2 shows 

photocatalytic degradation of gaseous benzene under visible irradiation within  

70 min [104]. Li and fellow workers reported S-TiO2 by using sol-gel method.  

The S-TiO2 catalyst reveals a better photocatalytic degradation of pyrimethanil 

fungicide under visible irradiation compared to the undoped one, indicating the 

important role of sulfur doping in narrowing the band-gap energy of TiO2 from  

3.11 eV to 2.94 eV [105]. 

However, doping with S requires much energy to incorporate it into the O site 

of TiO2 crystals because of its large ionic radius. Therefore, Asahi et al. suggested 

that N is a most promising dopant, owing to its atomic size comparable to that of 

oxygen and its p states contribute to the narrowing band-gap energy by mixing with 

O 2p  [14].  
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Various techniques have been used to prepare N-TiO2 such as hydrolysis [106], 

co-precipitation [19], sputtering [107], ion implantation [108], ball milling [109], 

wet impregnation [110], sol-gel [111], hydrothermal [112], and solvothermal [113] 

methods as well as oxidation of titanium nitride [12]. Generally, ammonia, 

hydrazine, NO2, tert-butylamine, triethylamine, and urea are used as  

N sources [3]. Table 3.2 shows the results of various preparation methods of  

N-TiO2 under different circumstances.  

Table 3.2. Comparison of several N-TiO2 photocatalyst.  

 

Suwannaruang and co-workers reported the synthesis of nanorice N-TiO2 

photocatalysts via hydrothermal method. The N-TiO2 samples consisted of only 

anatase phase because nitrogen dopant in TiO2 restrained the phase transformation 

from anatase to rutile. The band-gap energies of the synthesized N-TiO2 showed a 

small shift to lower energy (3.07 eV - 3.18 eV), compared to pure anatase TiO2 

(3.20 eV). They found that an increase of the nitrogen content could enhance the 

production of hydroxyl radicals and accelerate the photodegradation of paraquat 

under UV- and visible-light irradiation [112,116]. 

Circumstances 
Cheng et al. 

[20] 

Gurkan et al. 

[110] 

Cheng et al. 

[114] 

Abdelhaleem et al. 

[115] 

Method Sol gel 
Wet 

impregnation 

Hydrolysis-

precipitation 
Sol gel 

N source 
Ammonium-

chloride 
Urea 

Ammonia 

water 
Urea 

Band-gap 

energy 
2.85 eV 2.70 eV 2.28  eV 2.75 eV 

Light source Visible Sunlight Visible Visible LED 

Pollutant Rhodamine B Cefazolin Phenol 
4-chlorophenoxy-

acetic acid 

Degradation 

efficiency 
90.3 % for 2 h 80 % for 0.5 h  65.3 % for 2 h 100 % for 6 h 
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Sanchez-Martinez and co-workers also prepared N-TiO2 by co-precipitation 

method, using ammonium solution as nitrogen precursor. They obtained a slight 

shift of absorption edge of TiO2 into the visible region (3.09 eV - 2.94 eV). The 

results showed an impressive photocatalytic degradation of RhB  (99.2 %) under a 

540-min visible-light irradiation [19].  

Co-doping is another ideal solution to improve the absorption edge of TiO2. Due 

to a synergistic effect between two or more dopants, co-doping materials show a 

higher visible-light absorption than single-doped TiO2, which can efficiently 

increase the photocatalytic activity. Co-doping can be possible in forms of different 

metal elements, non-metal elements, or metal and non-metal elements as                  

co-dopants [74].  

Giannakas et al. reported the preparation of B/N-TiO2 and B/N/F-TiO2 

photocatalyst for simultaneous Cr(VI) reduction and benzoic acid oxidation.  

UV-Vis diffuse reflectance spectra show a narrowing of the band-gap energy for all 

doped samples (3.08 eV - 2.91 eV), compared to the undoped TiO2 (3.18 eV). As a 

consequence, the photocatalytic activities of B/N-TiO2 and B/N/F-TiO2 catalysts 

exhibited higher reduction and oxidation rates than N-TiO2 and undoped TiO2 

catalysts did [117]. Mancuso et al. synthesized Fe/N-TiO2 by metal and non-metal 

co-doping, using sol-gel method with titanium(IV) isopropoxide, urea and iron(II) 

acetylacetonate as precursors. The as-prepared catalysts (Fe/N-TiO2) displayed a 

narrower band-gap energy (2.7 eV) than those of Fe-TiO2 (2.8 eV) and N-TiO2  

(2.9 eV). The photodegradation of acid orange 7 azo dye and its mineralization 

under visible-light illumination for 60 min were about 90 % and 83 %, respectively 

[118].  

Gao et al. prepared Ag/N-TiO2 via hydrothermal method with various  

Ag concentrations. It was found that the photocatalytic performance of Ag/N-TiO2 

was affected by the amount of Ag-loading. The photodegradation of RhB initially 

increased with the increasing Ag loading then fell down after optimum Ag-loading. 

The optimum Ag concentration was found at 0.92 mol % with the photocatalytic 

degradation of RhB was about 55 % within a 240-min visible irradiation [119]. 

Gaidau et al. synthesized Ag/N-TiO2 grains by using electrochemical method.  
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The photocatalytic experiments with orange II dye demonstrated the activities of 

TiO2 under visible light can be improved by the synergistic effect of N doping and 

Ag modification [120]. Sun and co-workers successfully fabricated Ag/N-TiO2 

catalysts via an in situ calcination procedure, with titanium nitride and silver nitrate 

as starting materials. The catalysts revealed an enhanced light absorption and a red 

shift of the optical edge compared to pure TiO2 and N-TiO2. Under visible-light 

irradiation, a superior MB degradation over Ag/N-TiO2 was also found compared 

to N-TiO2 [96].  

Yang et al. reported the preparation of a hybrid Ag/N-TiO2 photocatalyst via a 

supercritical solvothermal process in ethanol fluid. The catalyst showed that            

antibacterial activities were much higher under visible-light irradiation than in dark, 

against a variety of bacteria such as Acinetobacter baumannii, Staphylococcus 

aureus, Escherichia coli, Pseudomonas aeruginosa. For instance, the mortality of 

Escherichia coli in the presence of the catalyst reaches to almost 40 % and 100 % 

under dark and visible light for 30 min, respectively [121]. Dziedzic and fellow 

workers also published the antibacterial properties of Ag/N-TiO2 coating on glass, 

prepared by direct current reactive magnetron sputtering. The microbiological test 

against Staphylococcus aureus revealed the maximum percentage of reduction of 

55.1 % after a one-hour incubation under UV light [122].       

3.7 Photocatalytic assessment   

In general, there are two approaches used to assess the photocatalytic efficiency 

of catalyst. Investigations of degradation percentage, and rate, as well as 

mineralization of a model compound have been usually presented in many papers. 

Another possible way is the application of chemical probes to monitor the ROS 

production [123].  

In the photocatalytic processes, the choice of an organic model compound is one 

of the crucial steps in order to evaluate the performance of the photocatalyst. 

Several features have to be taken into account, such as solubility, pH-dependence, 

and light sensitivity. RhB [19,20], MB [12,21], MO [22] and eriochrome black-T 

[23] have been extensively used to study the photocatalytic efficiency.  
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Marques and co-workers investigated the photocatalytic activity of N-TiO2 

(prepared by sol-gel method with urea as the nitrogen source) in MB solution. The 

results showed that the catalysts were able to decompose the MB about 95 % and 

65 % under UV- and visible-light irradiation, respectively [12]. Sacco et al. reported 

that under visible light, up to 97 % mineralization of MB was achieved in the 

presence of N-TiO2 catalyst prepared by direct hydrolysis of titanium(IV) 

isopropoxide with ammonia. Similar trends were also observed for MO 

decolorization with the initial concentration of 9 mg dm-3 [22]. 

However, those dye compounds can only be used for such a purpose with care 

because the process involves competing light absorptions by the dyes and the 

catalyst. Dyes absorb a significant fraction of the light used to excite the catalyst. 

Hence, the initial concentration of the dyes must be kept at a low level. 

Additionally, the dyes may function as sensitizers in the visible range, which, 

however, can increase the photocatalytic activity. Therefore, to avoid both inner 

filter effect and possible sensitization, other organic model compounds must be 

applied that do not absorb at the irradiation wavelengths [123]. 

Beside dyes, some chemical emerging contaminants such as 2-chlorophenol, 

ethylparaben, diclofenac, 4-acetamidophenol, 1,4-HQ, and others are commonly 

applied as a model compound for photocatalytic investigation of TiO2-based 

catalysts because they are hazardous, colorless, and do not absorb light [124,125].  

Nguyen et al. evaluated the removal of diclofenac by using a sub-merged 

photocatalytic membrane reactor with suspended N-TiO2 (sol-gel method) under 

visible-light. The result indicated that higher initial concentration reduced the 

efficiency of the process. The 5 mg dm-3 of initial concentration was observed as 

an optimum degradation rate of diclofenac with a value of 0.0023 mg dm-3 min-1 

[126]. Rajoriya and co-workers investigated the degradation of 4-acetamidophenol 

in the presence of N-TiO2 fabricated via ultrasound assisted sol-gel process. The 

results showed the degradation percentages of 4-acetamidophenol: 63.3 %  

(k = 6.5×103 min-1) and 28.3 % (k = 2.1×103 min-1) under UV- and visible-light 

illumination, respectively [127].    
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1,4-HQ is one of the promising organic model compounds for testing the 

photocatalytic degradation because of its widespread application in human and 

industrial activities. It can be used as a developing agent in pharmaceutical, personal 

care products, dye intermediates, etc. It is present in the medical products, cosmetic 

formulations of products such as skin lightening, finger nails coating, and hair dyes 

[128]. On the other hand, 1,4-HQ can also appear as intermediate metabolites, or a 

degradation product generated by transformation of several aromatic compounds, 

particularly from phenol and several benzene derivatives. The formation of 1,4-HQ 

at early stages of phenol oxidation increases the toxicity of phenol wastewaters, 

showing that these compounds were more toxic and less degradable than the 

original pollutant.  

 

 

Figure 3.10. Proposed mechanism of 1,4-HQ degradation. 

In the photocatalytic reaction, however, 1,4-HQ can be degraded into several 

compounds such as acetic acid, oxalic acid, and formic acid, then further 

mineralized to CO2 and H2O as shown in Fig. 3.10 [129–132]. Houndedjihou and 

co-workers reported the investigation of 1,4-HQ photodegradation by using thin 

layer of Degussa P25 TiO2. The photocatalytic study showed that about 57 % of 

1,4-HQ was degraded under UV-A illumination for 300 min. Two intermediate  

by-products have been observed at the wavelength of 246 nm and 256 nm, which 

could be assigned to 1,4-benzoquinone and (probably) hydroxyl-benzoquinone, 
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respectively. The existing benzoquinone (even at the initial time), is due to  

a reversible reduction-oxidation reaction of 1,4-HQ occurring in solution [125]. 

Furthermore, ROS (•OH and •O2
¯) are well known as primary intermediates of 

photocatalytic reactions. The evaluation of these species, both their quantification 

and kinetics are important in terms of understanding the photocatalytic 

mechanisms, enhancing the efficiency, and utilizing the various technologies for 

practical applications [133].  

Paramagnetic resonance, UV/Vis absorption spectroscopy, fluorescence, and 

other methods have been developed in order to identify ROS formation. However, 

fluorescence probing is one of the favorable methods, due to its high sensitivity to 

measure at low concentrations. This method is based on the appearance of  

a fluorescent product in the reaction of the molecular probe with ROS. At a specified 

wavelength, the excitation of the reaction product leads to a characteristic emission, 

which can be measured by spectrofluorometry  [134]. 

 

 

Figure 3.11. Product distribution of the reaction of coumarin with hydroxyl radical.  

 

Numerous compounds, such as terephthalic acid and sodium terephthalate 

[135,136], coumarin [137–139], coumarin-3-carboxylic-acid [140,141], and 
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ninhydrin [142], have been successfully applied in the quantification of hydroxyl 

radicals. Nevertheless, coumarin is found to serve as an adequate probe for the 

direct assessment of •OH. The amount of this radical was estimated by measuring 

the fluorescence of the 7-OHC product, the yield of which was 29 % of the hydroxyl 

radicals reacted with coumarin. The product distribution of this reaction is shown 

in Fig. 3.11 [138,139]. 

The main advantage of this method is its simplicity, sensitivity, reproducibility 

and accuracy. However, some parameters should be taken into account, such as the 

pH-dependence of the fluorescence, formation of other hydroxylated products  

in addition to the quantifiable ones, and degradation of the product to be measured 

under specific operating conditions [143].  

Furthermore, another important ROS is superoxide anion radical produced in the 

reaction between photo-generated electron and oxygen in the photocatalytic system. 

This type of  ROS is easily protonated to •OOH, although superoxide anion radical 

still predominates in aqueous media [143].   

Various compounds have been tested as chemical probes to quantify superoxide 

anion radical in various AOPs, including nitroblue tetrazolium, 2,3-nis(2-methoxy-

4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide, and methoxy cypridina 

luciferin analog. However, luminol is the most widely used as a probe for 

superoxide anion radical by producing the chemiluminescent 3-aminophtalate  

(Fig. 3.12) [143].  

 

Figure 3.12. Reaction of luminol with •O2
¯  [143].  

Typically, luminol is first converted into an intermediate radical by  

a one-electron oxidation, normally mediated by H2O2. Then the luminol radical 

reacts with superoxide anion radical to form an electronically excited  

hν 



27 

 

3-aminophthalate. Luminescence occurs when the 3-aminophthalate decays to the 

ground state [144]. Furthermore, the oxidation of luminol in the presence of light is 

a complex, multistep process and depends on several factors such as pH, 

temperature, metal catalyst, hydroxide ions, and reactive species present in solution 

that interact with luminol [145].  
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4. Experimental 

4.1 Materials 

Titanium(IV) isopropoxide (Ti[OCH(CH3)2]4,  98 %) and titanium(IV)               

iso-butoxide (Ti[OC(CH3)3]4, 98 %) were purchased from Acros Organic (China) 

and used as titanium precursor. Urea (CH4N2O) and ammonium hydroxide 

(NH4OH, 25 %) were used as nitrogen source (pure reagent grade) and obtained 

from Scharlab Hungary Kft (Hungary). Nitric acid (HNO3, 65 %) was supplied by 

VWR international (Hungary). Silver nitrate (AgNO3) and ethanol were purchased 

from Forr-Lab Kft. (Hungary) and Molar Chemical Kft. (Hungary), respectively 

The two organic model compounds, coumarin (C9H6O2) and 7-hydroxycoumarin 

(C9H6O3, 99 %) were obtained from Carlo Erba Reagent (Italy) and Sigma-Aldrich 

(Hungary), respectively. 1,4-hydroquinone (C6H6O2, ≥ 99 %) was purchased from 

Sigma-Aldrich (Hungary). Barium sulphate (BaSO4) was purchased from Reanal 

(Hungary). Freeze-dried bacteria (for Lumistox bacteria test) were provided by 

Hach Lange GmbH (Germany).    

High purity water used in these experiments was double distilled and then 

purified with a Milli-Q system. Compressed air or argon bubbling was introduced 

into the reaction mixtures from gas bottles.      

4.2 Preparation of N-TiO2 

4.2.1 NT-A preparation 

The preparation of N-TiO2 (NT-A) was realized by using a previously published 

method [19] with numerous modifications. It was conducted by various synthesis 

temperatures, dosing order steps, calcination time and temperature.  

The synthesis temperature was adjusted to 0, 10 and 25 °C during the 

preparation. For the first dosing order, a volume of 2 cm3 of titanium(IV) 

isopropoxide (TTIP) was drop-wise added into 50 cm3 of distilled water, while 

continuously stirring for 10 min. Subsequently, 20 cm3 of nitric acid  

(65 %) was added to this white suspension, and it turned into a transparent solution. 

Afterward, ammonium hydroxide (25 %, 85 cm3) was slowly added in the solution 
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and magnetically stirred for 60 min [19]. The second dosing order was nitric acid, 

ammonium hydroxide, distilled water, and TTIP.  

Furthermore, the precipitate obtained from the final mixture was vacuum filtered 

and dried at 40 °C for 24 h. Then the dried catalyst was ground and calcined at  

450 °C for 30 min in air atmosphere with a heating rate of 2 °C min-1  

(in a Nabertherm P330 Furnace, Germany). In order to investigate the effects of 

calcination time on the photoactivity, the catalysts were calcined at 450 °C for 30, 

60, 120, and 240 min. In addition, the effect of calcination temperature was also 

examined at 150, 250, 350, 400, 450, 500 and 650 °C for 30 min (best calcination 

time). The NT-A catalysts obtained at different calcination temperatures are shown 

in Attachment as Fig. A4.1.  

For comparison, undoped TiO2 was also prepared by drop-wise addition of 

titanium precursor into distilled water. The undoped TiO2 was calcined at 450 °C 

for 30 min. 

4.2.2 NT-U preparation 

A volume of 5 cm3 titanium(IV) isobutoxide (TTIB) was dissolved drop-wise 

into 50 cm3 anhydrous ethanol. Furthermore, 3.6 g of urea in 2 cm3 of NH4OH was 

added slowly with vigorous stirring at room temperature for 2 h then increased to 

80 ᵒC for 1 h. Subsequently, a white gel was vacuum filtered and dried at 40 ᵒC for 

24 h [146]. Finally, N-TiO2 sample (NT-U) was ground and calcined at 450 °C for 

30 min (optimum calcination temperature and period) in air atmosphere with a 

heating rate of 2 °C min-1 (Nabertherm P330 Furnace). 

4.3 Preparation of Ag/N-TiO2 

Ag nanoparticles were decorated on the surface of N-TiO2 by using                 

photo-deposition method. Firstly, 0.18 cm3 solutions of various AgNO3 

concentrations (0.2, 2.0, 20, and 200 mM) were diluted to 15 cm3 with distilled 

water. Then, 0.36 g of NT-U or NT-A was added into these solutions, followed by 

10-min stirring to reach the adsorption-desorption equilibrium. Subsequently, under 

continuous stirring, the mixture was irradiated by using a UV LED (λmax = 390 nm) 
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for 10 min from a distance of 5 cm [147]. Lastly, the catalyst was dried at 50 ᵒC for 

24 h. The obtained catalysts are denoted as Ag/NT-Ux and Ag/NT-Ax, where x        

(x = 0, 10-7, 10-6, 10-5 and 10-4 mol g-1) represents the Ag/NT ratio. The color of the 

synthesized catalysts changed from light yellow to gray upon increasing the Ag 

concentration.  

In order to estimate the amount of Ag nanoparticles attached on the surface of 

the catalysts, the concentrations of Ag in the solution initially (i.e., before the 

adsorption process), after the adsorption, and at the end of the UV irradiation were 

measured by using inductively coupled plasma optical emission spectroscopy   

(ICP-EOS, Spectroflame Modula, SPECTRO) under Ar plasma.   

4.4 Characterization 

The morphology and elemental analysis of the catalysts were investigated by 

using an Apreo SEM (ThermoFisher Apreo S scanning electron microscope) 

equipped with Octane Elect Plus EDX (AMETEK) was used at 5.0 kV for imaging 

and 25.0 kV for elemental analysis. A Talos F200X G2 instrument (Thermo Fisher), 

equipped with a field-emission gun and a four-detector Super-X energy-dispersive 

X-ray spectrometer was used at 20.00 kV for transmission electron microscopy 

(TEM) and elemental analysis. TEM and high-angle annular dark-field (HAADF) 

images were collected for both structure analyses and elemental mapping.  

Thermal analysis was carried out by using two different instruments. 

Thermogravimetric analysis (TG) and differential thermal analyses (DTA),                 

a Derivatograph-C type thermoanalytical instrument (Hungarian Optical Works) 

was applied in the temperature range of 20 °C - 1000 °C, with 5 °C min-1 heating 

rate and dynamic synthetic air atmosphere, using open ceramic crucibles. 

Additionally, TG-DSC (Differential scanning calorimetry) analysis was carried out 

by using Netzsch STA 409 CD simultaneous thermoanalytical equipment, open 

ceramic crucible heated in dynamic Ar flow, 20 °C - 1015 °C, 10 °C min-1. 

Raman analysis was performed by using a Bruker Senterra dispersion Raman 

micro-spectroscope, equipped with a 532-nm excitation laser operated at 2 mW, 

10x optical magnification for visual images. 
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Fourier transform infrared spectroscopy-attenuated total reflection (FTIR-ATR) 

measurements were carried out by using a BRUKER Vertex 70 type spectrometer 

with a single reflection Bruker Platinum diamond ATR adapter. The spectra of the 

ground samples were recorded at a resolution of 2 cm-1, with a room temperature 

DTGS detector by averaging 512 scans.  

The specific surface area was determined by nitrogen adsorption/desorption 

isotherms measured with a Micromeritics ASAP 2000-type instrument on samples 

(weight ≈ 1.0 g) previously outgassed in vacuum at 160 ᵒC.  

The surface areas of the samples were determined by the BET                   

(Brunauer-Emmett-Teller) method from the corresponding nitrogen adsorption 

isotherms. 

The crystal structures of the catalysts were examined by using XRD                   

(with a Philips PW 3710 type powder diffractometer) with a Cu-Kα radiation source 

(λ = 1.5405 Å). Diffraction peaks were recorded from 10° to 70° and used to 

determine the structure of catalysts. The crystallite size values were calculated by 

using the Scherrer equation [148]. 

Diffuse reflectance spectra (DRS) were recorded on a luminescence 

spectrometer (PerkinElmer, USA) equipped with an integrating sphere.                    

The band-gap energy was calculated by using Tauc plot of the Kubelka-Munk 

function [149]. The details of the calculation are described in Text A4.1 of the 

Attachment. 

4.5 Reactor and photocatalytic experiments 

Photochemical experiments were carried out by using a laboratory-scale reactor 

with a volume of 50 cm3, (Figs. 4.1 - 4.2) and in all experiments air or argon (Ar) 

was continuously bubbled into the reaction mixture. The flow rate of gas was           

20 dm3 h-1.  

UV (λmax = 390 nm; 60 W, light intensity = 7.6 mW cm-2) and visible  

(λmax = 453 nm; 7 W) LEDs were used as light sources (Fig. A4.2). The visible 

LEDs were located on one (light intensity = 23 mW cm-2) or both sides  

(light intensity = 90 mW cm-2 for each side) of the reactor with a distance of 10 or 
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3 cm, respectively. The change of position and distance of the visible LEDs was 

carried out in order to enhance the light intensity. The optimum light intensity was 

obtained by the lamps arrangement with two-side positions.  

 The temperature of the reaction mixture was relatively stable during the 

illumination, increasing by only 2-3 oC. It resulted in a negligible effect to the rate 

of photochemical and thermochemical reactions.  

     

Figure 4.1. Schematic illustration of the lab-scale quartz glass reactor and its 

arrangement in the setup for photocatalytic experiments under UV LED.  

 

 

Figure 4.2. Illustration of photocatalytic reactor under Vis LED with (a) first and (b) 

second arrangements.  

Initially, 50 mg of catalyst was placed in 10 cm3 distilled water and mixed under 

sonication for 30 min, (to disperse the catalyst particles) followed by stirring 

overnight to homogenize the particles. Hydroxyl radicals might be formed during 

(a) (b) 

Gas bubbling 

Gas bubbling 
Gas bubbling 
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sonication [150]. However, they would recombine in the absence of scavenger. 

Afterwards, 40 cm3 solution of organic substrate (coumarin or 1,4-HQ) was added 

into the suspension and left in the dark for 30 min to establish an  

adsorption-desorption equilibrium at room temperature. The initial concentrations 

of coumarin and 1,4-HQ were 0.8×10-4 M and 2×10-4 M, respectively. The 

concentration of the catalyst was 1 g dm-3 in all experiments. 

Before and during the irradiation, 3 cm3 samples were taken through a septum 

with a syringe and filtered by a Millipore Millex-LCR PTFE 0.45 µm membrane 

filter. 

4.6 Analytical measurements 

In this work, coumarin was used as scavenger of hydroxyl radicals generated 

during the photoreaction, producing strongly emissive 7-hydroxycoumarin              

(7-OHC) [139]. The emission of 7-OHC (λex = 332 nm and λem = 453 nm) was 

determined by spectrofluorometer (PerkinElmer LS50B).  

The actual coumarin concentration was calculated from absorption spectra.  

The molar absorption coefficient (ε) of the 7-OHC compound at 277 nm was 

significantly lower than that of coumarin, therefore at low concentrations  

(c = 10-5 M at lower concentrations, 7-OHC is formed about 10-7-10-8), the resulting 

7-OHC did not significantly alter the light absorption. No spectrum distortion 

appeared at the maximum absorption of the 7-OHC (λ = 324 nm) (Fig. A4.3). Then 

the absorbances of coumarin were measured by using a UV-Vis spectrophotometer 

(Scinco S-3100) (Fig. A4.4) and the degradation rate constant (k) was determined 

by pseudo-first order kinetics. The quantum yield was estimated according to  

a previously reported method as described in Text A4.2 [151]. 

The concentration of 1,4-HQ was analyzed by using a luminescence method due 

to its intensive emission at λem = 330 nm (λex = 288 nm). In addition, a high 

performance liquid chromatograph (HPLC, Shimadzu) was also applied for 

monitoring the photodegradation of 1,4-HQ by using a C18 column (Phenomenex 

Kinetec, 3.0×100 mm, 2.6 µm particle sizes) for separation, and a UV detector at 



34 

 

246 nm and 288 nm wavelengths. The mobile phase consisted of methanol and 

water (5/95 %, v/v), and its flow rate was 0.2 cm3 min-1 [152].  

The degradation efficiency (D(t), %) was calculated by using Eq. 4.1.  

𝐷(𝑡)(%) =
𝐶0−𝐶𝑡

𝐶0
          (4.1) 

where c0 and ct are the initial and actual concentration of the organic compound, 

respectively [153]. 

The mineralization process was measured by using a total organic carbon 

analyzer (TOC-L, Shimadzu).  

4.7 Antibacterial study 

The antibacterial effect was measured by using Vibrio fischeri luminescent 

bacteria. The sample preparation for antibacterial study is described in the  

Text A4.3 [154]. The luminescent intensity of Vibrio fischeri was detected by  

a Toxalert 100 device. The inhibition percentage of bioluminescence could be 

achieved by Eq. 4.2. 

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑑𝑒𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛𝑡(%) =
𝐼𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒(𝑡)−𝐼𝑠𝑎𝑚𝑝𝑙𝑒(𝑡)

𝐼𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒(𝑡)
× 100         (4.2) 

where Ireference(t) is the emission intensity of the reference or blind sample and Isample(t) 

is the emission intensity of the actual sample. 
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5. Result and Discussion 

5.1 NT-A catalyst 

The main objective of this study is to synthesize catalysts being active under 

visible illumination. In the first stage of experiments were carried out to find the 

optimum dosing order, synthesis temperature and calcination time of NT-A 

(calcined at 450 °C) from the viewpoint of photoactivity. 

The photocatalytic activity of catalysts were assessed by measuring the 

generation of hydroxyl radicals under visible and UV light. Hydroxyl radical 

formation is usually considered as a key process characterizing the photocatalytic 

activity [112]. It is well known that hydroxyl radical is one of the highly ROS in the 

photocatalysis that attacks the organic contaminants, resulting in the degradation of 

these compounds [155,156]. Coumarin was used as the scavenger of hydroxyl 

radical and the concentrations of 7-OHC formed were calculated from the emission 

data at 453 nm by using a calibration curve (Fig. A5.1), and the initial rates (v0) 

were determined from the slope of linear regression equation obtained from 7-OHC 

concentration as a function of irradiation time. The concentration of 7-OHC was 

found to be proportional to the amount of hydroxyl radical produced. 

 

5.1.1 Effect of dosing order and synthesis temperature 

In this section, two different dosing orders of the NT-A preparation were applied 

at controlled temperature (0, 10, 25 °C) in order to investigate their effect on the 

photoactivity. The first dosing order is designated as TTIP-H2O-HNO3-NH4OH, 

while the second one as HNO3-NH4OH-H2O-TTIP. Fig. 5.1 reveals that at all 

synthesis temperatures, the photocatalytic 7-OHC formation with NT-A prepared 

by using the second dosing order was significantly higher compared to those 

achieved with NT-A synthesized by the first dosing order, which was negligible 

under visible irradiation within 240 min. In addition, the 7-OHC formations with 

undoped TiO2 and Degussa P25 TiO2 were relatively slow with the  

v0 of 0.4×10-10 M min-1 and 0.2×10-10 M min-1, respectively. 
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Figure 5.1. Effect of dosing order and synthesis temperature on 7-OHC formation. 

 c0(coumarin) = 0.8×10-4 M, c(catalyst) = 1 g dm-3, Vis LED (1st arrangement), 20 dm3 h-1 air  

The dosing order of the preparation steps significantly affected to the 

photoactivity of NT-A catalyst. As we can see in the first dosing order  

(TTIP-H2O-HNO3-NH4OH), titanium precursor was firstly hydrolyzed in water to 

form Ti(OH)4, then dissolved in the strong acid (HNO3). In this step, the precipitate 

Ti(OH)4 converted into ionic form (Ti4+) in acidic solution. Afterwards, further 

hydrolysis reaction occurred during NH4OH addition and turned to titanium 

precipitate. As a product of hydrolysis reaction, it is believed that the presence of 

acid solution will delay the hydrolysis reaction producing Ti(OH)4 precipitate.  

It might be due to the neutralization reaction between HNO3 and NH4OH in the first 

stage of reaction before precipitation of titanium hydroxide. In other words, it takes 

more time for the Ti(OH)4  nuclei to form. The initial acid concentration will also 

influence  the particle size and morphology of the titanium dioxide by affecting the 

nucleation and crystal growth [157].      

However, in the case of the second dosing order (HNO3-NH4OH-H2O-TTIP), 

the hydrolysis reaction of the titanium precursor occurred in the base solution. An 

excess of NH4OH was added to the HNO3 solution, producing basic buffer.  

This procedure might induce a faster hydrolysis reaction compared to that in the 
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first dosing order, affecting the nucleation, crystal growth, and yield of titania 

produced.     

The effect of synthesis temperature (0, 10 and 25 °C) indicates that the 

photoactivity of photocatalyst prepared by the first dosing order increased at lower 

synthesis temperature. The optimum 7-OHC formation was obtained at the lowest 

temperature (0 °C) with the v0 of 1.0×10-10 M min-1.  

On the contrary, the results obtained be the second dosing order suggest that the 

photoactivity increased at higher temperature then decreased after an optimum 

value. The NT-A catalyst prepared at 10 °C demonstrated the highest 7-OHC 

formation with the v0 of 5.3×10-10 M min-1. The synthesis temperature might control 

the kinetic mechanisms of hydrolysis reaction of titanium precursor from the 

molecular level until the nucleation and growth of TiO2 particles [158]. 

Furthermore, this optimum synthesis condition (second dosing order at 10 °C) was 

preferred for the further experiments.  

Vaiano et al. [23] reported the preparation of N-TiO2 at -20 °C to 0 °C, using 

sol-gel method. It was found that the lower synthesis temperature had a strong effect 

on the crystallite size and specific surface area. Particularly, the lower crystallite 

size occurred and the specific surface area was higher at lower temperature. The 

photoactivities of catalysts prepared at -20 °C were obtained by decolorization of 

eriochrome black-T; 41 % and 31 % upon UV- and visible-light irradiation  

(for 210 min), respectively. Sanchez-Martinez et al. [19] also proposed the 

synthesis of N-TiO2 at room temperature (25 °C), using co-precipitation method. 

The photoactivity of the catalysts was tested in the RhB solution and its degradation 

efficiencies were 40 % and 99 % for UV- (80 min) and visible-light (540 min) 

irradiation, respectively. 

Afterwards, the photoactivity of NT-A (second dosing order, 10 °C) was 

evaluated and compared to undoped TiO2 and Degussa P25 TiO2 under UV light 

(Fig. 5.2). According to our results, Degussa P25 TiO2 exhibited the best 

photoactivity under UV light, followed by the undoped TiO2 and NT-A.  

NT-A exhibited a lower photoactivity than undoped TiO2 did under UV light, owing 

to the consequence of modification with nitrogen that may shift the level of the 
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valence band, thereby reducing its oxidative efficiency, and, thus, producing less 

hydroxyl radicals. The tendencies were in agreement with the coumarin degradation 

and its quantum yield as shown in Fig. A5.2. 
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Figure 5.2. (a) Concentration and (b) v0 of 7-OHC formation for the different catalysts 

under UV light. 

 c0(coumarin) = 0.8×10-4 M, c(catalyst) = 1 g dm-3, UV LED, 20 dm3 h-1 air  

5.1.2 TG-DTA analysis 

Thermogravimetry and differential thermal analysis were used to detect the 

changes during the heat treatment of the catalysts. Fig. 5.3 shows the derivatograms 

of dried undoped TiO2 and NT-A powders.  

The initial masses of undoped TiO2 and NT-A were 153.5 mg and 153.6 mg, 

respectively (100 %). As shown in Fig. 5.3 a, the TG and DTG curves of the 

undoped TiO2 indicate a significant weight loss in the range of 25-302 °C. During 

the preparation, titanium tetrahydroxide was formed upon hydrolysis of the titanium 

precursor. Under heating (25-302 oC), pure titanium dioxide (106.4 mg (69.3 %), 

1.32 mmol) and water molecules (47.1 mg (30.7 %), 2.6 mmol) were formed as 

shown in Eqs. 5.1-5.2. These values clearly indicate that 2 moles of H2O were 

removed during heating treatment at 25-302 °C. No significant weight-loss were 

observed at higher temperatures. 

(a) (b) 
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Ti[OCH(CH3)2]4 + 4H2O  → Ti(OH)4 + 4 [HOCH(CH3)2] (5.1)  

Ti(OH)4    → TiO2 + 2H2O    (5.2)  

 

 

 

 

 

Figure 5.3. TG-DTA curve of (a) undoped TiO2 and (b) NT-A catalysts. 

Starting sample = the sample dried at 40 °C for 24 h in the preparation step 

Furthermore, the TG and DTG curves of NT-A illustrate a total mass loss of  

46.1 mg (30 %) as shown in Fig. 5.3 b. A weight loss of 43.2 mg (28.1 %) was 

recorded at 25-302 °C due to the removal of water, ammonia, and the remaining 

organic compounds originating from titanium precursor. A further weight loss of 

2.9 mg (1.9 %) at 302-464 °C might be attributed to the evaporation of the residue 

of absorbed water. There was no weight loss above 464 °C for NT-A. 
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Additionally, DTA curves of all samples show an endothermic peak below  

405 °C, which can be assigned to evaporation of water surface-adsorbed and 

decomposition of organic compounds. Then low and sharp exothermic peaks at  

405 °C are visible in the undoped TiO2 and NT-A, respectively, which can be 

attributed to the possible rearrangement of the TiO2 structure from amorphous to 

anatase [159]. It is well known that amorphous TiO2 is thermodynamically 

metastable, so it can evolve into a crystalline phase under heating treatment. The 

oxygen in the amorphous TiO2 releases when it is heated at certain temperature, 

forming intermediate and water. Furthermore, the TiO2 structure re-arranges and 

transforms into anatase [160,161].   

Moreover, a small exothermic peak was observed around 600 °C for undoped 

TiO2 and negligible for the NT-A sample. The peak around 600 °C is associated 

with the phase transformation from anatase to rutile [162]. From this point of view, 

it implies that doping with nitrogen could hinder the transformation of TiO2 from 

anatase to rutile at high temperature (around 600 °C). These phenomena are also 

confirmed by XRD results, which will be discussed in the chapter 5.1.5.1.     

5.1.3 SEM morphology 

SEM measurements were carried our in order to investigate the effect of 

morphology on the photoactivity. The results exhibited that all samples (prepared 

by both first and second dosing orders) mainly contained amorphous microparticles 

with various sizes within ~ 2-100 µm. The particle sizes are similar to those 

previously reported by Gurkan et al. [110], in the case of which wet impregnation 

method was applied. The N-TiO2 catalyst consisted of spherical particles with sizes 

up to 50-100 µm. Microsheets and nanorice grains were obtained for the 

morphology of the N-TiO2 catalyst prepared by hydrothermal method with average 

lengths of 3.5 μm and 250 nm, respectively [112,163].  

Noticeably, the dosing order of the synthesis significantly affected on the surface 

morphology. A non-hollow structure was obtained by the first dosing order  

(TTIP-H2O-HNO3-NH4OH) as displayed in Fig. 5.4 a. However, NT-A catalysts 
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prepared by the second dosing order (HNO3-NH4OH-H2O-TTIP) displayed a 

hollow structure on the surface of catalyst as shown in Fig. 5.4 b.  

 

Figure 5.4. SEM morphology of catalysts prepared by (a) first and (b) second dosing 

order. 

Generally, the hollow structure in the second order (HNO3-NH4OH-H2O-TTIP) 

was formed due to the drop-wise addition of the titanium precursor into the basic 

solution (NH4NO3 << NH4OH; pH=11). When titanium precursor was slowly 

dropped into the basic solution, hydrolysis reaction would rapidly occur at the 

surface of the droplets. The original droplet would be fragmented into many smaller 

ultrafine drops due to the surface reaction-induced acting force on the droplet and 

gravitation. Thereafter, the TiO2 shell layers would be formed on the surface of the 

ultrafine drops due to the surface hydrolysis reaction, leading to the surface 

hardening of the drops. Because of the significant density difference between the 

solid TiO2 and the liquid titanium precursor, the formed shell-layers turn into  

a hollow structure as illustrated in Fig. A5.3  [164]. 

Interestingly, the hollow structures were also observed on NT-A before 

calcination and in the undoped TiO2 (450 °C) (Fig. 5.5). The hollow sizes of 

undoped TiO2 were similar to those of the NT-A (450 °C) catalyst. Hence, it can be 
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concluded that the formation of pores was not influenced by the nitrogen doping 

but due to the drop-wise process of the titanium precursor into distilled water  

(undoped TiO2) or basic solution (NT-A).  

 

 

 

Figure 5.5. SEM morphology of (a) non-calcined NT-A and (b) undoped TiO2. 

The average pore size of undoped TiO2 (450 oC) was stable during the calcination 

processes, but it increased for the NT-A catalysts. The average pore diameters of 

NT-A before and after calcination were about 1 and 3 µm, respectively. It is also 

reported that the calcination process increased the average pore size [19,165,166].  

In addition, the hollow surface is an important feature in the photocatalytic 

performances because the large surface area can improve the adsorption of 

pollutants compared to the case of non-hollow materials. The surface area can 

strongly be related to the active sites, which are crucial in trapping photoinduced 

carriers and prolonging their lifetime [167]. 

5.1.4 Effect of the calcination time 

Most of the previous studies only optimized the calcination temperature, instead 

of calcination time, e.g., Sanchez-Martinez et al. calcined N-TiO2 (prepared by  

co-precipitation) at 200, 300, 400, and 500 °C for 2 h [19], Suwannaruang, et al. 

annealed the N-TiO2 catalyst (synthesized by hydrothermal method) at 300, 400, 

500, 550, 600, 650 and 700 °C for 4 h in air atmosphere [116]. Therefore, in this 

study, the effect of calcination time for NT-A catalyst (synthesis temperature 10 oC) 

was investigated within the range of 30-240 min, while the calcination temperature 
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was kept at 450 °C. Afterwards, the photocatalytic 7-OHC formation was used as 

indicator to obtain the optimum calcination time.  

The results indicated that v0 of the 7-OHC formation under visible light 

decreased at longer calcination periods (Fig. 5.6 a). Notably, the decrease within 

the range of 60-240 min was almost negligible. This phenomenon may be attributed 

to the loss of some nitrogen during the calcination. The N contents of NT-A 

catalysts were 5.5; 4.19; 3.86 wt % for 30-, 60-, and 240-min calcination times, 

respectively. The decrease of nitrogen content above 60-min calcination time was 

rather slight, strongly correlating with the photoactivity. However, under UV light, 

the 7-OHC formation of NT-A was relatively stable as shown in Fig. 5.6 b. 

Therefore, the synthesis temperature of 10 °C and 30-min calcination time were 

used for further experiments.  
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Figure 5.6. Effect of calcination time on the v0 of 7-OHC formation under 

 (a) visible and (b) UV light.  

c0(coumarin) = 0.8×10-4 M, c(catalyst) = 1 g dm-3 NT-A (450 oC), 20 dm3 h-1 air  

5.1.5 Effect of the calcination temperature 

5.1.5.1 Material properties 

The optimum parameters determined in the first stage of experiments were used 

for further investigations regarding the effect of the calcination temperature on the 

material properties and photoactivity under both UV and visible light.  

(a) (b) 



44 

 

Firstly, the changes of the vibrational states in the catalysts were measured by 

using FTIR spectroscopy. Fig. 5.7 exhibits the FTIR spectra of undoped TiO2 and 

NT-A calcined at various temperatures. 

For the undoped TiO2 calcined at 0 ᵒC (i.e., non-calcined), there are two 

characteristic peaks: a relatively sharp one at 1632 cm-1 and a broad one between 

3000 cm-1 and 3500 cm-1, which correspond to O-H bending and O-H stretching 

vibrations, respectively. However, after calcination at 450 ᵒC, the sharp peak at 

1632 cm-1 remarkably fell down and the broad band at 3000-3500 cm-1 significantly 

flattened. 
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Figure 5.7. FTIR spectra of undoped TiO2 and NT-A calcined at various temperatures. 

 

For the NT-A catalyst (non-calcined), an additional peak appeared at 1429 cm-1 

(N-H bending) and the broad band resolved into four ones at 2983, 3034, 3184, 

3395 cm-1, which can be assigned to N-H stretching overlapped with O-H 

vibrations. The intensity of these peaks decreased at 150 oC calcination temperature. 

The peak at 1429 cm-1 (N-H bending) and broad bands at 2800-3400 cm-1 started to 

disappear up to 350 oC calcination temperature while the peak at 1632 cm-1 still 

remained. It might be due to the transformations of N-H groups, resulting in new 

bonds of nitrogen (e.g., Ti-N/N-Ti-O), the vibrations of which were not detectable 
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at the measurement parameters applied [19,168]. This tendency is relatively stable 

for calcination temperatures of 450 oC and 650 oC. The FTIR spectra of the undoped 

TiO2 and NT-A catalysts calcined at 450 ᵒC are very similar. 

The structural properties of the catalysts were determined by using XRD 

measurements. Fig. 5.8 illustrates the XRD patterns of the undoped TiO2 (450 oC) 

and NT-A catalysts calcined at various temperatures. 

Pure anatase phase was obtained for undoped TiO2 and NT-A calcined 450 oC. 

The diffraction peaks located at 25.2°, 37.8°, 47.9°, 54.9° and 62.7° are mainly 

related to the anatase phase (JCPDS card no. 21-1272) with Miller indices labeled 

as (101), (004), (200), (211) and (204), respectively.  
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Figure 5.8. XRD patterns of undoped TiO2 and NT-A calcined at various temperatures. 

No peaks were observed for NT-A calcined at 150 °C and 250 °C, which 

indicated amorphous titania. The NT-A catalyst transformed into anatase phase 

above 350 °C and there was not any other phase transformation from anatase to 

rutile or brookite during calcination up to 650 °C. Generally, the phase 
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transformation of pure TiO2 from anatase to rutile occurs between 500 °C and  

600 °C, and a complete transformation to rutile at 600 °C [169,170]. Our results 

clearly indicated that nitrogen doping of TiO2 inhibited the phase transformation 

from anatase to rutile, in accordance with the TG-DTA measurement (Fig. 5.3) and 

a quite recent observation [112]. Suwannaruang and fellow workers synthesized 

nitrogen doped TiO2 via hydrothermal method with various calcination 

temperatures from 300 °C to 700 °C. The XRD results showed that all samples 

contained only anatase crystalline phase and the phase transformation from anatase 

to rutile or brookite did not occur at calcination temperatures up to 700 °C [116]. 

The peak intensity of anatase (101) increases and the width of (101) plane 

becomes narrower with increasing calcination temperature. This tendency can be 

attributed to the growth of the average diameter of the crystal particles upon 

temperature rising. The crystallite sizes increased from 15 nm (350 °C) to 27.5 nm 

(650 °C) as summarized in Table 5.1. NT-A catalyst exhibited a higher crystallite 

size than that undoped TiO2 possessed at the same calcination temperature  

(450 °C). In comparison, according to a previous work, the crystallite size of the 

standard Degussa P25 TiO2 was approximately 79.7 nm [171]. 

Table 5.1. Summary of characteristic data for NT-A and TiO2.  

Calcination 

temperature / oC 

Crystallite size 

/ nm 

Nitrogen content / 

wt % 

Band-gap Energy / 

eV 

non-calcined - 14.09 - 

150 - 9.53 3.01 

250 - 8.88 3.03 

350 15.05 8.41 3.05 

400 17.22 7.20 3.11 

450 19.20 5.50 3.12 

500 20.70 3.30 3.13 

650 27.53 3.61 3.17 

450* 13.93 0.00 3.18 

*Undoped TiO2 calcined at 450 oC 

Energy dispersive X-ray spectrometry (EDS) was applied to investigate the 

elementary composition of NT-A calcined at various temperatures. The nitrogen 
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content of non-calcined NT-A was observed about 14.09 wt % and this value 

significantly decreased to 9.53 wt % after calcination at 150 °C. Then the 

percentage of nitrogen content continued to decrease upon increasing the 

calcination temperature (Table 5.1). It implies that not only water molecules were 

released from NT-A during the heating process, but also the nitrogen content 

changed. The loss of nitrogen could be replaced by oxygen from air upon increasing 

calcination temperature [172]. 
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Figure 5.9. Tauc plot and band-gap energy of different catalysts. 

(a) NT-A (450 oC): 3.12 eV  (b) TiO2 (450 oC): 3.18 eV  (c) Degussa P25 TiO2: 3.21 eV 

The band-gap energies were determined by the analysis of diffuse reflectance 

spectra, applying the Kubelka-Munk function [149]. Fig. 5.9 shows the band-gap 

energy determined for Degussa P25 TiO2 (3.21 eV), which is in good agreement 

with the literature data, i.e., the measurement method is reliable. About 3.18 eV 

band-gap energy was observed for undoped TiO2 (450 °C) and this value slightly 

decreased to 3.12 eV after nitrogen doping (NT-A, 450 °C). This phenomenon is in 

accordance with previous observations, according to which the obtained band-gap 

energy of N-TiO2 catalysts were 2.94-3.18 eV [12,19,112,116]. Those catalysts 

exhibited excellent photocatalytic performances in the degradation of MB, RhB, and 

ciprofloxacin under both visible and UV light. 
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Upon enhancing the calcination temperature, the band-gap energy indicates  

a moderate, but monotonous increase (Table 5.1). It is strongly related to the 

decrease of the nitrogen content. It is well known that nitrogen as doping element 

induces the formation of a new energy level (localized N 2p state) in the valence 

band, extending the light absorption into the visible range [113,172]. These results 

can also be used to verify that the higher calcination temperature could potentially 

increase the band-gap energy, due to the nitrogen loss. 

5.1.5.2 Effect of calcination temperature on the photoactivity 

The photocatalytic activity of these NT-A catalysts prepared in the various 

calcination temperatures were evaluated under UV light as shown in Fig. 5.10. The 

NT-A catalysts calcined at 150 °C and 250 °C were inefficient regarding the 

photoinduced 7-OHC formation, independently of the irradiation wavelength. It can 

be explained by the XRD results, according to which these catalysts were still in 

amorphous form. This phase contains many bulk defects, which served as 

recombination sites of photo-generated electrons and hole, thus leading to very low 

7-OHC formations [173]. 
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Figure 5.10. 7-OHC formation by NT-A catalysts prepared at various calcination 

temperatures, under UV light.  

c0(coumarin) = 0.8×10-4 M, c(catalyst) = 1 g dm-3 NT-A, UV LED, 20 dm3 h-1 air 
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The photoactivities of NT-A calcined at 350 °C and 400 °C increased during the 

first 90-min period, then achieved a constant value. However, in the case of higher 

calcination temperatures (450, 500 and 650 °C), the intensity of 7-OHC formation 

rapidly increased during the first (90 min). In this period, an efficient  formation of 

hydroxyl radical occurred, leading to a significant coumarin degradation 

accompanied with an appreciable 7-OHC formation [174]. After the first period,     

a declining phase occurred due to the low amount or completed degradation of 

coumarin and induced a low concentration of 7-OHC formation. In addition, the 

decrease of 7-OHC formation can also be attributed to the relative excess of ROS 

(•OH, •O2
¯, H2O2), which can also further degrade the formed 7-OHC itself along 

with other hydroxylated intermediates [175,176].     
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Figure 5.11. 7-OHC formation by NT-A catalysts prepared at various calcination 

temperatures, under visible light.  

c0(coumarin) = 0.8×10-4 M, c(catalyst) = 1 g dm-3 NT-A, Vis LED (1st arrangement), 20 dm3 h-1 air 

The effect of calcination temperature on the 7-OHC formation under visible light 

is shown in Fig. 5.11. The NT-A catalysts calcined at 150 °C and 250 °C were also 

inactive regarding 7-OHC formation due to the amorphous phase of them. On other 
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hand, the 7-OHC formation by NT-A steadily rose for higher calcination 

temperatures  from 350 °C to 450 °C, and dramatically decreased for 500 °C and 

650 °C. The optimum calcination temperature was obtained at 450 °C with                   

a 7-OHC formation of 1.33×10-7 M after a 240-min visible irradiation. 

Furthermore, beside the deviating tendencies, UV irradiation strongly improved 

the v0 of 7-OHC formation over the NT-A catalysts compared to that observed 

under visible light. The ratio of 7-OHC formation (v0 UV/Vis) increased upon 

increasing the calcination temperature from 5.2 to 187.6 for NT-A 350 °C and  

NT-A 650 °C, respectively (Table A5.1). This phenomenon can be attributed to the 

higher energy of UV compared to that of visible light [177] and to the structural 

deviations originated from the different nitrogen contents.  

Moreover, crystalline phase, crystallite size, nitrogen content, and surface 

morphology are important features affecting the photocatalytic performances of 

NT-A catalysts. According to the XRD results, all catalysts were transformed into 

pure anatase phase during calcination at 350 °C to 650 °C, but they are characterized 

by different nitrogen contents and crystallinities (Table 5.1).  

   

 

Figure 5.12. Correlation of calcination temperature, nitrogen content and crystallite size 

on the v0 of 7-OHC formation under (a) UV and (b) visible light.  

The v0 of 7-OHC formation under UV light significantly improved by higher 

calcination temperature. The increase of photoactivity was in line with the 
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increasing of crystallite size (Fig. 5.12 a).  Crystallites of larger size contained only 

few defects on the crystal lattice, thus resulting in less recombinations of charge 

carriers, and inducing a higher photoactivity [178]. However, it should also be noted 

that an increase of the calcination temperature also reduces the nitrogen content, 

which results in only a slight change in the oxidation capacity of the valence band. 

Nevertheless, it is a general phenomenon that relatively small decreases of the band 

gap diminishes the photoactivity in the UV range. 

Under visible light, the photoactivity increased from 350 °C to 450 °C 

calcination temperatures and significantly decreased from 500 °C to 650 °C. 

Although the crystallite size steadily increased, the lower of photoactivities 

regarding 500 °C and 650 °C might be attributed to the decrease of the nitrogen 

content (Table 5.1) during calcination, which led to a higher band-gap energy and 

less light absorption in the visible range [19,116,172,179]. From this point of view, 

both crystallite size and nitrogen content of the NT-A catalysts play crucial roles in 

the v0 of 7-OHC formation (Fig. 5.12 b).  

5.1.6 Photocatalytic reactions of coumarin 

One of our goals was to study the reactions of coumarin as a probe of the 

photocatalytic activity of the N-TiO2 upon both UV- and visible-light irradiations. 

Beside the investigation of hydroxyl radical (7-OHC) production, coumarin 

degradation was also monitored during the photocatalytic experiments in order to 

estimate the degradation efficiency and the possibility of reactions between the 

parent compound and other photo-generated species such as electron or superoxide 

anion radical. For this purpose, the reaction mixtures were saturated with Ar or air 

during the irradiations, ensuring anaerobic or aerobic conditions, respectively.  

5.1.6.1 Under UV light  

The first measurements were carried out under UV irradiation with NT-A 

calcined at 450 °C because it displayed the highest photoactivity under visible light. 

Fig. 5.13 shows that 7-OHC formation in the absence of oxygen exhibited a gradual 

increase during the irradiation. After a 60-min irradiation, the concentration of         
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7-OHC reached 1.30×10-7 M and that of all OHC derivatives was 4.48×10-7 M. 

However, in the presence of oxygen the concentration of 7-OHC and OHC 

increased in the first period of irradiation time and subsequently declined. During 

the first 60-min irradiation, the concentration of 7-OHC and OHC reached  

2.66×10-7 M and 9.18×10-7 M, respectively. The enhancement of the photoactivity 

in the presence of oxygen might be attributed to a better charge separation of  

photo-generated electron-hole pairs leading to a higher hydroxyl radical formation.  

In addition, the presence of oxygen probably opens a new cathode reaction, i.e., the 

oxygen reduction occurres at a more positive cathode potential compared to that in 

the absence of oxygen, which polarizes both the anode and the cathode to a more 

effective position, and that way increases the electric current and the rate of 

chemical reaction [180].  
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Figure 5.13. The change of concentrations under different circumstances.  

c0(coumarin) = 0.8×10-4 M, c(catalyst) = 1 g dm-3 NT-A (450 oC), UV LED, 20 dm3 h-1 gas  

The concentration of coumarin was also measured during the photocatalytic 

reaction to evaluate the degradation efficiency. As illustrated in Fig. 5.14,                   

in anaerobic atmosphere, the total coumarin degradation efficiency after a 240-min 

irradiation and the first-order degradation rate constant were 20.2 % and  

1.63×10-5 s-1, respectively. However, in aerobic atmosphere, the degradation 
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efficiency of coumarin significantly increased; to 58.6 % after 240-min irradiation, 

with a degradation rate constant of k = 6.10×10-5 s-1.  
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Figure 5.14. (a) Coumarin degradation and (b) its logarithm  

(for rate constant determination) under anaerobic and aerobic conditions.  

c0(coumarin) = 0.8×10-4 M, c(catalyst) = 1 g dm-3 NT-A (450 oC), UV LED, 20 dm3 h-1 gas 

In order to study the photocatalytic degradation pathways of coumarin, the total 

coumarin degradation was obtained from the difference between the initial and the 

actual coumarin concentrations. OHC concentration indicates the amount of 

coumarin degraded through the reactions with hydroxyl radical. The difference 

between the total coumarin degradation and the OHC concentration suggests the 

coumarin degradation through reactions with other reactive species. 

Fig. 5.15 shows that coumarin prefers reaction with species other than hydroxyl 

radical which the efficiencies of coumarin degradation through the reaction with 

hydroxyl radical hardly depended on the presence of oxygen. The coumarin 

reactions with hydroxyl radicals were closely similar in anaerobic (0.97 %) and 

aerobic (1.01 %) atmospheres within a 60-min UV irradiation. However, the 

efficiencies of coumarin reaction with other reactive species significantly increased 

to 5.68 % and 18.24 % for anaerobic and aerobic atmosphere, respectively. 

 

(a) (b) 
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       − undegraded coumarin    +  −  total degraded coumarin    − degraded via 
•
OH                 

 − degraded via other reaction 

 

Figure 5.15. Degradation pathways of coumarin in (a) anaerobic and (b) aerobic 

atmosphere after 60-min irradiation under UV light.  

c0(coumarin) = 0.8×10-4 M, c(catalyst) = 1 g dm-3 NT-A (450 oC), UV LED, 20 dm3 h-1 gas 
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Figure 5.16. Irradiation time dependence of concentration of coumarin degraded through 

the reactions with other reactive species.  

c0(coumarin) = 0.8×10-4 M, c(catalyst) = 1 g dm-3 NT-A (450 oC), UV LED, 20 dm3 h-1 gas 
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The results of the present study are in agreement with those of a previous 

investigation conducted by Zerjav et al., according to which less than 2 % of 

coumarin was converted into the photoluminescent 7-OHC [134]. The v0 of 

coumarin degradation via reactions with other reactive species under anaerobic and 

aerobic conditions were 1.0×10-7 M min-1 and 2.7×10-7 M min-1, respectively  

(Fig. 5.16). 

Generally, photocatalytic reaction was initiated by irradiation of NT-A catalyst, 

producing photo-generated electrons in the cb, along with the corresponding 

positive holes in the vb. In anaerobic atmosphere (Ar), these photo-generated 

electrons and holes can quickly recombine in the absence of electron scavenger, 

leading to a low photoactivity (Eqs. 5.3-5.4). However, at the same time, coumarin 

can act as an electron scavenger (k = 1.6×1010 M-1 s-1 [181])     in the absence of 

oxygen, forming non-fluorescent products (Eq. 5.5), while the holes in the vb react 

with adsorbed H2O molecules, leading to the formation of hydroxyl radical (Eq. 

5.6). Various OHC products are formed in the reaction with coumarin as illustrated 

in Eq. 5.7 [138].  

 

NT-A + hv → NT-A(hvb
+ + ecb

-)   Excitation  (5.3) 

NT-A(hvb
+ + ecb

-) → NT-A   Recombination  (5.4) 

ecb
-  + coumarin → non-fluorescent products     (5.5) 

hvb
+  + H2O → •OH + H+            (5.6) 

•OH + coumarin → fluorescent 7-OHC + other OHC   (5.7) 

In the case of aerobic atmosphere, oxygen is a powerful electron scavenger, thus 

extending the lifetime of the photo-generated electron-hole pairs (or derived 

species). The rate constant of the reaction between electron and O2  

(k = 2.3×1010 M-1 s-1 [182]) is higher than that for the reaction of electron with 

coumarin (k = 1.6×1010 M-1 s-1 [181]). The concentrations of coumarin and 

dissolved oxygen (in air-saturated solution at 20 oC) are 0.8×10-4 M and  

2.8×10-4 M [183], respectively. Therefore, the reactions of photo-generated 
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electrons with coumarin is less favorable and more coumarin is degraded by the 

reaction with the superoxide anion radical (Eq. 5.8).  

ecb
-  + O2 → •O2

¯        (5.8) 

Superoxide anion radical can be easily protonated (pKa (•OOH/•O2
¯) = 4.8 

[184]), producing hydroxyl radical in the further reaction steps (Eqs. 5.9-5.11). 

Subsequently, hydroxyl radical formed from the protonation of superoxide anion 

radical, as well as from the oxidation of H2O by holes (Eq. 5.6), easily reacts with 

coumarin (Eq. 5.7; k = 2.0×109 M-1 s-1  [182]).   

•O2
¯ + H+ ↔ •OOH                  (5.9) 

•OOH + •OOH  → H2O2 + O2                 (5.10) 

H2O2 + •O2
¯  → •OH + OH¯ + O2                 (5.11) 

However, our results indicated that superoxide anion radicals were 

predominantly in deprotonated form, owing to the neutral pH = 6-7 of the solution 

during irradiation. Hence, this suggests that the reaction of superoxide anion 

radicals with coumarin can considerably contribute to its degradation, resulting in 

non-fluorescent products as shown in Eq. 5.12 [185,186].  

•O2
¯ + coumarin → non-fluorescent products          (5.12) 

Therefore, apart from the processes via hydroxyl radical, coumarin degradation 

in aerobic system is more efficient than in anaerobic one, due to the reaction with 

superoxide anion radicals. Moreover, dissolved oxygen can significantly increase 

the oxidative transformation of instable radicals formed in the reactions of coumarin 

with ROS.   

Furthermore, NT-A catalysts calcined at various temperatures were also 

investigated in anaerobic and aerobic atmospheres under UV light. Regarding the 

different calcination temperatures, the photoactivity increased upon increasing the 

calcination temperature in both aerobic and anaerobic systems. NT-A calcined at 

650 °C showed the best 7-OHC formation under both anaerobic and aerobic 

atmospheres (Table 5.2).  
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Table 5.2. Comparison of 7-OH formation over NT-A calcined at different temperatures.  

Calcination 

temperature / °C 

v0 of 7-OHC formation / 10-10 M min-1 
Ratio (b:a) 

(a) Anaerobic (b) Aerobic 

350 7.8 15.7 2.0 

450 20.9 43.7 2.1 

650 28.0 93.8 3.3 

The degradation of coumarin revealed an identical trend, according to which  

NT-A catalyst calcined at 650 °C also exhibited the highest degradation efficiencies 

after 240 min irradiation. The results also indicate that the presence of oxygen (air) 

could enhance the v0 of coumarin degradation by over 10 fold compared to that of 

the value in anaerobic system (Table 5.3).  

Table 5.3.  Comparison of coumarin degradation over NT-A calcined at different 

temperatures.  

Calcination 

temperature / °C) 

v0 of coumarin degradation / 10-7 M min-1 
Ratio (b:a) (a) Anaerobic (b) Aerobic 

350 0.3 1.5 5.0 

450 1.0 3.6 3.6 

650 1.3 15.1 11.6 

In addition, the ratio (aerobic/anaerobic) of coumarin degradations was higher 

than the ratio (aerobic/anaerobic) of 7-OHC formations. In other words, the 

production of electrons or superoxide anion radicals was greater than that of 

hydroxyl radicals (7-OHC) over NT-A calcined at 650 °C. As shown in Fig. 5.12 a, 

the nitrogen content drops and the crystallite size increases at high calcination 

temperature (650 °C). From this point of view, it can be assumed that less nitrogen 

content and larger crystallite size of NT-A are favorable for the generation of more 

electrons or superoxide anion radicals under UV-light irradiation. 
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5.1.6.2 Under visible light 

Furthermore, the 7-OHC formation under visible light was also assessed in both 

systems (anaerobic and aerobic). The v0 of 7-OHC formation in anaerobic 

atmosphere was 0.9×10-10 M min-1 and it increased to 5.3×10-10 M min-1 upon 

aeration of the system as shown in Fig. 5.17. 
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Figure 5.17. 7-OHC formation over NT-A in aerobic and anaerobic atmosphere. 

c0(coumarin) = 0.8×10-4 M, c(catalyst) = 1 g dm-3 NT-A(450 oC), Vis LED (1st arrangement),  

20 dm3 h-1 gas  

In comparison, the v0 of 7-OHC formation in the visible was significantly lower 

than that under UV light. The v0 of 7-OHC formation under UV light were  

20.9×10-10 and 43.7×10-10 M min-1 for anaerobic and aerobic systems, respectively. 

As a result, the change of coumarin concentration (due to its transformations) could 

not be reliably detected by using spectrophotometric measurements during the 

photocatalytic reaction under both anaerobic and aerobic atmospheres.  

In order to enhance the photoactivity, the lamp arrangement and position was 

modified to obtain higher light intensity. Two visible LEDs were placed at both 

sides of the reactor with a distance of 3 cm (Fig. 4.2 b).  
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Figure 5.18. (a) 7-OHC formation and (b) coumarin degradation over NT-A by using 

second lamp-arrangement in aerobic atmosphere. 

c0(coumarin) = 0.8×10-4 M, c(catalyst) = 1 g dm-3 NT-A(450 oC), Vis LED (2nd arrangement),  

20 dm3 h-1 air 

 

 

       − undegraded coumarin    +  − total degraded coumarin    − degraded via 
•
OH                

 − degraded via other reaction  

Figure 5.19.  Photocatalytic pathways of degraded coumarin over NT-A after a 240-min 

visible irradiation. 

c0(coumarin) = 0.8×10-4 M, c(catalyst) = 1 g dm-3 NT-A(450 oC), Vis LED (2nd arrangement),  

20 dm3 h-1 air 

As shown in Fig. 5.18 a, the NT-A catalyst with the second arrangement 

exhibited a higher photoactivity (v0   = 15.4×10-10 M min-1) compared to the first 

arrangement (v0  = 5.3×10-10 M min-1) under aerobic condition. The result was in 
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agreement with the degradation tendency where the change of coumarin 

concentration could be detected during photocatalytic experiment. The efficiency 

of coumarin degradation within a 240-min visible irradiation was 11.82 %  

(Fig. 5.18 b). 

Furthermore, the transformation of coumarin into other hydroxylated derivatives 

as well as via reactions of other photo-generated reactants (such as electrons or 

superoxide anion radicals) was also determined under visible irradiation. As it can 

be seen in Fig. 5.19, the degradation of coumarin took place predominantly via other 

reactive species (10.69 %), while only 1.13 % of coumarin decomposed through the 

reaction with hydroxyl radicals. The results indicate an identical phenomenon as in 

the investigation under UV light (Fig. 5.15 b). 

5.2 NT-U catalyst  

The optimum calcination parameters of NT-A catalyst (450 °C for 30 min) were 

used to prepare NT-U, but applying a deviating method and precursors. The NT-U 

catalyst was prepared via sol-gel method using titanium (IV) isobutoxide and urea 

as starting materials. The prepared catalyst was then characterized by using  

TG-DSC, Raman and SEM-EDS analyses.  

5.2.1 Characterizations 

Thermogravimetry and differential scanning calorimetry were used to detect the 

changes during the heat treatment of the catalysts. Fig. 5.20 shows the 

derivatograms of dried NT-U (initial mass = 15.090 mg) powders (100 %).  

Generally, TG curve of NT-U can be divided into several stages. Firstly, the 

weight loss about 13.22 % (2.0 mg) was observed below 123 °C heat treatment, 

which could be attributed to volatilizing of residual ethanol solvent or water 

surface-adsorbed during the preparation. A  weight loss about 15.69 % was 

observed in the second stage from 123-289 °C (2.40 mg), which might be 

corresponding to the release of surface adsorbed water or residual organic 

compound originated from titanium precursor [187]. No significant weight loss was 

observed in the following stages.  
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Figure 5.20. TG-DSC curve of NT-U catalysts. 

Starting sample = the sample dried at 40 °C for 24 h in the preparation step 

The DSC curve shows 2 separate processes below 289 °C, and this phenomenon 

also appears in the TG curve. However, only one overlapping mass loss can be 

observed for NT-A. (The TG-DSC results for NT-A catalyst investigated in the 

same condition can be seen in Fig. A5.4). It is owing to different solvents applied 

during the preparations of NT-U (ethanol) and NT-A (water). In addition, a strong 

exothermic peak around 400 °C is observed, which can be assigned to the phase 

transformation of the TiO2 structure from amorphous to anatase [159].  

Raman analysis was carried out in order to investigate the crystalline phase of 

catalysts after 1015 °C annealing. The results show that the crystalline phase of   

NT-U catalyst was transformed into rutile. However, in the case of NT-A, it was 

relatively stable at anatase phase, even after high annealing (Fig. A5.5).  

The morphology of NT-U (calcined at 450 oC) was studied by using SEM. The 

results show that polydispersed (irregular) micro-particles were also obtained for 

the NT-U catalyst, with sizes in the 1-50-µm range. The morphology of the catalyst 

prepared by using sol-gel method (NT-U) showed a significant difference from that 

of the NT-A catalyst prepared by using co-precipitation method. NT-U possessed a 

non-hollow structure (Fig. 5.21 a), while NT-A exhibited a hollow structure         

(Fig. 5.4 b).  

In addition, the nitrogen content of the catalyst obtained from EDS elemental 

analysis was about 4.78 wt % as shown in Fig. 5.21 b. This value is relatively lower 
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than that for the NT-A catalyst (5.50 wt %) calcined at the same temperature         

(450 °C) as shown in Table 5.1. It could be attributed to the less amount of nitrogen 

source added during the preparation of NT-U (0.06 mol urea) compared to that 

applied for the NT-A catalyst (1.14 mol ammonia). 

       

  

 
Figure 5.21.  (a) SEM morphology and (b) EDS elemental composition of the NT-U.  

5.2.2 Photoactivity  

The photocatalytic experiment with NT-U catalyst was performed by using the 

second arrangement (Fig. 4.2 b). As Fig. 5.22 a shows, the concentration of 7-OHC 

formed over NT-U catalyst after 240-min visible irradiation reached 1.43×10-7 M. 

However, NT-U generated 7-OHC at a lower rate (v0  = 7.4×10-10 M min-1) 

compared to the NT-A catalyst (v0   = 15.4×10-10 M min-1) under the same conditions 

(Fig. 5.18 a).  

A better photocatalytic performance of NT-A might be due to its hollow 

structure. This feature is crucial in the photocatalytic performance of the catalyst, 

owing to its large surface area (61 m2 g-1) and, thus, more efficient adsorption of 

coumarin, compared to that of the non-hollow-structured NT-U (32 m2 g-1).             

Liu et al. reported that mesoporous N-TiO2 displayed a higher photocatalytic 

activity than the non-porous materials did under both UV and visible-light 

irradiations [188]. 

 

4.78 wt% 

(N)

39.18 wt% 

(O)56.04 wt% 

(Ti)

(b)

(a) (b) 



63 

 

 

 

0 60 120 180 240

0.0

0.5

1.0

1.5
[7

-O
H

C
] 
/ 
1
0

-7
 M

Irradiation time / min
 

0 60 120 180 240
0.92

0.94

0.96

0.98

1.00

C
 /
 C

0

Irradiation time / min

 

 

Figure 5.22. (a) 7-OHC formation and (b) coumarin degradation of NT-U catalyst under 

aerobic atmosphere.  

c0(coumarin) = 0.8×10-4 M, c(catalyst) = 1 g dm-3 NT-U(450 oC), Vis LED (2nd arrangement),  

20 dm3 h-1 air  

 

       − undegraded coumarin    +  − total degraded coumarin    − degraded via 
•
OH                

 − degraded via other reaction  

Figure 5.23.  Photocatalytic pathways of degraded coumarin over NT-U after a 240-min 

visible irradiation. 

c0(coumarin) = 0.8×10-4 M, c(catalyst) = 1 g dm-3 NT-U (450 oC), Vis LED (2nd arrangement),  

20 dm3 h-1 air 

(a) (b) 
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Beside the formation of 7-OHC, the degradations of coumarin was also 

investigated. The result shows the efficiency of coumarin degradation was 6.26 % 

after a 240-min visible irradiation (Fig. 5.22 b). Moreover, a study of the 

photocatalytic pathways show the transformation of coumarin via reaction with 

other reactive species (5.72 %) was more favor than via reaction with hydroxyl 

radical producing hydroxylated derivatives (0.54 %) as shown in Fig. 5.23. 

5.3 Silver deposition 

In order to produce catalysts being suitable to both visible-light-driven 

photocatalytic and antibacterial applications, silver nanoparticles were utilized on 

the surface of both NT-U and NT-A catalysts by using a photodeposition technique. 

Silver nitrate solution and UV LED (λmax = 390 nm) were used as Ag precursor and 

light source, respectively.  

5.3.1 Silver deposition analysis 

During the preparation of Ag/N-TiO2, Ag+ concentration in the solution was 

monitored by using ICP spectroscopy. Under dark conditions, a certain number of 

the dissolved Ag+ ions were adsorbed on the surfaces of the catalysts.  

NT-A adsorbed a higher amount of Ag+ compared to the case of the NT-U catalyst 

with concentrations of 0.97×10-5 and 0.89×10-5 mol Ag+ per g catalyst, respectively  

(Fig. 5.24 a). However, after irradiation, all Ag+ ions (both on the catalyst surface 

and in the solution) were reduced to form Ag0 nanoparticles and deposited on the 

surfaces of NT-U and NT-A with concentrations of 0.99×10-5 mol g-1 and  

1.00×10-5 mol g-1, respectively (Fig. 5.24 b).  

Typically, the photo-generated electrons on the surface of a catalyst are 

efficiently trapped by adsorbed Ag+ (rather than by oxygen), resulting in the 

formation of Ag0 nanoparticles. The holes react with adsorbed water molecules to 

form oxygen and H+, according to the stoichiometry, as given in Eqs. 5.13-14 [184]. 

N-TiO2 (hvb
+ + ecb

-) + Ag+
adsorbed → N-TiO2Ag0 (hvb

+)    (5.13) 

    4Ag+ + H2O  →  4Ag0 + 4H+ + O2      (5.14) 
hν 

 
N-TiO2 
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 − Ag/NT-U     − Ag/NT-A 

Figure 5.24. Change of (a) Ag+ concentration in the solution phase and (b) Ag+ 

(by adsorption) or Ag0 (by photo-reduction) concentrations on the catalyst. 

c0(AgNO3) = 2.4×10-4 M, c(catalyst) = 24 g dm-3,   NT-A, NT-U(450 oC), UV LED 

Stage: Initial = AgNO3 + water        Adsorption = AgNO3 + water + catalyst 

                                     UV irradiation = AgNO3 + water + catalyst + UV LED 

Moreover, the adsorption efficiency depended on the initial Ag+ concentration 

in the solutions: 100 %, 89 %, and 79 % of Ag+ were adsorbed on the surface of 

NT-U from solutions of 0.024, 0.24, and 2.40 mM Ag+, respectively, resulting in 

1.00×10-6, 0.89×10-5, and 0.79×10-4 mol g-1 concentrations on the catalyst. 

Subsequent UV irradiations, however, led to practically 100% deposition of silver, 

resulting in 1.0×10-6, 1.0×10-5, and 1.0×10-4 mol g-1 concentrations. 

5.3.2 Material characterization 

The morphology and elemental composition of the catalysts were studied by 

SEM and TEM-EDS measurements. As displayed in Figs. 5.25 a-b, SEM images 

of Ag/NT-U and Ag/NT-A show that Ag deposition exhibited a negligible 

difference on the surface of catalysts compared to unmodified ones (Fig. 5.21 a 

shows NT-U and Fig. 5.4 b shows NT-A). It might be due to the very low 

concentration of Ag loading, which was not detectable in the SEM measurement. 

However, by using TEM measurement with higher resolution, it was possible to 

(a) (b) 
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observe the presence of quasi-spherical Ag nanoparticles on the surface of  

Ag/NT-U with 10-5 mol Ag g-1 catalyst (Figs. 5.25 c-f).  

 

Figure 5.25. (a-b) SEM and (c-f) TEM micrographs of Ag/NT-U and Ag/NT-A catalysts. 

(Ag concentration = 10-5 mol g-1) 

 

Figure 5.26. (a) EDS spectrum (b) element map obtained in STEM–EDS mode  

(c) size distribution of Ag nanoparticles (d) HRTEM image of Ag nanoparticles.  

Inserted on the lower left = FFT pattern obtained from the area marked by the yellow square; 

catalyst = Ag/NT-U 10-5 mol g-1 
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Additionally, the EDS spectra shows that the catalyst consists of Ti and O as 

major elements, and according to the element maps, the nanoparticles of silver as  

a dopant are unevenly distributed on the TiO2 aggregates (Figs. 5.26 a-b). The sizes 

of the Ag nanoparticles on Ag/NT-U 10-5 mol g-1 are typically in the range of  

5-50 nm, but most of them are about 20-30 nm (Fig. 5.26 c). Fig. 5.26 d shows  

a high-resolution transmission electron microscope (HRTEM) image and the 

corresponding fast Fourier transform (FFT) pattern, suggesting that the nanoparticle 

consists of pure silver (Ag0). 

The specific surface areas (SBET) of the samples were measured by BET 

(Brunauer-Emmett-Teller) methods as displayed in Table 5.4. The NT-A catalyst 

possessed a larger specific surface area (and pore volume) than NT-U did, with SBET 

values of 61 and 32 m2 g-1, respectively. These values are in accordance with the 

different (hollow and non-hollow) structures shown by the SEM images  

(Fig. 5.4 b, for NT-A and Fig. 5.21 a, for NT-U). There are similar results in the 

literature. For instance, Suwannaruang et al. obtained about 34-42 m2 g-1 of specific 

surface area for N-TiO2 catalysts with nanorice structure prepared by using 

hydrothermal method [112]. Their values indicate relatively even particle surfaces. 

Table 5.4. SBET value and pore volume of the catalysts prepared. 

Catalyst SBET value / m2 g-1 
Pore volume 

V1.7-100 nm / cm3 g-1 

NT-U 32 0.08 

Ag/NT-U 10-6 47 0.09 

Ag/NT-U 10-5 47 0.10 

Ag/NT-U 10-4 46 0.09 

NT-A 61 0.14 

Ag/NT-A 10-6 61 0.13 

Ag/NT-A 10-5 62 0.14 

Ag/NT-A 10-4 60 0.12 

V1.7-100 nm - BJH cumulative desorption pore volume of pores with diameters between 1.7 and 100 nm. 
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Ag-loading on the NT-U (10-6 mol g-1) enhanced the specific surface area from 

32 m2 g-1 to 47 m2 g-1 and relatively constant at higher Ag concentration. 

Meanwhile, in the case of Ag-loading (10-6 mol g-1) on NT-A, the specific surface 

area is similar to that of the unmodified one and hardly changed even at different 

Ag concentrations (from 60 m2 g-1 to 62 m2 g-1).  

The different tendencies for NT-U and NT-A may be interpreted by 

consideration of both the structures of the catalysts and their modification by the 

Ag nanoparticles deposited on the particles’ surfaces. The non-hollow structure of 

NT-U resulted in a lower specific surface area, which could be increased by the 

silver nanoparticles having considerably larger surfaces than the area they covered 

on the catalyst. The NT-A catalyst, however, possessed a significantly higher 

specific surface area due to the surficial holes with rather bent walls. Hence, 

deposition of Ag nanoparticles on these walls could not appreciably enhance the 

surface area; their own surface hardly exceeded the occupied area on the catalyst.  

A partly similar phenomenon was observed by Wang et al. regarding the specific 

surface areas of Ag-TiO2 nanofibers and nanotubes synthesized by general and 

emulsion electrospinning processes, respectively [189]. They reported that             

Ag-deposition on the TiO2 nanotubes enhanced the specific surface area from    

60.58 m2 g-1 to 76.93 m2 g-1. In contrast, the specific surface area of TiO2 nanofiber                  

(53.17 m2 g-1) slightly decreased after Ag-loading (51.62 m2 g-1). Those results are 

also in accordance with the shapes of the catalyst surfaces. 

The BJH (Barret-Joyner-Halenda) model was used to estimate the pore-size 

distribution of the samples in the range of 1.7-100 nm diameter. The surface of the 

NT-A catalyst possessed higher volumes of pores in the diameter range of 3-8.5 nm 

compared to those of NT-U. Ag-loading on the NT-U significantly enhanced the 

volumes of the pores in this diameter range, while it just slightly increased for the 

NT-A catalyst. Besides, much lower volumes of pores in the diameter range of       

10-100 nm appeared for NT-A and Ag/NT-A catalysts, but still higher than for      

NT-U and Ag/NT-U. The pore distributions of NT-A and Ag/NT-A are identical 

for this range (10-100 nm). The higher volumes of pores resulted in larger specific 

surface area of the catalysts, for instance Ag/NT-A 10-5 possessed a largest pore 
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volume (0.14 cm3 g-1) as well as surface area (62 m2 g-1), as indicated in Table 5.4. 

Besides, Fig. 5.27 also suggests that silveration of NT-U resulted in the increase of 

the volumes of pores with smaller diameters by the decrease of volumes of pores 

with longer ones, partly covering the surfaces of larger pores. 

 

Figure 5.27. BJH pore-size distribution of the catalysts.  

The XRD patterns of NT-U and NT-A catalysts are shown in Fig. 5.28. They 

clearly indicate that both NT-U and NT-A existed in pure anatase phase.  
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Figure 5.28. XRD patterns of the catalysts. 

c(Ag) = 10-5 mol g-1 catalyst 
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The average of the crystallite size exhibited that the NT-U (25.2 nm) catalyst 

displayed a higher crystallite size compared to that of NT-A (19.0 nm) as shown in 

Table 5.5. It implies that application of different raw materials and preparation 

methods led to the formation of catalysts with identical crystalline phases, but 

different crystallite sizes. 

 

Table 5.5. Crystallite size and band-gap energy of the catalysts prepared. 

Catalyst Crystallite size / nm Band-gap energy / eV 

NT-U 25.2 3.11 

Ag/NT-U 10-6 25.2 3.07 

Ag/NT-U 10-5 24.8 3.01 

Ag/NT-U 10-4 25.4 2.96 

NT-A 19.0 3.12 

Ag/NT-A 10-6 17.3 3.06 

Ag/NT-A 10-5 18.8 3.01 

Ag/NT-A 10-4 17.4 2.98 

 

Furthermore, no distinct silver signal was observed in the XRD spectra of 

Ag/NT-U and Ag/NT-A (Fig. 5.28). It is highly likely that the low amount of  

Ag-loading remained below the detection limit of the equipment. As a result, all 

diffraction peaks of the silver-modified catalysts (Ag/NT-U and Ag/NT-A) are 

rather similar to the unmodified ones (NT-U and NT-A). In addition,  

silver-modification at various concentrations did not significantly affect the 

crystallinity of the catalysts either (Table 5.5) [190,191]. Zhou et al. obtained a pure 

anatase phase for rod-like Ag/N-TiO2 composites prepared by sol-gel method. The 

average crystallite size of the sample was 16.4 nm [192]. In addition, Gao et al. also 

reported a pure anatase phase of Ag/N-TiO2 prepared by hydrothermal method, 

with the average crystallite size of about 36.1 nm [119]. 
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The optical properties of the catalysts were investigated by using DRS analysis. 

Compared to bare TiO2 (3.18 eV), N-doping resulted in longer-wavelength 

absorption edge extending into the visible range (3.11 eV for NT-U and 3.12 eV for 

NT-A), owing to a narrowed band-gap energy. In addition, the incorporation of 

silver nanoparticles on NT-U and NT-A also affected the band-gap energy [193].         

Table 5.5 indicates that the band-gap energy slightly reduced upon increasing Ag 

concentration. The lowest band-gap energy was obtained for Ag/NT-U 10-4 with  

a value of 2.96 eV.  

5.3.3 Photoactivity in the visible light 

The photocatalytic activity (7-OHC formation) of Ag/NT-U and Ag/NT-A with 

various concentrations of Ag (as nanoparticles) were also investigated in coumarin 

solutions (Fig. A5.6). The photocatalytic performances were evaluated on the basis 

of the v0 of 7-OHC formation. Silver-modification on the surface of NT-U catalyst 

remarkably enhanced the formation of 7-OHC to the v0 of 14.9×10-10 M min-1 at the 

optimum Ag concentration of 10-6 mol g-1 as shown in Fig. 5.29 a.  
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Figure 5.29. v0 of 7-OHC formation in the presence of silver modified catalysts  

(a) Ag/NT-U and (b) Ag/NT-A. 

c0(coumarin) = 0.8×10-4 M, c(catalyst) = 1 g dm-3, Vis LED (2nd arrangement), 20 dm3 h-1 air 

 

(a) (b) 
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It is well known that silver-modification of such catalysts plays a crucial role in 

the photocatalytic activity, specifically trapping photo-generated electrons and, 

thus, promoting effective charge separations [147,194,195]. As mentioned in the 

previous literature, the Fermi level of Ag is lower than that of anatase TiO2 and  

a Schottky barrier can be formed between the Ag and TiO2 interface, which could 

serve as an efficient electron trap, thus preventing photoexcited electron-hole 

recombination [196]. In addition, Ag deposition could partially or fully protect the 

semiconductor surface from the solution environment, providing an enhancement 

of exchange current density, which is independent of the redox potential of the 

solution [52].     

Furthermore, Ag-loading above 10-6 mol g-1 reduces the photocatalytic activity 

because too much silver on the catalyst surface could be detrimental to photonic 

efficiency. This phenomenon may be interpreted by consideration of several 

factors. As discussed above, silver nanoparticles can enhance the specific surfaces 

area of NT-U, which contribute to a better photocatalytic efficiency, along with the 

increased charge separation. However, the coverage of the active excitable sites on 

the catalyst surface reduces the amount of photons utilized for excitation of the 

semiconductor. Hence, these opposite effects led to a maximum efficiency at  

10-6 mol g-1 silver concentration. The decrease of the active sites will be the 

dominant effect at higher Ag concentrations.  

Earlier literatures also mentioned similar tendencies [18,197–200], but these 

works dealt only with silveration of bare TiO2 catalysts (prepared by various 

methods) which were mostly applied for degradation of dyes or bacteria. In 

addition, Gao et al. also reported Ag-loading on the N-TiO2 catalyst via 

hydrothermal procedure [119]. In this case, however, compared to Ag/NT-U 

produced in our work, beside the different preparation method, a rather high  

Ag concentration (0.92 mol %) proved to be the optimum for photocatalytic 

degradation of RhB under visible light. This value is two orders of magnitude higher 

than 10-6 mol g-1, which corresponds to 0.008 mol %. 

A significantly different tendency was observed at silver-modification on the 

surface of the hollow-structured NT-A catalyst (62 m2 g-1 specific surface area).      
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A monotonous decrease in the photocatalytic activity was observed upon increasing 

the Ag concentration (to 10-6 mol g-1 and 10-5 mol g-1), compared to the case of the 

unmodified NT-A (Fig. 5.29 b). While no appreciable increase of the specific 

surface area was caused by the Ag-loading of NT-A (Table 5.4), the accessible 

active sites monotonously decreased in this case, too. Therefore, the latter effect 

determined the results of silveration. The tendencies of coumarin degradation and 

quantum yield over Ag/NT-U and Ag/NT-A were in accordance with the 7-OHC 

formation as presented in Fig. A5.7. 

 

 

 

      

  − undegraded coumarin    +  − total degraded coumarin   − degraded via 
•
OH                

 − degraded via other reaction 

Figure 5.30.  Photocatalytic pathways of different catalysts after 240 min irradiation. 

c0(coumarin) = 0.8×10-4 M, c(catalyst) = 1 g dm-3, Vis LED (2nd arrangement), 20 dm3 h-1 air 

Furthermore, the comparison of the amounts of coumarin degraded and 

hydroxylated derivatives clearly indicated that transformation of the starting 

compound predominantly took place via pathways other than reactions with 

hydroxyl radicals. The results show that silver-loading of NT-U  

(with 10-6 mol g-1 Ag concentration) led to a significant increase of the 

transformation (degradation) in reactions with both hydroxyl radical from 0.54 % 

to 0.98% and other reactive species from 5.72 % to 12.57 % (Figs. 5.23 and  

5.30 a). In the case of NT-A, Ag-loading (at same concentration) moderately 

(a) Ag/NT-U (b) Ag/NT-A 
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decreased the coumarin transformation via hydroxyl radical reaction from 1.13 % 

to 0.75 % and other reactive species from 10.69 % to 9.18 % (Figs. 5.19 and  

5.30 b). This tendency is in accordance with the results regarding 7-OHC formation 

in Fig 5.29. 

5.3.4 Antibacterial study  

The antibacterial effects of the catalysts were studied by using Vibrio fischeri 

bacteria as described in the Text A4.3. The catalysts were fixed in an acrylate based 

polymer on the surface of plastic sheets. The toxicity effects were measured by 

inhibition of the bioluminescence intensity of the bacterial suspension in contact 

with the catalysts (Fig. A5.8). A commercially available plastic sheet with 

antibacterial surface was used as a control sample for comparison.  

Table 5.6.  Antibacterial effects of various catalysts compared to the control 

sample after a 90-min contact. 

Ag-loading / mol g−1 Ag/NT-U / % Ag/NT-A / % 

0 40.4 30.0 

10−6 98.0 61.2 

10−5 70.0 52.2 

10−4 46.8 40.5 

 

Table 5.6 indicates that silver doping on both NT-U and NT-A could enhance 

the toxicity effect compared to the unmodified catalysts. The effect of Ag could be 

attributed to the fact that when Ag nanoparticles interact with microorganisms such 

as bacteria, silver ions (Ag+) are released and damage these organisms by attacking 

the negatively-charged cell walls, thereby deactivating cellular enzymes and disrupt 

membrane permeability; accordingly, cell lysis and cell death occur [201–203].  

The maximum effects were observed at 10-6 mol g-1 Ag concentration for both       

Ag/NT-U and Ag/NT-A, with the values of 98 % and 61.2 %, respectively.  
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5.4 1,4-Hydroquinone photodegradation under visible light  

The photocatalytic efficiencies of the catalysts prepared were also investigated 

by the degradation of 1,4-HQ, using a method based on the luminescence of the 

starting compound.  

A blind probes (as comparisons) were measured: in the photolysis  

(1,4-HQ + Vis) and with catalyst in the dark (1,4-HQ + NT-U). In the both blind 

probes, a negligible change of the initial concentration of 1,4-HQ was observed 

(Fig. 5.31). However, in the presence of catalysts, 1,4-HQ was totally degraded 

after 180-min and 240-min irradiations with NT-A and NT-U, respectively. 

 

 − catalyst in dark    − photolysis    − NT-U    − Ag/NT-U     − NT-A    − Ag/NT-A  

Figure 5.31.  Degradation of 1,4-HQ over various catalysts.  

c0(1,4-HQ) = 2×10-4 M, c(catalyst) = 1 g dm-3, Vis LED (2nd arrangement), 20 dm3 h-1 air  

These results are in full agreement with those obtained for the degradation of 

coumarin. The same is valid for the observations with the silverized catalysts with 

10-6 mol g-1 Ag concentration. Accordingly, the photocatalytic degradation of       

1,4-HQ on Ag/NT-U was significantly more efficient than on the unmodified       

NT-U catalyst. In contrast, Ag-loading of NT-A slightly decreased the degradation 

efficiency. The comparisons of the rate data obtained on the unmodified and 

silverized catalysts are shown in Table 5.7.  
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Table 5.7.  Ratio (Ag/NT:NT) of 1,4-HQ degradation and coumarin reaction with other 

reactive species. 

Catalyst 
v0 (1,4-HQ) 

/ 10-6 M min-1 
Ratio 

v0 (other reactive species) 

/ 10-7 M min-1 
Ratio 

NT-U 5.10 
1.88 

0.233 
2.00 

Ag/NT-U 10-6 9.60 0.468 

NT-A 10.00 
0.92 

0.379 
0.91 

Ag/NT-A 10-6 9.20 0.344 

 

Beside the rates of 1,4-HQ degradation and their ratios (Ag/NT:NT), similar 

types of data are also shown regarding the reactions of coumarin with reactive 

species other than hydroxyl radicals (i.e. electrons or superoxide anion radicals). 

These agreements indicate that, similarly to coumarin, hydroxylation is not the main 

degradation route for 1,4-HQ. This observation confirms our previous results [204], 

showing that the cleavage of the aromatic ring takes place via reactions other than 

hydroxylation, and it needs the presence of dissolved oxygen. 
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 − HPLC    − luminescence  

Figure 5.32.  Comparison of HPLC and luminescence method for monitoring of 

photocatalytic 1,4-HQ degradation. 

 c0(1,4-HQ) = 2×10-4 M, c(catalyst) = 1 g dm-3 NT-U, Vis LED (2nd arrangement), 20 dm3 h-1 air  
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HPLC analyses were also performed in order to investigate the degradation of 

1,4-HQ on the NT-U catalyst. The concentrations of 1,4-HQ measured by using 

HPLC technique were compared to those obtained by the luminescence method. 

The results regarding the photocatalytic degradation of 1,4-HQ were in full 

agreement as shown in Fig. 5.32. This comparison confirmed the reliable 

applicability of the faster and simpler luminescence method [152]. 

Total organic carbon (TOC) measurements were also carried out to clarify the 

mineralization process. The TOC representing the intermediates was estimated 

from the difference between the TOC concentration of the reaction mixture and that 

of the unreacted 1,4-HQ. The result indicated that the TOC concentration of 

intermediate products increased during the photodegradation, while the TOC of the 

reaction mixture steadily dropped from 14.6 mg dm-3 to 7.4 mg dm-3 (Fig. 5.33).  

It implies that a considerable part of the intermediates was mineralized to CO2  

and H2O.  
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Figure 5.33. The change of TOC values during the photocatalytic experiment.  

c0(1,4-HQ) = 2×10-4 M, c(catalyst) = 1 g dm-3 NT-U, Vis LED (2nd arrangement), 20 dm3 h-1 air 

 

The intermediates formed from 1,4-HQ are mostly short-chain acids as observed 

earlier in similar systems [26,129,131,132,205]. Generally, the produced ROS 
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attack the phenyl ring of 1,4-HQ, producing dihydroxy derivatives  

(via hydroxyl radical reaction) or promoting aromatic ring cleavage (via superoxide 

anion radical reaction; k = 1.7×107 M-1s-1 [206]). The mineralization of the 

intermediates, according to the TOC results, along with our earlier observation 

[204] that hydroxyl radical alone cannot cleave aromatic rings, confirm that other 

reactive photo-generated species (i.e. superoxide anion radicals) play crucial role in 

the degradation of these aromatic compounds.  
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6. Summary 

Titanium dioxide is well known as one of the excellent photocatalysts for 

possible environmental application due to its low cost, low toxicity, outstanding 

chemical stability and unique photochemical properties. However, it has some 

drawbacks, which need to be improved for its practical application under visible 

light; e.g., the large band gap energy (∼3.2 eV for anatase) and fast recombination 

of photo-generated electron-hole pairs. The present study aimed to overcome these 

problems by modification of TiO2 with different elements such as N and Ag.  

Visible-light-active N-TiO2 catalysts were successfully prepared by a  

co-precipitation method, using ammonium hydroxide as nitrogen source (NT-A). 

Different dosing orders of the reagents resulted in deviating morphologies such as 

non-hollow and hollow structures obtained by the dosing orders of  

TTIP-H2O-HNO3-NH4OH and HNO3-NH4OH-H2O-TTIP, respectively. The 

investigation of photoactivity showed that the catalyst of hollow structure provided 

a more efficient generation of hydroxyl radical under visible light. Other 

operational parameters such as temperature of the synthesis and calcination time 

were optimized regarding the photocatalytic activity (with the values of 10 °C and 

30 min). Furthermore, these optimum parameters were used for further 

experiments.  

The catalysts calcined at various temperatures (350-650 °C) consisted of pure 

anatase phases. However, the nitrogen content decreased and the crystallite size 

increased by elevating the calcination temperature, which strongly affected the 

photocatalytic efficiency. NT-A catalysts calcined at 450 °C and 650 °C for 30 min 

showed the highest photocatalytic activity under visible and UV light, respectively. 

The band-gap energy of the catalysts increased from 3.01 eV to 3.17 eV upon 

increasing the calcination temperature and, thus, decreasing the nitrogen content. 

Moreover, a sol-gel method, using urea as nitrogen source (NT-U) was applied 

for preparation of different catalysts. SEM images showed that the catalysts 

exhibited deviating morphologies; NT-U consisted non-hollow, while NT-A 

revealed hollow structure. Due to the non-hollow structure, the NT-U catalyst 

possessed a smaller specific surface area (32 m2 g-1) compared to that of NT-A       

(61 m2 g-1). As a consequence, the photocatalytic 7-OHC formation by NT-A in the 
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visible light was significantly higher than that provided by the non-hollow NT-U, 

with the v0 of 15.4×10-10 M min-1 and 7.4×10-10 M min-1, respectively. 

Furthermore, a facile photo-deposition method was used to decorate N-TiO2 

surfaces with Ag nanoparticles. No significant distinction was observed for the 

crystallite size after Ag modification. However, the band-gap energy slightly 

narrowed upon the increasing Ag concentration. 

The Ag concentration played a critical role in the photoactivity of Ag/N-TiO2. 

The optimum Ag concentration was 10-6 mol g-1 which could enhance the 

photoactivity of the non-hollow NT-U. The reaction of coumarin with hydroxyl 

radical and other species (i.e. electrons or superoxide anion radicals) appreciably 

increased after silveration, from 0.54 % to 0.98 % for hydroxyl radical; and from  

5.72 % to 12.57 % for other species. However, Ag-loading on the hollow surface 

of NTA was not favorable for photocatalytic enhancement. It could be attributed to 

the specific surface area after silveration; its value increased for Ag/NT-U                      

(from 32 m2 g-1 to 47 m2 g-1), but hardly changed for Ag/NT-A (from 61 m2 g-1  

to 62 m2 g-1). In addition, the purpose of silveration was also to make these catalysts 

efficiently antibacterial against Vibrio fischeri strain. Ag/NT-U with 10-6 mol g-1 

Ag concentration proved to be optimal, considering both photocatalytic and 

disinfectional activities.  

Coumarin was used as a chemical probe for the monitoring of hydroxyl radical 

formation by production of hydroxylated derivatives. The reaction of coumarin with 

other species (instead of hydroxyl radical) was determined from the difference 

between the amounts of hydroxylated derivatives formed and coumarin degraded. 

The results exhibited that coumarin efficiently reacted with photo-generated 

electrons (anaerobic) and superoxide anion radicals (in aerobic system). Therefore, 

we have unambiguously proved that beside as hydroxyl radical scavenger, 

coumarin could also be used to estimate the production of other species                     

(i.e. electrons or superoxide anion radicals). 

A similar phenomenon was also observed for 1,4-HQ as a pollutant model 

compound, the photodegradation of which in visible light took place predominantly 

through the cleavage of the aromatic ring via reactions with other species  

(i.e. superoxide anion radicals), instead of hydroxylation via reaction with hydroxyl 

radical. 
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7. Thesis Points of PhD Dissertation 

I. The dosing order of precursors (N and Ti) and the calcination 

temperature remarkably affect the surface morphology and 

photoactivity of N-doped TiO2 catalysts. 

1. The hollow structure of catalyst prepared by the dosing order of      

(HNO3-NH4OH-H2O-TTIP) exhibited a higher photoactivity under 

visible light, regarding the hydroxyl radical formation, compared to the 

non-hollow catalyst synthesized by an other sequence of these reagents 

(TTIP-H2O-HNO3-NH4OH).  

2. The calcination temperature of the catalysts (at optimum parameters of 

the synthesis temperature and calcination time) strongly influenced the 

nitrogen content and crystallite size, which played important roles in the 

photoactivity. The catalysts calcined at 450 °C and 650 °C showed the 

highest photocatalytic activity under visible and UV light, respectively. 

 

Wafi, A.; Szabó-Bárdos, E.; Horváth, O.; Makó, É.; Jakab, M.; Zsirka, B. 

Coumarin-based quantification of hydroxyl radicals and other reactive 

species generated on excited nitrogen-doped TiO2. J. Photochem. Photobiol. 

A Chem. 2021, 404, 112913 

doi:10.1016/j.jphotochem.2020.112913. 
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II. The specific surface area played a crucial role on the photocatalytic 

performance of nitrogen-doped TiO2. 

  

1. The SEM images of N-TiO2 (Urea) displayed a non-hollow structure on 

the surface of the catalyst, which resulted in a smaller specific surface 

area (32 m2 g-1) compared to the hollow N-TiO2 (Ammonia; 61 m2 g-1). 

2. This specific surface area (corresponding to the adsorption behavior of 

the catalysts) played a critical role in the photocatalytic hydroxyl radical 

production. As a result, the initial rate of 7-OHC formation for N-TiO2 

(Ammonia) in visible-light irradiation was about twice as high  

(15.4×10-10 M min-1) as that for N-TiO2 (Urea; 7.4×10-10 M min-1). 

 

Wafi, A.; Szabó-Bárdos, E.; Horváth, O.; Pósfai, M.; Makó, É.; Juzsakova, 

T.; Fónagy, O. The photocatalytic and antibacterial performance of 

nitrogen-doped TiO2: Surface-structure dependence and silver-deposition 

effect. Nanomaterials 2020, 10, 2261 

doi:10.3390/nano10112261. 
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III. The effect of silver modification toward photocatalytic and 

antibacterial activities depended on the surface morphology of the 

nitrogen-doped catalysts. 

1. The Ag concentration of the catalysts played a critical role in the 

photoactivity of    Ag/N-TiO2. The optimum Ag concentration (as low 

as 10-6 mol g-1) could double the photocatalytic efficiency of the  

non-hollow N-TiO2 (Urea), regarding the formation of hydroxyl radical 

and superoxide anion radical. However, Ag-loading on the hollow 

surface of N-TiO2 (Ammonia), at the same concentration, decreased the 

photoactivity. 

2. The specific surface area of the non-hollow structure of N-TiO2  

(Urea; 32 m2 g-1) could be significantly increased by silver modification                  

(to 47 m2 g-1 by 10-6 mol g-1 Ag concentration) because the surfaces of 

the deposited metal particles were considerably larger than the area they 

covered on the catalyst. 

3. N-TiO2 (Ammonia; 61 m2 g-1) possessed surficial holes with rather bent 

walls. Hence, deposition of Ag nanoparticles (10-6 mol g-1) on these 

walls could not appreciably enhance the surface area (62 m2 g-1); their 

own surface hardly exceeded the occupied area on the catalyst.  

4. The toxicity effects of the non-hollow Ag/N-TiO2 (Urea) catalysts 

toward Vibrio fischeri bacteria were significantly higher than the 

corresponding values for the hollow-structure Ag/N-TiO2 (Ammonia).  

 

Wafi, A.; Szabó-Bárdos, E.; Horváth, O.; Pósfai, M.; Makó, É.; Juzsakova, 

T.; Fónagy, O. The photocatalytic and antibacterial performance of 

nitrogen-doped TiO2: Surface-structure dependence and silver-deposition 

effect. Nanomaterials 2020, 10, 2261 

doi:10.3390/nano10112261. 
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IV. Coumarin can be used as a single chemical probe to detect both the 

formation of hydroxyl radical and other reactive species. 

1. During the photocatalytic experiments, the formation of 7-OHC          

(i.e., hydroxylated coumarins) and coumarin degradation were 

monitored under anaerobic and aerobic atmospheres.  

2. The formation of hydroxylated coumarins corresponded to the reactions 

of coumarin with hydroxyl radicals. The difference between the 

amounts of the hydroxylated derivatives formed and the degraded 

coumarin represented the part of coumarin which reacted with other 

species (i.e. electrons or superoxide anion radicals).  

3. Conventionally, coumarin is only applied as a hydroxyl radical 

scavenger, however, in this study it could also be used to estimate the 

production of other reactive species (i.e. electrons or superoxide anion 

radicals).  

 

Wafi, A.; Szabó-Bárdos, E.; Horváth, O.; Makó, É.; Jakab, M.; Zsirka, B. 
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A Chem. 2021, 404, 112913 
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V. Instead of dyes, the colorless 1,4-hydroquinone proved to be a 

promising model compound for photocatalytic experiments under 

visible-light illumination.  

 

1. 1,4-Hydroquinone was totally decomposed after a  240-min visible-light 

irradiation in the presence of both unmodified  (N-TiO2) and modified 

(Ag/N-TiO2) catalysts. 

2. The ratio of the photocatalytic efficiencies (Ag/N-TiO2:N-TiO2) was 

similar to the data obtained from the reactions of coumarin with other 

species (i.e. electrons or superoxide anion radicals), indicating that these 

photo-generated agents played vital roles in the degradation processes 

of 1,4-hydroquinone.  
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9. Attachments 

9.1 Text 

Text A4.1. Calculation of band-gap energy   

 

The optical properties of catalysts were studied by using diffuse reflectance spectra 

analysis. Typically, the experimental values of wavelength (λ) were converted into 

photon energy (Ephoton) by using the Planck equation, where h is the Planck constant 

(6.63×10−34 J s) and c is the speed of light (3.0×108 m s-1) (Eq. A.1):  

Ephoton =
ℎ𝑐 

𝜆
  x 6.24150 x 1018 eV              (A.1) 

The diffuse reflectance data were converted into the Kubelka-Munk function [F(R)] 

(Eq. A.2): 

F(R∞) =
(1−R∞)2

2R∞
  =

𝑘 

𝑠
                 (A.2) 

where k is the characteristic molar absorption coefficient of the material and s is the 

scattering coefficient of the radiation. R∞ is the absolute reflectance, which can be 

obtained by the following expression: R∞ = %Rsample / %Rstandard ratio. In this work, 

BaSO4 was used as a reference standard. The band-gap energy (Eg) was calculated 

by using the Tauc’s relation (Eq. A.3):  

(αhv) = A (hv-Eg)
n        (A.3) 

considering α~F(R) and an indirect allowed transition (n=2). 

 

 

Text A4.2. Calculation of quantum yield (Φ) 

 

The overall quantum yield is estimated by using Eq. A.4:  

 

Φ = Ncpr / Naph       (A.4) 

 

where 

Ncpr  = rate of conversion of the probe material (coumarin) 

Naph = rate of absorption of photons at the irradiation wavelength 
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The amount of converted probe material (coumarin) is calculated by using Eq. A.5: 

 

Ncpr  = V × C × k   mol s-1      (A.5)  

 

where  

V   = volume of coumarin solution (0.05 dm3)  

C   = concentration of coumarin (0.8×10-4 mol dm-3) 

k   = the first order rate constant of coumarin degradation (s-1) 

 

The amount of absorbed photons is calculated by using Eqs. A.6-A.7: 

 

Uλ = (h × c × NA) / λ   J mol -1        (A.6) 

Naph = (E × A) / Uλ   mol s-1     (A.7) 

 

where  

Uλ  = mole photon energy of representative wavelength (J mol -1),  

h  = Planck constant (6.63×10-34 J s) 

c  = speed of light in vacuum (3×108 m s-1) 

NA  = Avogadro number (6.02×1023 mol-1) 

λ  = representative wavelength of light source (m) 

E  = light intensity absorbed by the catalyst (W cm-2)*  

A  = area of circle quartz glass reactor (28.26 cm2) 

 

* Since the exact measurement of absorbed light is difficult for powdered catalyst, the number of 

incident light can be used for the calculation of quantum yield. 

 

Text A4.3. Sample preparation for antibacterial study 

For measurements of the antibacterial effect, the catalyst samples were 

immobilized in an acrylate based polymer on a plastic surface. The catalyst 

concentration on the plastic surface was 485 mg m-2. Discs of 1 cm diameter were 

cut from this plastic sheet and fixed to the bottom of small, open sample containers 
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(glass tubes) with screw caps. The bacterial suspensions were layered on the 

samples. The antibacterial effects of the catalysts were measured by using Vibrio 

fischeri luminescent bacteria. After reconstitution, the guaranteed life-span of 

bacteria was 4 hours. The suspension of bacteria was incubated for 80 min  

at 15 °C. At the end of the incubation period, 0.5 cm3 sample was measured into the 

sample holders, which were kept in the dark during the experiment, and the 

emission intensities of the samples were recorded at defined times. The reference 

sample was stored in a bottle, which did not contain any plastic disc. The control 

sample contained a disc from a commercially available plastic sheet with 

antibacterial surface. During the evaluation, the results obtained from 3 parallel 

measurements were averaged and then the relative decomposition percentage was 

calculated. Afterwards, the relative decomposition (%) of the actual sample was 

compared to the control one. 

9.2 Figure 

 

 

Figure A4.1. Photograph of NT-A catalysts under various calcination 

temperatures. 

   

 

 

 

 

 

150 °C (white) 350 °C (yellowish) 400 °C (yellowish) 

 

   

450 °C (yellowish) 500 °C (white) 650 °C (white) 
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Figure A4.2. Emission spectra of (a) UV and (b) visible LEDs. 

 

Figure A4.3. Absorbance spectra of coumarin and 7-hydroxycoumarin.  
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Figure A4.4. Calibration curves of coumarin.  

 

 

 

Figure A5.1. Calibration curves of 7-hydroxycoumarin.  
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Figure A5.2. Coumarin degradation over various catalysts under UV 

illumination. 

c0(coumarin) = 0.8×10-4 M, c(catalyst) = 1 g dm-3, UV LED, 20 dm3 h-1 air 

Rate constant and quantum yield for degradation of coumarin over various catalysts 

under UV illumination. 

Catalyst k / ×10-4 s-1 Quantum yield / % 

Degussa P25 TiO2 8.05 0.46 

Undoped TiO2 1.16 0.07 

NT-A 450 °C 0.61 0.04 
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Figure A5.3. Schematic illustration of the formation of hollow structure for the 

second dosing order (HNO3-NH4OH-H2O-TTIP). 

 

 

Figure A5.4. TG-DSC curve of  NT-A catalysts. 

Starting sample = the sample dried at 40 °C for 24 h in the preparation step 
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Figure A5.5. Raman spectra of NT-U and NT-A catalysts after heating 

treatment at 1015 °C. 
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Figure A5.6. 7-OHC formation of (a) Ag/NTU and (b) Ag/NT-A with different  

Ag-loadings (mol Ag g-1 catalyst). 

c0(coumarin) = 0.8×10-4 M, c(catalyst) = 1 g dm-3, Vis LED (2nd arrangement), 20 dm3 h-1 air 
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Figure A5.7. Coumarin degradation of (a) Ag/NTU and (b) Ag/NT-A with different  

Ag-loadings (mol Ag g-1 catalyst).  

c0(coumarin) = 0.8×10-4 M, c(catalyst) = 1 g dm-3, Vis LED (2nd arrangement), 20 dm3 h-1 air 

Rate constant and quantum yield for degradation of coumarin over various catalysts 

under visible illumination. 

Catalyst k / ×10-6 s-1 Quantum yield / ×10-4 % 

NT-U 5.00 1.0 

Ag/NT-U 10-6 10.00 2.1 

Ag/NT-U 10-5 8.33 1.8 

NT-A 10.00 2.1 

Ag/NT-A 10-6 8.33 1.8 

Ag/NT-A 10-5 1.67 0.3 

 

 

(a)   
(b)   
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Figure A5.8. Luminescence intensity of bacterial suspension in the presence of 

 (a) Ag/NT-U and (b) Ag/NT-A catalysts (with 10-6 mol Ag g-1 catalyst) compared to the 

reference and control samples. 

Relative decomposition of bacteria in presence of NT-U and Ag/NT-U  

(with 10-6 mol Ag g-1 catalyst) catalysts as well as the control sample. 

Time / min  NT-U / % Ag/NT-U / % Control / % 

0 0.0 0.0 0.0 

30 2.9 7.0 8.4 

60 12.1 29.1 31.2 

90 14.3 34.6 35.3 

 

Relative decomposition of bacteria in presence of NT-A and Ag/NT-A  

(with 10-6 mol Ag g-1 catalyst) catalysts as well as the control sample. 

Time / min NT-A / % Ag/NT-A / % Control / % 

0 0.0 0.0 0.0 

30 4.6 10.6 17.3 

60 8.6 14.8 26.3 

90 10.1 20.6 33.7 

 

(a)   (b)   
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9.3 Table 

Table A5.1. Ratio (v0 UV/Vis) of 7-OHC formation under UV and visible irradiations.  

Catalyst 
v0 of 7-OHC formation / 10-10 M min-1 

Ratio (a:b) 
(a) UV (b) visible 

NT-A 350 °C 15.7 3.0 5.2 

NT-A 400 °C 26.5 3.7 7.2 

NT-A 450 °C 43.7 5.3 8.3 

NT-A 500 °C 49.9 1.7 29.4 

NT-A 650 °C 93.8 0.5 187.6 
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